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Abstract

ABSTRACT

The genetic architectures of cancer and congenital disorders are heterogeneous
and incompletely mapped. Rare and low-frequency variants of incomplete
penetrance are emerging as an important class of germline and somatic variation,
but their contribution to disease remains poorly characterised. This thesis aims to
identify and assess pathogenic mutations in the 1941942 microdeletion syndrome,
neural tube defects, neuropsychiatric disorders and cancer. Rare microdeletions at
the 1941942 locus cause a clinically heterogeneous syndrome characterized by
developmental delay, characteristic dysmorphic features and brain morphological
abnormalities. Examining new and published patients with 141942
microdeletions, we found that TP53BP2, encoding ASPP2, is a strong candidate
for being the gene responsible for brain morphological abnormalities of the
syndrome. Mice deficient for Trp53bp2 show multiple abnormalities overlapping
the features of the 1g41942 microdeletion syndrome such as dysmorphic lateral
ventricles, heart and urogenital abnormalities. ASPP2 deficiency also causes
neural tube defects, hopping gait, and male-specific motion hyperactivity in mice.
We further identify candidate pathogenic TP53BP2 duplications, implicating
TP53BP2 dosage sensitivity in the ganglionic eminences of the developing brain,
manifested by structural abnormalities in the striatum and lateral ventricles of both
deletion and duplication patients. ASPP2 controls neuroepithelial cell polarity via
Par3 and genetic disruption of aPKC-Par3 interaction by rare missense variants
was implicated in human neural tube defects. An integrative analysis of cancer
genomic data revealed that PPP1R13B, encoding ASPP1, bears many hallmarks
of a tumour suppressor gene, despite being mutated at a low absolute frequency.

A subset of missense somatic mutations in ASPP genes genetically interact with
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TP53 mutations, disrupting an autoinhibitory mechanism to modulate p53-
dependent transcription. In summary, this work identified novel candidate
pathogenic variants in developmental disorders and cancer, and explored the

mechanisms underlying their respective genotype-phenotype links.
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1.1 Genetic architectures of human diseases

Genetic architecture comprises the relative contributions of alleles with
varying frequency and effect on disease risk. Genetic architecture is a key part of
the aetiology of diseases with a genetic component, and its understanding directly
affects clinical management of the disease. For example, monogenic disorders
with a dominant pattern of inheritance can be prevented by prenatal screening for
the presence of the dominant allele. In contrast, developmental diseases caused
by a dominant de novo germline mutation have a low chance of recurrence within
the same family. In addition to aetiological implications, knowledge of the loci
causally linked with the disease can lead to a molecular understanding of

mechanisms underlying the disease, and development of targeted treatments.

1.1.1 Pathogenic variants in human disease

The origins of genetics as a scientific discipline are usually traced to
Gregor Mendel who discovered the rules of heredity based on his observation of
trait characteristics in pea plants. Dominant traits, such as yellow pea colour, can
be distinguished from recessive traits, such as green pea colour, based on the
predictable distribution of traits among individual plants or organisms within
subsequent generations of progeny. These principles, published in 1866, still form
the backbone of a conceptual framework for understanding the genotype-
phenotype relationship today.

Humans as a diploid organism show multiple traits that conform perfectly
or near-perfectly to the dominant and recessive models. Autosomal dominant

diseases such as familial hypercholesterolemia, autosomal dominant polycystic
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kidney disease or type | neurofibromatosis have a 50% chance of transmitting to
offspring if a single parent carries a single copy of the pathogenic allele. Within
medical genetics, variants underlying dominant Mendelian disorders are now
understood to represent the upper bound of a continuous spectrum of effect sizes

of disease-causing variants (Figure 1.1).

Low-freq y variants pr ing
hypertension (salt-loosing)

ASDN

SLC12A3

SLC12A2

KCNJ1

Low-frequency
variants with
intermediate effect

30
 Intermediate

15
A

Rare variants of
small effect

very hard to identify
by genetic means
s ~
0.001 0.005, 0.05
) |

Allele frequency

1

Figure 1.1 Genetic architecture of hypertension. Reproduced from Rossier at al. (1)
with permission.

Unlike Mendelian disorders, many prevalent diseases do not show
predictable segregation in families. Sporadic diseases and disease-associated
traits such as hypertension, coronary artery disease or obesity have been shown
to associate with genetic variants which modulate risk by a relatively small
amount, typically <20% and often significantly less (2-6). These variants are

however highly prevalent in the population, with allele frequencies typically ranging
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from 5-90%. Together, dominant Mendelian and common low-risk variants form
the opposite bounds of the genetic architectures of human diseases (Figure 1.1).
However, the binary classification of pathogenic variants as rare and
dominant versus common and low-risk does not translate to a corresponding
binary clustering of genetic architectures. Common genetic variation currently
explains a small proportion of the heritable disease risk of most human diseases
(7). Other diseases manifest as severe developmental phenotypes in the absence
of any family history of the disease. Diseases such as type 2 diabetes,
schizophrenia, autism spectrum disorder or rheumatoid arthritis affect a large
number of individuals, and contain a genetic component in their aetiology, but
possess a genetic architecture that has remained largely hidden from genetic
studies. These observations demonstrate, firstly, that genetic architectures of most
human diseases likely contain contributions from both common and rare variants,
and secondly, that variants of other effect size-versus-frequency classes are likely

to contribute, beyond Mendelian and common/small-effect variation (8).

1.1.2 Mendelian variants enable functional understanding of disease

Dominant Mendelian diseases have fuelled our understanding of the
physiological and molecular aetiology of many disorders, including diseases in
which the Mendelian form accounts for a small percentage of cases. This is
because dominant alleles allow for a causal link to be established between a
mutation in a single gene and the occurrence of the disease phenotype in all
mutation carriers. For example, Mendelian forms of hypertension have converged
on a narrow set of genes which control salt management in the kidney (Figure

1.1) (9, 10). Moreover, most Mendelian variants are nonsynonymous and thus
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enable a direct functional analysis of the mutant/truncated protein. In contrast,
genome-wide association studies (GWAS) identify disease loci which are
incompletely penetrant, usually located in non-coding regions, and might not be
directly involved in the pathogenesis of the disease by virtue of linkage

disequilibrium.

Because of their defined pattern of inheritance, Mendelian diseases are
reliably identified by linkage analysis which remains an important tool in the
identification of causal genes in Mendelian disorders (11). An appreciable
proportion of severe congenital diseases show a Mendelian pattern of inheritance.
Neurofibromatosis type | (NF1), caused by mutations in the NF1 tumour
suppressor gene, is characterised by predisposition to tumours or neural origin,
but also by behavioural, cognitive, motor, bone, cardiac and pigmentary
abnormalities (12). The prevalence of NF1 is estimated at 1 in 3,000 births
worldwide. This disease also represents a genetic overlap between cancer and
developmental disorders which occurs with other familial cancer susceptibility
syndromes (13). Other examples include Ataxia-telangiectasia (autosomal
recessive, mutations in ATM), associated with neurological, immune and cancer
phenotypes; Fanconi anaemia (typically autosomal recessive; most commonly
caused by mutations in FANCA; FANCC or FANCG), characterised by bone
marrow failure, irregular skin colouring, infertility and an increased risk of multiple
cancer types; or Rothmund-Thomson syndrome (autosomal recessive, mutations
in RECQL4), associated with skin abnormalities, reduced growth, vision
abnormalities and susceptibility to bone and skin cancer (13). The observation that
many of these syndromes are caused by mutations in DNA repair genes highlights

the importance of DNA repair in both human development and cancer prevention.
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1.1.3 The landscape of human functional genomic variation

1.1.3.1 Exonic variation

Until recently, the degree and frequency of variation at different positions in
the human genome remained poorly characterised. The release of the Exome
Aggregation Consortium (EXAC) catalogue significantly enhanced the degree of
characterisation of exonic (and to some extent splice region) variation in the
germline of the human population. EXAC pooled a total of 60,706 high-quality
whole-exome sequences and analysed these using a common pipeline (14).
Interestingly, 99% of the variants observed in EXAC showed a frequency <1% and
54% were singletons, i.e. observed only in a single EXAC individual.
Encouragingly, 63.1% of all the possible synonymous CpG transitions within
regions well covered by exome sequencing were observed in EXAC, although only
7.5% of synonymous variants overall were seen. This suggests that at least some
classes of genomic variation (in this case the frequently mutating CpG
nucleotides) are approaching saturation at this sample size. An interesting finding
of EXAC was the observation of recurrence of rare variants in independent
unrelated individuals. Genetic drift dictates that most rare variants are destined to
disappear from the germline, however EXAC data suggest that these variants
recur independently; for example, 43% of synonymous de novo mutations in an

external set of 1,756 trios (15, 16) were also observed in EXAC participants.

Importantly, approximately 3,020 genes were classified as intolerant to
monoallelic loss-of-function (LoF) variants, suggestive of haploinsufficiency. This
number does not include genes whose haploinsufficiency causes milder and/or
adult-onset phenotypes such as BRCAL. Therefore, damaging variants in a

substantial fraction of human genes are under significant constraint. Conversely,
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many genes were tolerant to LoF variants which rose to appreciable frequencies in
some populations, for example 1-5% in Finland. Related to this, haploinsufficiency
was significantly more prevalent on the X chromosome compared to autosomes,
suggesting that wild-type alleles of autosomal genes play an important role in
compensating for the effects of monoallelic LoF variants. Provocatively, the
authors suggest that given the mutational rates of ca. 1x10-, the vast majority of
non-lethal single-nucleotide variants probably exist in at least one living human. If
so, by sequencing every human, it might be possible to map the complete
genomic landscape of variant constraint and thus identify all genes and genomic
regions necessary for development. However, given the explosive population rate,
many damaging variants have undergone limited purifying selection (17-19). The
increasing rate of population growth might also explain the very high percentage of
singleton variants which includes nonsynonymous variants that should be subject

to minimal purifying selection.

1.1.3.2 Coding versus non-coding variation

Genomic territory outside the protein-coding regions was probed by the
1000 Genomes Project and more recently the UK10K consortium which performed
whole-genome sequencing (WGS) of 3,781 healthy individuals and whole-exome
sequencing (WES) of approximately 6,000 individuals with rare disease, severe
obesity or neurodevelopmental disorders (20). Contrary to expectation, the study
showed no appreciable abundance of low-frequency (MAF 1-5%) variants of large
effect (B>1), at least in relation with the 31 traits examined. In contrast, focusing

on rare variants (MAF <1%), sequence kernel association tests and burden tests
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revealed a significant signal in 9, 70 and 196 genes examining LoF, functional
(missense and LoF) and naive (all exonic, untranslated region (UTR) and
essential splice site) variants, respectively. Of these, LoF variants in APOB
achieved experiment-wide significance and other genes were suggestive of real
signal. This demonstrates that rare variants are likely to play an important role in
modulating phenotypic traits in disease-free individuals, and suggests that
purifying selection has reduced most penetrant exonic variants to low frequency.
An alternative explanation is that rare variants acquired during recent explosive
population growth are enriched in functional variants that have been subject to

limited selection but are rare as a result of their recent origin.
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Figure 1.2 Distribution of fold enrichment statistics for single-variant associations
with 5 lipid traits. Low frequency (MAF 1-5%) vs common (MAF >5%). Reproduced from
(20) under the Creative Commons license.

In a more focused association test with five lipid measures, low-frequency
exonic variants showed the strongest enrichment for association (Figure 1.2). This
confirms the notion that exonic variants, in particular rare and low-frequency

variants, are most likely to be phenotypically functional. Interestingly, in contrast to
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exonic variants, non-coding variants in the 3’ UTR, transcription start site (TSS)
and some further non-coding regulatory regions showed a significant enrichment
that did not differ between common and low-frequency variants (Figure 1.2).
Given that these low-frequency variants are present in 1-5% of the population,
more frequently than the rare variants discussed above, the observed bias in
enrichment of low-frequency variants specific to exonic versus non-coding variants
is most likely due to purifying selection of nonsynonymous alleles, independently

of their association with lipid measures.

A discovery of 13 associated markers in autism spectrum disorder (ASD)
was reported by UK10K; however these only achieved statistical significance after
patient samples were pooled with an autism consortium cohort, demonstrating that
discovering pathogenic rare variation in some neurodevelopmental diseases
(NDDs) requires particularly large sample sizes. Unfortunately, the UK10K
consortium have not released data on burden tests in the UK10K-exomes part of
the study, therefore the importance of a polygenic burden of rare variants in the

diseases examined is uncertain.

1.1.3.3 Structural variation

Structural variation accounts for the majority of varying nucleotides among
human genomes (21). Following earlier efforts (22-24), the most comprehensive
insight into naturally occurring structural genomic variants in humans to date came
from the 1000 Genomes Project (25, 26). The catalogue of structural variants
identified in the project comprises 42,279 biallelic deletions, 6,025 biallelic

duplications, 2,929 multi-allelic CNVs (mCNVSs), 786 inversions, 168 nuclear
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mitochondrial insertions (NUMTSs), and 16,631 mobile element insertions (MEIs,
including 12,748; 3,048 and 835 insertions of Alu, L1 and SVA (SINE-R, VNTR
and Alu composite) elements, respectively (26). A combination of long-read Pacific
Bioscience sequencing with short-read Illlumina sequencing allowed the authors to
improve breakpoint resolution with a mean boundary precision of 0-15 bp with the

exception of inversions and duplications (32 bp and 683 bp, respectively).
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Figure 1.3 Abundance and size distribution of SVs identified by the 1000 Genomes
Project. Reproduced from Sudmant et al. (26) under the Creative Commons license.

The majority of SVs occur at a low frequency: 65% SVs have a variant
allele frequency <0.2%. Interestingly, biallelic duplications were significantly
depleted among common SVs; duplications were instead dominated by multi-
allelic CNVs, suggesting duplications are under-ascertained in current tag-SNP-
based studies. These SVs could represent an important source of genetic
variation underlying the missing heritability in complex diseases.

As expected, deletions are depleted in functional regions such as coding
sequences, UTRs or transcription factor binding sites. SVs also seem to have a
higher relative impact on gene expression than SNPs, probably owing to their
affecting a larger sequence. In fact, a number of previous GWAS associations
were shown to be in strong linkage disequilibrium with SVs, suggesting some

significant GWAS signal might be attributable to SVs. Complex events
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characterised by multiple breakpoints were also observed and ascertained by
long-read sequencing. Strikingly, long-read characterisation of inversions revealed
that 80% were complex, multi-breakpoint inversions; the majority of which were
inverted duplications. This points to the importance of other mutational processes
in addition to non-allelic homologous recombination, retrotransposition, and non-
homologous end-joining.

Overall, the median SV density is estimated at 18.4 Mbp of SVs per
genome, dominated by mCNVs (11.3 Mbp) and biallelic deletions (5.6 Mbp). This
estimate excludes low-complexity regions and regions with poor coverage by
lllumina reads, which can harbour additional SVs. Interestingly, somatic SVs also
occur in humans, for example retrotransposition events in neurons of normal

brains which result in mosaicism (27, 28).

1.1.4 Structural variation in disease

Large CNVs were initially discovered by cytogenetics in patients with Down
syndrome (formerly called mongolism) and intellectual disability (29-31). Since
then, CNVs have been causally implicated in multiple disorders, most notably
neuropsychiatric disorders including autism spectrum disorder (32, 33),
schizophrenia (34, 35), bipolar disorder (36, 37), and developmental diseases
featuring intellectual disability (38-41). Both de novo and germline CNVs are
overrepresented among neuropsychiatric and developmental disease patients (32,
36). Risk-associated germline CNVs were also found to affect cognition in
disease-free carriers (42). Importantly, the penetrance is estimated to range from
10-100% and so disease-associated CNVs do not always reliably co-segregate

with the disease (43). Moreover, many CNVs are undetectable by traditional
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cytogenetics, necessitating the use of higher-resolution genomic analysis in
ascertaining patient CNVs (44).

These studies led to an intimate understanding of the functional genetics of
certain forms of NDDs, for example those associated with SHANK3 CNVs which
have been characterised in mouse models as well as patient-derived neuronal
cultures (45, 46). Restoration of Shank3 expression has even been shown to
reverse some autistic-like phenotypes, suggesting the identification of pathogenic
CNVs can potentially lead to new therapy (47). Moreover, CNV studies firmly
implicated certain functional networks of genes in the aetiology of NDDs, notably
genes involved in transcription (48), chromatin remodelling (48-50) and synaptic
function (16, 48, 51).

A recent analysis of CNVs in EXAC yielded 126,771 CNVs among 59,898
individuals, with 2.1 high-confidence CNV intersecting at least one protein-coding
gene observed per individual (52). CNV constraint, estimated by deviation from a
linear regression model of CNV rate, significantly correlated with constraint of LoF
and missense SNVs. Importantly, highly expressed genes had higher CNV
intolerance scores in most tissues, with genes highly expressed in the brain being
the most intolerant to CNVs. The 5% most CNV-intolerant genes were significantly
enriched in the GO term neuron/axon development, which also comprised the
largest enriched gene network. These results provide a rationale for the strong
association of CNVs with neurodevelopmental diseases: brain-expressed genes
are more dosage-sensitive than genes in other tissues and this effect might be
particularly striking during brain development. Accordingly, analysing CNVs within
a schizophrenia study showed that schizophrenia-associated CNVs were enriched

in genes with higher constraint based on missense and LoF variants.
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Given the strong association of CNVs with neuropsychiatric diseases and
developmental delay, analysis of chromosomal abnormalities by chromosomal
microarray has become the first-tier diagnostic test in patients with developmental

disabilities or congenital anomalies (53).

1.1.5 Filling the gaps in the genomic catalogue of human disease

Despite the successes of linkage analysis, genome-wide association
studies, next-generation sequencing, haplotype-resolved genome assemblies, and
others, the diagnostic yield in many diseases with a strong genetic component
remains under 50%. This problem is partly caused by our incomplete knowledge
of the genetic architectures of human diseases, exemplified by type 2 diabetes: a
recent large sequencing study of a total of 15,597 individuals and an associated
genotyping and imputation-powered analysis of a further 111,548 patients and
controls identified 126 variants commonly associated with T2D risk and concluded
that common variation contributes much more to T2D heritability than rare ones do
(54). Unfortunately, currently known common variation accounts for only about
10% of the genetic risk, and the authors concluded that nearly all common-variant
associations detectable by whole-genome sequencing were previously found by
GWAS. Therefore, it remains unclear which genetic factors determine the

remaining and dominant fraction of the heritable risk of T2D.

Other, less robustly characterised diseases, also remain challenging to
reliably genetically diagnose. A recent study, published as part of the WGS500
program to sequence 500 patient genomes of patients with a diverse genetic

disorders, identified pathogenic variants in 21% of cases, despite taking multiple
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steps to improve accuracy of variant calling, filtering and annotation across the
pooled patient set (55). Among the challenges highlighted by the authors were the
observations that multiple genetic factors likely contribute, and only very large
patient cohorts are sufficiently powered for the identification of new variants with
modest contribution. In addition, the authors noted that ultimate assignment of
pathogenicity relies on the identification of the same variant in multiple patients for
whom detailed phenotypic and clinical data are available. Clearly, in rare diseases,
rare variants of incomplete penetrance will be very challenging to match,
hampering the definitive proof of pathogenicity in many cases. Accordingly,
Cooper at al. noted that “...the primary roadblock faced by the field is increasingly
one of variant interpretation, rather than data acquisition’ (56). Therefore, with the
decreasing cost of WGS, the number of patients ascertained and characterised in
the public domain will likely become the major limiting factor to improving

diagnostic yield.

Neural tube defects (NTDs), the second most frequent group of birth
defects, are estimated to contain a strong genetic component to their aetiology,
yet the genetic architecture remains incompletely characterised. In particular,
there is a vast gap between the list of genes causing NTDs when mutated in mice,
and those genes that have been linked with NTDs in humans (57, 58). The genetic

architecture of NTDs is poorly understood.

Neurodevelopmental diseases such as autism spectrum disorders (ASD)
and schizophrenia are also proving challenging to map genetically, owing to the
significant heterogeneity of disease-associated genes. For example, all high-
confidence pathogenic variants in ASD identified thus far, including SNVs, CNVs

and syndromic causes, explain only a small fraction (<10%) of the genetic
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contribution to ASD risk (59). Hence, NDDs are considered polygenic diseases
with monogenic form accounting for a small percentage of cases. Mapping the

remaining genetic architecture remains an important goal in NDD genetics (60).

Cancer has been the focus of intense genomic investigations, as all or
virtually all cases of cancer arise from acquired genomic aberrations. The genetic
architecture of cancer comprises germline and somatic components. Germline
alleles influence cancer risk with a continuum of effect sizes (Figure 1.4) (13, 61),
but further somatic mutations are required to develop malignancy. The somatic

component is discussed in more detail in section 1.3.
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Figure 1.4 Genetic architecture of breast cancer risk. Reproduced from Hindorff et al.
(61) with permission.

Overall, future genetic work needs to meet three major challenges: 1)
characterise all pathogenic variants of known classes (common low-risk alleles,

rare large-risk alleles) amenable to existing genetic methods; 2) improve the
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analytical tools for genetic variation outside the scope of current studies (e.g. rare
variants of low effect; CNVs in low-complexity regions; mosaic somatic mutations);
and 3) characterise their contribution to the genetic architectures of diseases, and

identify pathogenic variants of those difficult-to-probe classes.

1.1.6 Discovery and assessment of candidate variants

Given the incomplete knowledge of the genetic architectures of human
diseases, the identity of pathogenic variants, and uncertainty surrounding the
relevance of many variants identified by WES and WGS, it is necessary to
continue the process of discovery and assessment of candidate pathogenic
variants across diseases. However, in addition to limited sensitivity, a problem
faced by genome-wide variant searches is the rate of false positives. Indeed, The
exome aggregation consortium (ExXAC) found that on average, an EXAC
participant harbours ~54 variants reported as disease-causing in the Human Gene
Mutation Database (HMGD; http://www.hgmd.cf.ac.uk/ac/index.php) or ClinVar
(14). A manual curation of 192 such variants with an EXAC allele frequency >1%
found good evidence of pathogenicity for only 9 variants, and led to the re-
classification of some of the remaining variants. This suggest the medical genetic
literature is burdened with a relatively high rate of false positives. In order to
improve the sensitivity and specificity of identification of pathogenicity, a common
assessment framework is required that allows researchers and clinicians to
understand the level of confidence surrounding the implication of a specific variant
in a specific disease.

A working group of the US National Human Genome Research Institute

have published guidelines for investigating causality of sequence variants in
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human disease (62). The guidelines highlight a primary role for genetic evidence
in supporting causality, noting that many protein-damaging variants are present in
human genomes. At the gene level, a burden of rare or de novo variants in
patients compared to a matched control cohort provides good evidence of gene
involvement. Importantly, ethnicity and sequencing depth must be well matched
between cases and controls, as rare variants are particularly sensitive to these
types of bias.

At the variant level, single-variant enrichment in cases over controls
provides convincing evidence of disease association, however most disease
cohorts are underpowered to detect genome-wide significant associations for rare
variants (63). Co-segregation of the variant with disease in multiple family
members or in multiple families is also considered strong genetic evidence.
However, an important caveat is that variants with moderate penetrance will not
always co-segregate with disease. In fact, Bodmer and Bonilla specifically noted
that ‘neither common nor rare variants are familial’, demonstrating in an example
that for a susceptibility allele D with a penetrance of 20% (corresponding to an
odds ratio of 3 or higher), heterozygous to wild type matings Dd x dd will result in
only 5.2% families with four offspring having more than one affected offspring (64).
A penetrance approaching 50% is necessary to start observing Mendelian-like
familial segregation. Therefore, co-segregation evidence in a small number of
families will only be available for variants with a relatively high penetrance.

Finally, important evidence is provided by population frequency: zero or low
frequency of the variant in large population cohorts with ancestry similar to the
disease cohort supports the potential pathogenicity of the variant. However

singleton rare variants are observed in both patients and healthy individuals, as
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robustly demonstrated by EXAC. Taken together, these observations show that
genetic evidence for disease association of single variants is likely to be limited to
high-penetrance rare variants in all but very large studies. Low- to moderate-
penetrance rare variants can thus be uncovered by gene-level or gene set-level
analysis.

Guidelines for variant interpretation have been recently formalised by the
American College of Medical Genetics and Genomics (ACMG), and the
Association for Molecular Pathology (65). These guidelines provide a useful
framework for the classification and quantification of evidence surrounding
pathogenicity of sequence variants across diseases (Figure 1.5 and (Appendix
Tables S1-S3)). The quantitative scale classifies variants as benign, likely benign,
pathogenic, likely pathogenic, or of uncertain significance. In this thesis, the
guidelines will be utilised to describe the evidence supporting the pathogenicity of
the variants investigated in the following chapters.

ACMG guidelines also exist for the interpretation and reporting of germline
CNVs (66). Although lacking a quantitative framework, the guidelines provide a
useful reference for weighing the relative strength of different types of evidence in

classifying CNVs.
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Figure 1.5 Evidence framework from ACMG Standards and guidelines on variant
interpretation. Reproduced from Richards et al (65) with permission.

1.1.7 The importance of rare variants in disease

Earlier studies of cancer and complex disease susceptibility predicted that

rare and low-frequency variants would be important in completing the full picture of

the genetic architecture (6, 61, 64). As discussed above, rare variants are now

known to correlate with phenotypic traits in healthy individuals, and significantly

associate with developmental diseases. Many significant associations between

rare variants have been identified to date, including a burden of SOD1 variants in

sporadic amyotrophic lateral sclerosis (67), CYP27B1 variants in multiple sclerosis

(68), variants in 7 neuronal genes in bipolar disorder (69), RAS pathway gene
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variant in Noonan syndrome (70), IFIH1 rare variants in type 1 diabetes (71),
polygenic burden of disruptive variants in schizophrenia (72), non-syndromic heart
defects (73), colorectal adenomas (74), lung cancer risk (75), but also variants in
complex adult diseases such as type 2 diabetes (76), irritable bowel syndrome
(77) or hypertriglyceridemia (78). Rare SNVs and CNVs in various genes have

also been linked with neural tube defects (79-82).

Based on the numerous studies that succeeded in identifying clinically
relevant rare variants, and the extent of missing heritability in complex diseases
once common variants have been accounted for, the contribution of rare variants
to human disease is likely to be important. These variants represent an important
class of genetic variation separating low-risk common variants identified by
GWAS, and dominant variants with a Mendelian inheritance pattern. Exonic rare
variants are particularly likely to exert significant effects. Approximately 88% of
trait-associated variants of weak effect are non-coding (6). The majority of coding
variants are rare (<1%) and nonsynonymous SNPs have the highest odds ratios
as a class in GWAS (6). Low-frequency (1-5%) exonic variants are significantly
more enriched in trait-associated loci than frequent exonic variants, and represent
the most highly enriched class of variation in lipid level-associated variants (20).
The ratio of non-coding to coding causal variation declines relative to increasing
mutational penetrance and disease severity (83). In a recent WGS study of breast
cancer, only 2 recurrent somatically mutated non-coding loci with suspected driver
function were identified, in contrast to many coding driver mutations (84). In
addition, due to the recent explosive human population growth, human coding
variants are over-represented in deleterious variants compared with other species

due to limited purifying selection (17, 19). Taken together, rare nonsynonymous
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SNVs and genic CNVs have a high a priori probability of non-neutral effect on

disease phenotypes.

Despite the strong rationale for the importance of rare variants in disease,
the majority of causal rare variants still elude detection in most scenarios. This is
because most genome-wide studies are under-powered to detect their association
with disease, and small-scale sequencing studies are usually inconclusive on their
importance because of incomplete penetrance and low recurrence rate of the
same variant in unrelated cases. Therefore, current methods of uncovering
pathogenic rare variants rely on burden tests, which identify gene-level and gene

set-level associations, or on targeted hypothesis-driven sequencing (64, 72, 85).

In this thesis, the contribution of rare germline and de novo variants (both
SNVs and CNVSs) to developmental defects, and the contribution of rare somatic
mutations to cancer are examined. We focus on the ASPP family of genes as
proof of principle and discuss how the discovery methods developed throughout

could be generalised genome-wide.
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1.2 Congenital disorders of the central nervous system

A large number of congenital disorders affecting the central nervous system
exist, ranging from lethal defects such as craniorachischisis, to mild
developmental delay. In this thesis, we will focus on abnormalities associated with
194 CNVs, neural tube defects, childhood-onset schizophrenia, and autism

spectrum disorder.

1.2.1 1941942 microdeletion syndrome

Structural variants in the human genome arise from a range of mutational
mechanisms, including DNA recombination, replication- and repair-associated
processes. CNVs and other structural abnormalities are associated with many
developmental abnormalities (86, 87) which led to the adoption of the
chromosomal microarray as the first-tier test for individuals with developmental
disabilities or congenital anomalies, offering a diagnostic yield over 15% (53). A
major source of CNVs is nonallelic homologous recombination (NAHR), which
occurs between two paralogous low-copy repeats or segmental duplications (88,
89). Recurrent CNVs at these loci can be pathogenic, especially when spanning
gene-rich regions (90).

The composition of non-recurrent rearrangements is more complex and
includes compound mechanisms such as duplication-inverted triplication-
duplication (87, 91). Breakpoint junctions in non-recurrent rearrangements
generally vary in each individual, making the clinical interpretation more difficult

(92). The distinct properties of non-recurrent rearrangements suggest they are
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formed by a mechanism independent from NAHR, such as non-homologous end
joining (NHEJ), and replication-based mechanisms such as break-induced
replication, microhomology-mediated break-induced replication, serial replication
slippage, and fork stalling and template switching (93, 94). Importantly, some of
these repair mechanisms can introduce nucleotide changes such as point
mutations and indels, concomitant with the structural variant. In addition, insertion
of short <100 bp segments from nearby genomic regions is observed in up to
35% nonrecurrent structural variant junctions (95). Therefore, in addition to
breakpoint heterogeneity, changes in genomic sequence associated with CNVs
further increase the diversity of these structural variants, which is reflected in the
phenotypic heterogeneity of CNV carriers. Moreover, these replication-based
mechanisms are thought to occur during mitosis and so can contribute to somatic
structural variation and mosaicism.

Chromosomal deletions that cause rare genetic disorders usually affect
more than one gene and cause multiple phenotypic features. Deletions in the
chromosomal 1g41-g44 region are significantly associated with central nervous
system (CNS) defects including neural tube defects (NTDs), agenesis of corpus
callosum, microcephaly and hydrocephalus (96, 97). Small interstitial deletions in
the 1941942 region are implicated in the 1941942 microdeletion syndrome with
features of severe developmental delay, intellectual disability, and brain
morphological abnormalities. This syndrome was discovered by testing over
10,000 patients with developmental disabilities by chromosomal microarray and
observing a subset of patients with shared features that harboured small (<10 Mb)

deletions in the 1941942 region, otherwise undetectable by cytogenetics (44).
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A critical region comprising the genes FBX028, TP53BP2, CAPN2 and
CAPNS8 has been proposed for the 1941942 microdeletion syndrome based on the
smallest region of overlap (SRO) (98). Virtually all 1941942 deletions causing the
1941942 microdeletion syndrome are de novo; a patient with a small inherited
1941942 microdeletion was diagnosed with an isolated congenital heart
abnormality and the deletion does not span the critical region of the syndrome
(98). Since then, a small inherited DISP1 deletion (DISP1 is located outside the
SRO) has been reported in a patient with seizures that lacks most severe features
of the syndrome (99). Among the genes within the SRO, FBX0O28 (encoding the F-
box only protein 28, a ubiquitin ligase) has been proposed as a candidate gene
responsible for seizures and intellectual disability in microdeletion patients (100,
101). However, the genes responsible for other phenotypes, in particular the brain
morphological abnormalities, of the syndrome are unknown.

TP53BP2, which is located at the boundary of 1g41 and 1g42, encodes the
Apoptosis Stimulating Protein of p53 2 (ASPP2). It is also an ankyrin repeat, SH3
domain and proline-rich containing protein (ASPP), originally identified as a
positive regulator of p53-mediated transcription of apoptotic genes (102, 103). In
mice, ASPP2, encoded by Trp53bp2, is essential for embryonic development
(104, 105): an ASPP2-null genotype in mice is lethal prior to embryonic day E7
and mice with homozygous deletion of exon 3 exhibit loss of neuroepithelial cell
polarity and hydrocephalus (106). ASPP2 is involved in regulating apoptosis
through binding to p53 (and its sibling proteins p63 and p73) via its C-terminus
and in regulating cell polarity through binding to the tight junction protein Par3 via
its N-terminus (106, 107). Therefore, TP53BP2 is a potential candidate gene for a

causal role in the 1g41g42 microdeletion syndrome. Identification of causative
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genes could extend our understanding of molecular pathways that are responsible
for common diseases. In Chapter 2, the role of TP53BP2 in the aetiology of

1941942 microdeletion-associated abnormalities is investigated.

1.2.2 Neural tube defects

Neural tube closure (NTC) is a key step of central nervous system (CNS)
development. Neural tube defects (NTDs) stem from a failure of the neural tube,
the structure that will give rise to the brain and spinal cord, to close during
neurulation. NTD often results in death or severe disability and is among the most
common birth defects worldwide ranging from 1 to 27 per 2000 pregnancies in the
USA and China, respectively (108) (109). During neurulation, the neural plate
bends upwards and eventually fuses to form a hollow tube. This process is
evolutionarily conserved and occurs following a well-defined sequence of events
along the embryonic axis (110). In mouse, initiation of closure starts at the future
cervical-hindbrain boundary and goes bi-directionally into the hindbrain and along
the spine (closure 1). Two additional closure sites occur at the midbrain-forebrain
boundary (closure 2) and at the most rostral extremity of the forebrain (closure 3).
NTDs are classified according to the region of the brain and spinal cord that are
affected. Complete failure of closure 1 leads to craniorachischisis, the most severe
NTD, in which almost the entire brain and spinal cord are open. If closure 1
remains incomplete in the cranial region, anencephaly occurs. In the spinal region,
failure of closure at the posterior neuropore leads to spina bifida. The mildest form
of spina bifida, myelomeningocele, is the most common NTD compatible with life.

NTDs have a complex aetiology involving both genetic and environmental

factors with genetic factors contributing up to 70% (111). Over 250 transgenic

25



Introduction

mouse models of NTD have been reported to date, spanning many classes of
biological function including planar cell polarity (PCP), apoptosis, epigenetic
regulation, metabolism and actin dynamics (58, 112). While homozygous
disruption of many genes gives rise to NTD in mice, monogenic NTD in humans is
unknown (113). A small number of common loci (114, 115) and rare variants
associated with NTDs have been identified (57), limited by the small number of
cases and the heterogeneity of the underlying aetiology. Only a very limited
number of gene mutations were linked with similar phenotypes in both mouse and
human NTDs. PCP genes SCRIB (116) and CELSR1 (117, 118) are two
examples. An important insight came recently from the identification of de novo
SHROOM3 truncating mutations in 2 independent NTD cases, highly significant
given the cohort size of 43 trios (119). Shroom3 mutant mice develop NTDs,
confirming these de novo SHROOM3 truncations as pathogenic in human NTDs.
The same study identified truncating de novo mutation in PAX3 in an unrelated
case and a missense de novo mutation in GRHL3; mutations in the orthologous
genes cause NTDs in mice.

To date, the gene mutations identified in human NTDs are mainly involved
in PCP (e.g. in VANGL1, VANGL2, CESLR1 or SCRIB) occur at low frequency,
and account for a small proportion of cases (79, 117, 118, 120). Interestingly not
all PCP genes behave the same. Although mutation in VANGL1 gene has been
detected (79) in human NTDs at a low frequency, Vangl1-null mice do not suffer
from NTD. It is unknown whether mutations in other mouse NTD-related genes
contribute to human NTDs.

Folic acid (FA) supplementation reduced the incidence of NTDs

substantially. FA plays a key role in one-carbon metabolism that controls the
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production of purine and thymidylate, building blocks of DNA and RNA
biosynthesis as well as the production of methyl donor S-adenosyl-methionine
(SAM) used in DNA, RNA and protein methylation. Thus FA may prevent NTD by
affecting cell proliferation via multiple pathways including gene expression.
Mutation status of FA metabolic pathways has been subject to intense study.
However transgenic mice deficient in MTHFR and MTHFD1, two key enzymes of
FA metabolic pathway, failed to develop NTD phenotype. Similarly Dact1-null
embryos also do not suffer from NTD (121). Few functional mutations have been
identified in human NTDs that involve the FA metabolic pathway. Consistent with
this, around 30-50% of NTDs are not preventable by FA supplementation (122).
Although polymorphisms in some genes (e.g. GLUT1, HK1, LEP1 and LEPR)
have also been associated with NTD risk (57), most mutation screens and case-
control studies failed to find significant associations between the known
polymorphisms (such as in folate genes MTR or FOLR1,2,3) and NTDs (57, 123).
All these suggest that an unmet clinical need is the identification of pathogenic

variants in human NTDs.

A key process in neural tube closure is apical constriction. Following
convergent extension of the epithelial sheet, cells reduce the width of their apical
surface while allowing the basal surface to enlarge, thus enabling the epithelial
sheet to fold. Epithelial apical constriction is regulated in part by Par3 and Willin
which prevent apical localisation of ROCK via regulating aPKC (124, 125).
Junctional loss of aPKC is required to allow ROCK-mediated cytoskeletal changes
leading to apical constriction. Mutations in apical constriction regulators Shroom3,

Abl and Mena in mice result in well-defined NTDs comprising exencephaly and
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caudally restricted spina bifida (58). Exencephaly is the mouse clinical equivalent
of human anencephaly. As described above, truncating de novo mutations of
SHROOM3 were found in human NTDs, implicating the genetic disruption of
apical constriction in the aetiology of NTDs (119, 126). The interaction of
SHROOM3 and ROCK is required for neural tube morphogenesis in mice (127).
Interestingly, SNP variants in the gene PARD3 that encodes Par3, a key
component of apicobasal polarity complex, are associated with anencephaly in
China (128). The convergence of these risk factors on apical constriction mediated
by ROCK implicates the genetic disruption of this process in the aetiology of
NTDs.

Recent studies suggested that ASPP2, a binding partner of Par3 and a
regulator of apical basal polarity and adherens junctions, is required for CNS
development. ASPP2-deficient mice exhibit loss of neuroepithelial cell polarity and
hydrocephalus (106). ASPP2 also inhibits the epithelial-to-mesenchymal transition
(EMT), a process which has recently been implicated in neural tube closure
downstream of GRHL2 (129, 130). Therefore, it would be interesting to investigate
whether ASPP2 is disrupted in NTDs.

Interestingly, amongst mouse mutants exhibiting NTDs, a subset of p53-
deficient embryos have been shown to develop NTDs, suggesting that p53-
dependent transcription programs may be required during neural tube closure
(131, 132). Those embryos exhibit exencephaly, consisting of an outgrowth of the
neural tissue usually confined to the fore- and midbrain, but sometimes also
affecting the hindbrain. Some mice with mutations in p53-target genes, such as
Gadd45a-null mice, have been shown to develop NTDs, further suggesting that

p53 transcriptional activity may be required during neural tube closure (133).
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Moreover p73, a p53 sibling, is required for neural stem cell maintenance and its
deficiency also causes hydrocephalus suggesting p73 might be involved in NTDs
(134, 135).

Chapter 2 of this thesis investigates the role of ASPP2 deficiency in CNS
abnormalities including NTDs in mice and humans. In Chapter 3, the role of rare

variants in TP53, TP73, TP53BP2 and PARDS3 in human NTDs is investigated.

1.2.3 Autism spectrum disorder and schizophrenia

Concordance rates in monozygotic versus dizygotic twins are an important
source of evidence of heritability. In psychiatric disorders, twin studies estimate
heritability at 0.80 for autism spectrum disorders (ASDs) (136), 0.81 for
schizophrenia (137) and 0.75 for bipolar disorder (138) (Figure 1.6). These
studies indicate a substantial genetic component in the aetiology of ASD and
schizophrenia. In addition, de novo mutations have been shown to play a role.
Taken together, understanding of the genetic basis of ASD and schizophrenia is
an essential step towards a mechanistic understanding of these diseases, a pre-

requisite for targeted therapy.
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Figure 1.6 Heritability vs lifetime prevalence of psychiatric disorders. Adapted from
Sullivan et al. (137) with permission.

No Mendelian forms of schizophrenia seem to be known (139). Therefore,
the genetic architecture of schizophrenia comprises incompletely penetrant
germline variants and de novo mutations. In addition to common loci, an increased
burden of structural rare variants in neurodevelopmental pathways, and single-
nucleotide variants in synaptic and chromatin remodeling genes have been
demonstrated in schizophrenia patients (72, 140, 141). De novo mutations are also
implicated in schizophrenia (35, 36, 142) and autism (32, 143, 144). These
mutations span diverse genes, highlighting the polygenic nature of schizophrenia
and ASD.

Estimates of the ASD gene target sizes are in the region of 250-1,800 genes
(144). Understanding the function of all these causal genes is a great undertaking.
However, some common pathways emerge, which allow us to generalise the likely
modes of disruption to classes of genes. For example, synaptic signaling, chromatin

remodeling, and protein translation are strongly implicated processes in the
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pathophysiology of ASD and other psychiatric disorders (59). Importantly, there is a
significant functional overlap between genes associated with multiple psychiatric
disorders.

An interesting example of an ASD gene in SHANK3, a gene encoding a
postsynaptic density scaffolding protein of excitatory synapses. A syndromic form
of ASD called Phelan-McDermid syndrome arises from 22q13 deletions that span
SHANKS3. This syndrome represents a possible example of a monogenic form of
autism. However, SHANK3 point mutations have also been observed in both
schizophrenia and ASD patients, and even in a Rett syndrome-like patient (145-
148). Some of these mutations have been shown to modify dendritic spine
morphology by an actin-dependent mechanism (149). SHANKS3-deficient mice
recapitulate some of the human phenotypes associated with SHANK3 mutations
such as deficits in social interaction (45, 150). This gene exemplifies the partial
convergence of psychiatric disorders on common dysregulated gene networks and

cellular processes.
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1.3 Functional genomics of cancer

1.3.1 Tumour suppressor genetics

Cancer is driven by genetic dysregulation which allows cells to proliferate
and migrate outside their physiological spatiotemporal bounds. The genetic
architecture of cancer includes a major somatic component but also germline risk
alleles of varying penetrance. Traditionally, tumours are thought to be driven by a
small number (<8) of ‘driver gene’ mutations with the remaining somatic mutations
considered ‘passengers’ which confer no selective growth advantage (151).
However, defining driver gene mutation as a ‘mutation that directly or indirectly
confers a selective growth advantage to the cell in which it occurs’ allows for a
continuum of effect sizes. The traditional view of tumour suppressor genes, based
on observations in retinoblastoma, portrays TSGs as recessive: an inactivating
mutation requires a second hit in the same gene (such as another inactivating
mutation or loss of heterozygosity) in order to cause cancer (152, 153). RB1
conforms to this model, causing disease in germline mutation carriers who acquire

a second, somatic mutation that triggers tumorigenesis.

However, not all TSGs are recessive, as Fearon and Vogelstein noted in
1990 based on the observations of adenomas in patients with familial
adenomatous polyposis who did not show allelic losses of the chromosome linked
to the syndrome : ‘In some cases, mutant tumour suppressor genes appear to
exert a phenotypic effect even when present in the heterozygous state; thus, some
tumour suppressor genes may not be recessive at all.’ (154). Since then, the ‘two-
hit paradigm’ has been revised from a dogma to a model that applies to some but

not all TSGs (155, 156). The remaining TSGs show evidence of dosage
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sensitivity. For example, not all tumours in Li-Fraumeni syndrome patients,
carriers of cancer-predisposing mutations in TP53, show loss of TP53
heterozygosity. Many other haploinsufficient and dosage sensitive TSGs exist and
were reviewed by Payne et al.(156). Notable examples include the cell cycle
inhibitor Cdknlb (p27); Nkx3.1; Cdknla (p21) or Msh2. Cdknlb*- mice show an
intermediate susceptibility to irradiation-induced tumours between wild type and
p27-null mice but do not show deletion of the other Cdknlb allele (157). Similar
intermediate susceptibility phenotype in Cdknlb*- mice was observed with 1,2-
dimethylhydrazine induced tumorigenesis (158). Therefore, evidence of biallelic
loss is not required for identification of TSGs. Another example of a
haploinsufficient TSG is Trp53bp2: Trp53bp2*-and Trp53bp223* mice develop
spontaneous tumours which include lung adenocarcinomas, squamous cell
carcinomas, lymphomas and sarcomas (104, 105, 159). ASPP2 deficiency
manifests itself at the cell-autonomous level by increased thresholds for apoptosis,
and by defective cell cycle checkpoints in y-irradiated primary cells (104).
Hemizygous deletions occur frequently in human tumours and are thought to act

as mini-drivers which optimise the proliferative potential of cancer cells (160).

Berger et al. introduced a concept of ‘obligate haploinsufficiency’, marking
TSGs whose optimal inactivation is conditional on one allele being retained (155).
For example, in prostate cells, full loss of Pten on a wild-type p53 background
leads to senescence whereas hemizygous deletion can lead to prostate neoplasia
and cancer. Other examples includes Dicerl in the lung or Npm1 in haematologic

malignancies.
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1.3.2 Tumour mutations are context-dependent

An important concept in understanding tumour suppressor gene function is
context dependence. The penetrance of TSG loss is influenced by tissue type and
the presence of modifier alleles. For example, germline BRCA1 mutations
increase the lifetime risk of breast cancer and ovarian cancer by up to ~80% and
~50%, respectively, which is thought to be related to increased survival of
oestrogen-induced BRCA1-deficient mammary epithelial cells (161). BRCA1 is not
somatically mutated at a statistically significant level across pooled cancer types
but is significantly mutated in ovarian cancer (162). Another example is WT1, the
Wilms’ tumour gene. Deletions of WT1 are associated with syndromic cases of
Wilms’ tumour, a childhood cancer of the kidney whereas frequent somatic

mutations drive acute myeloid leukaemia (163, 164).

Modifier alleles can have a decisive effect on the penetrance of TSG
mutations. Mice carrying the Apc™" mutation develop spontaneous polyps in
strains positive for a mutation in Pla2g2a (originally named Mom1), such as
C57BL/6, but are resistant to polyps in Pla2g2a-wild type strains such as AKR
(165). Germline SNPs have been found to modify risk of BRCA1 and BRCA2
mutation carriers (166). In human cancers, many mutations are connected by
functional networks and co-occur in tumours, for example in the condensin and
CLASP and CLIP complexes (167). This suggests some gene networks have built-
in redundancy that is broken by multiple mutations within the same network. Copy
number variants also show co-occurrence patterns in tumours (168). Conversely,
mutations showing mutual exclusivity often mark dominant driver mutations that
make another mutation within the same pathway unnecessary or detrimental. It is

well known that mutations within druggable pathways can underlie acquisition of
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drug resistance. For example, expansion of tumour clones with MEK1 or MEK2
mutations occurs in some patients with BRAF resistance (169, 170). Only a
handful of mutations are penetrant enough to be able to transform a wide range of
cell types from non-malignant to malignant. The penetrance of most mutations is
conditional on the tissue of origin and/or cooperating transforming genetic events.
Therefore, mutations in cancer should be considered as being a function of their

environment crucially including the tissue of origin and somatic genome of the cell.

A view of cancer as an evolutionary process incorporates much of the
complexity discussed above. Cancer shows evidence of complex clonal dynamics
including competition, predation, parasitism and mutualism between co-evolving
clones (171). Interesting ecological phenomena have also been observed; for
example cancer clones injected into opposite flanks of mice and rats can inhibit
each other’s growth, with only one clone sometimes being specifically affected
(172, 173). In ecological terms this is known as an amensal interaction and shows
that competition between different cancer clones can directly affect tumour growth.
These features along with the empirical parameters that govern and constrain the
evolution of each individual cancer determine the clinical course of the disease
including its response to therapy. Importantly, understanding the evolutionary and
ecological dynamics of cancer can present opportunities for manipulating the
disease by applying methods known to affect populations with similar properties
(e.g. by introducing a ‘predator’ such as CAR T cells, or restricting the tumour’s
resources). A comprehensive understanding of the process of tumorigenesis is
needed to identify both stochastic and deterministic parameters that reduce

clinical and molecular heterogeneity to predictable phenotypic variability.
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A crucial step in building such a framework is linking specific genetic
alterations to phenotypic changes and the resulting shift in clonal dynamics. This
includes both strong driver mutations and passenger mutations whose collective
effect might have a deleterious influence on cell fithess. Indeed, models have
shown that the collective burden of passenger mutations is likely to exert
deleterious effects (174). One implication of deleterious passengers is an
increased requirement of the unfolded protein response which can be exploited

therapeutically.

An invaluable insight into the dynamics of cancer has come from the colon
in which tumour progression normally follows discrete stages that can be
molecularly described and isolated from the preceding and following stages. Thus,
genetic events have been reliably linked to the disease progression from normal
colon tissue through the hyperproliferative, early to late adenoma, carcinoma, and
ultimately metastatic stage (154). Ras mutations seem to mark the progression
from an early to an intermediate adenoma (greater than 1 cm in size), appearing in
over 50% of intermediate and larger adenomas but <10% of benign adenomas
below 1 cm. TP53 loss, for example through 17p deletions, seems to mark the
transition from adenoma to carcinoma. However, despite this ‘preferred order’ for
a pathway to malignancy, the authors stress that genetic alterations can be
acquired in other orders, and it is the progressive accumulation of oncogenic
mutations, not their precise order, that is most consistent between distinct
colorectal tumours (154). Nonetheless, regularities in the order of acquisition of
mutations can be informative with respect to gene function and their relationship to

the hallmarks of cancer.
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1.3.3 Mini-driver mutations in human cancer

Until recently, the continuous nature of effect sizes among cancer
mutations has been underappreciated, with a black-and-white division of drivers
and passengers prevailing in cancer research. However, next-generation
sequencing of large cohorts uncovered exceptionally diverse sets of mutated
genes in many cancer types. These ‘long tail’ distributions argue for the role of
many genes in cancer, as they suggest multiple distinct combinations of mutations
in multiple different genes can produce the same malignant phenotypes.
Moreover, in a recent WGS study of 560 breast cancers, 5% of tumours had no
high-confidence driver mutations and many showed only a single high-confidence
driver (84). Given that breast cancer is probably the most comprehensively
characterised tumour type by genomics to date, this observation underscores a
clear gap between existing models of cancer genetics and our knowledge of the
causal mutations. Therefore, more attention is being given to rare mutations of

potentially large effect as well as small-to-medium-effect ‘mini-drivers’ (175).
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Type | Types Il, lll and IV
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Figure 1.7 Predicted functional classes of mini-driver mutations. Figure reproduced
from Castro-Giner et al (175) with permission.

Castro-Giner et al. provide a useful conceptual framework for classifying
these mini-driver mutations, and thus help in defining an underappreciated
component of the genetic architecture of cancer (Figure 1.7; Table 1.1) (175).
They propose many cancers might in part follow a polygenic model in which a
larger number of mutations with weak effect sizes can drive tumorigenesis.
Studies of copy number variations already support this hypothesis (160, 176).
Similarly, studies from transposon insertional mutagenesis in mice show that
thousands of genes can promote tumorigenesis when disrupted (177, 178). The

number of ‘early stage drivers’ is generally much lower than the number of later
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stage drivers, indicating that the acquisition of the cancer phenotype requires the

convergence on a humber of key signalling pathways. Once the cancer has

formed, the perturbation of many pathways can influence tumour growth. Hence

the heterogeneity of driver mutation is much higher in later stages than in the early

stages or in vitro. Recently, the piggyBac system was used to identify a non-

coding regulatory region of Cdkn2a, confirming a functional role for non-exonic

mutations in cancer, which can also act as mini-drivers (179).

Table 1.1 Summary of mini-driver mutation classes. APC, adenomatous polyposis
coli; CNA, copy number alteration; CRC, colorectal cancer; HIF1A, hypoxia-inducible
factor 1a; IDH1, isocitrate dehydrogenase 1; VHL, von Hippel-Lindau. Reproduced from
Castro-Giner et al. (175) with permission.

Type Definition

Effect

Possible examples from sporadic
human cancers(177)

Attenuated form of
I 'major-driver’
mutation

Optimize major-
driver mutations

Selectively remove
disadvantageous
major-driver
functions

Remove redundant
v or unnecessary
functions

Mutations in the same
gene or pathway as the
major driver

Keep signalling pathway
levels at an optimum

Modulate the level of
genomic instability

Reverse the effects of
deleterious 'hitchhikers'

Amplify germline variation

Remove growth-
suppressing side effects
of driver mutations

Remove a major-driver
function that has become
disadvantageous during
somatic evolution

Loss of driver mutations
that are no longer needed
as cancers progress

KRAS mutations at codons 146 and
117 (Ref. (180))

Reduction of the effects of WNT
activation, through CNA in APC (181)
and inactivating mutations

in SOX9 (Ref. (182))

None known at this time

None known at this time

Targeting a polymorphism that
affected an enhancer that drives an
oncogene, such as allelic imbalance at
rs6983267 contributing to CRC
somatic evolution (183)

Renal cancers acquiring

inactivating HIF1A mutations
consistent with selection for removal of
that specific consequence

of VHL mutation (184)

None known at this time

Loss of IDH1 from glioblastoma
(although not in therapy-naive
tumours) (185)
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Possible examples from sporadic

Type Definition Effect human cancers(177)

High frequency of

inactivating somatic

mutations in some genes

with a role in None known at this time
differentiated cells and no

plausible role in

carcinogenesis

One cell population
Competition or 'freeloading’ or directly None known at this time
cooperation between ' harming another
tumour cells with
minor overall effect ~ Promote cooperation

None known at this time
among tumour cells

Mini-drivers are predicted to mimic major driver mutations with a smaller
effect; to adjust cellular impact of major drivers to optimise fitness; neutralise
deleterious passenger mutations; streamline fitness by removing redundant
functions; exert inhibitory effects on other clones (for example by secreting a factor
the secreting clone is genetically insensitive to); communicate with non-malignant
cells to adjust the microenvironment, and play other roles (Table 1.1).
Identification of these mutations along with a quantitative understanding of their
effect sizes will be important in elucidating the somatic genetic architecture of

cancer.

1.3.4 Approaches to the discovery and functional analysis of new driver
and mini-driver mutations

Given the large number of rare mutations and potential mini-drivers,
experimental and computational approaches are needed to aid in identifying these
mutations and their effect on cancer growth. For the discovery of traditional Mut-
drivers (somatic alleles of large penetrance), most analyses rely on the statistical

evaluation of somatic mutation frequency per gene compared to background. As
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somatic mutation frequency is not independent of genomic location, tissue type,
gene length and other variables, methods such as MutSigCV have been
developed to calculate somatic mutation burden corrected for independent
confounders (186). Vogelstein et al. proposed a ratiometric method, termed the
20/20 rule, to identify ‘Mut-driver genes’ that is, cancer driver genes dysregulated
through mutations (151). The method classifies oncogenes as those with >20% of
mutations at recurrent positions and missense, whereas tumour suppressor genes
as having >20% of their mutations inactivating. This approach identified 125 genes

based on sequencing data from 3,284 tumours.

In a recent study, Kim et al subjected 474 patient-derived mutant alleles to
an in vivo tumour formation assay in mice (187). They found that some somatic
alleles, which were observed only once in a large pool of patients, and without
having known oncogenic function, such as POT1 G76V, were able to transform
cells and cause tumour formation. In this way, mini drivers can be identified

experimentally alongside rare major drivers.

Berger et al. took a different approach, screening 194 mutations from lung
adenocarcinomas using an expression-based assay which quantified the mutant
protein’s effect on the transcriptome (188). Lentiviral transduction of mutant genes
into lung adenocarcinoma cells followed by transcriptional profiling of 1,000
transcripts yielded transcriptional data that were used to compare the impact of
each mutant with wild type and with reference driver alleles. 69% of the variants
were characterised as impactful and many of those, including non-canonical
mutations in known driver genes such as KRAS D33E, promoted tumour growth in
vivo. Importantly, these newly identified oncogenic alleles were not always

predicted to be impactful by in silico methods such as SIFT or PolyPhen2.
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Although it is difficult to predict from this study what percentage of somatic
mutations may be drivers due to the non-random selection of candidate genes, it
Is important in providing proof that rare somatic mutations can be drivers,

irrespective of their statistical enrichment within patient cohorts.

A recently developed program called REVEALER (repeated evaluation of
variables conditional entropy and redundancy) demonstrated the feasibility of
systematically identifying genetic interactions between driver alterations correlated
with functional phenotypes (189). As examples, application of REVEALER across
83 cell lines from the Cancer Cell Line Encyclopaedia (CCLE) found that APC
mutations of 13q33 amplification can substitute B-catenin mutations. Analysis of
182 lung cancer cell lines from the CCLE revealed that KEAP1 mutations and
15922/26 amplification can act as alternative causes of NRF2 activation. It would
be interesting to see how many mutations in unclassified genes would show such

correlations with major drivers across human cancers.

Another recently published tool called VIPER (virtual inference of aberrant
protein activity) provides the means to estimate protein activity from transcriptional
data (190). This can be useful in predicting chemosensitivity, as mutation status
alone is a poor predictor of response, which limits precision oncology (191).
Interestingly, the authors show that some tumours and cell lines without a
mutation in a particular gene show a near-identical reduction in protein activity to
samples with a driver mutation in the gene, as measured by VIPER’s mutant
phenotype score (MPS). This tool might be useful in analysing which rare drivers
and mini-drivers substitute for canonical driver mutations — by analysing the

genomic makeup of these tumours with wild-type driver genes but mutant-like
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signature, it might be possible to discover sets of mutations in a related pathway.

However, such application of VIPER remains to be investigated.

Multiple computational predictors of individual driver mutations exist, for
example CHASM (192), FATHMM Cancer (193) and ParSNP (194). These
methods score and rank somatic mutations based on their functional impact on
protein function and likelihood to be involved in cancer. However, the application
of their methodology in discovery of mini-drivers presents important caveats.
Firstly, with the exception of ParSNP, the algorithms were trained using a set of
curated driver mutations. This skews the predictions towards mutations that are
most similar to currently known drivers such as KRAS G12D. Secondly, the
benchmarking of the methods is often limited to the top 1% of candidates out of
which only several mutations per tumour are discussed (top 5 in the ParSNP
paper) (194). In fact, in developing ParSNP the authors specifically made use of
the assumption that the proportion of mutations that are drivers decreases with
mutation load. Therefore, while this approach might be successful in identifying
rare drivers of large effect, mini-drivers may be less amenable to discovery by
these methods because they are less impactful, by definition. Therefore, tools that
are optimised for sensitivity in detecting driver mutations might overlook mini-

drivers.

In summary, although encouraging progress has been made in the
discovery and functional analysis of rare driver and mini-driver mutations in
cancer, much more investigation is required before these mutation classes can be
reliably and robustly identified. Of particular importance is the synergy between
computational and experimental methods, in order to provide causal evidence of

function for newly discovered mutations. Similarly, mechanistic studies focused on
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individual genes will be important in characterising the landscape of effects of
each mutation on gene function. Finally, cancer gene databases have to keep
pace with the accelerating rate of cancer gene discovery by curating and

synchronising gene lists discovered in multiple studies.

In Chapter 4.2, we discuss how mini-driver mutations can be discovered

from cancer genomic data, using the ASPP gene family as an example.

1.3.5 Public databases of cancer driver genes

Thousands of genes have been implicated in the molecular and cellular
processes relevant to cancer. Many of those have been shown to drive
tumorigenesis in animal models, including unbiased transposon-mediated
mutagenesis screens, ShRNA screens in mice as well as targeted mutations and
knock-in alleles, resulting in wealth of information on genes which have the
potential to drive cancer in mice. However, it remains unclear which proportion of

these genes drive tumorigenesis in clinically observed human tumours.

As a result, there is a clear gap between our knowledge of the functional
genetics of cancer in model systems such as cell lines and mice, and the driver
genomic landscape of human cancer. An important component in bridging this gap
is a high-quality curated list of human cancer genes. Perhaps surprisingly, in
contrast to public portals for cancer genomic data, an up-to-date comprehensive
reference of this kind is still lacking. Arguably the most widely used list of cancer

genes is the Sanger Cancer Gene Census (http://cancer.sanger.ac.uk/census/).
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What are the empirical criteria for inclusion of genes in the Cancer Gene
Census? In compiling the Census, Futreal et al. selected genes with ‘at least two
independent reports showing mutations in primary patient material’, the most
common alteration being chromosomal translocation at the time (195). To filter out
likely passenger mutations, they excluded genes with fewer than five
unambiguous mutations reported in primary neoplasms, low-penetrance cancer
susceptibility genes, genes mutated primarily in mismatch repair-deficient
tumours, genes located at fragile genomic sites (e.qg. fragile histidine triad gene,
FHIT) and genes altered by large copy humber variants without high confidence of
being the causal gene. Applying these criteria yielded 291 human genes in the first
draft of the Census, many of these being recognised driver genes such as tyrosine

kinases RET or EGFR.

However, application of these criteria in the era of whole-exome and whole-
genome sequencing, when over 10,000 tumours have been sequenced by these
techniques, would result in an order-of-magnitude higher number of genes.
Because of the ‘long-tails’ distribution of somatic mutation frequency of most
tumour types, hundreds of genes are mutated in independent samples (196, 197).
This includes large genes such as TTN that are statistically most likely to
accumulate somatic mutations by random chance due to their genomic size.
Additional confounding factors such as genomic locus replication timing, GC-
content, transcription-coupled repair also influence mutation rate (186). Therefore,
more stringent methods are needed to increase the signal-to-noise ratio in
detecting driver mutations. At the same time, as genomic studies continuously
produce new evidence of causal role for genes in different cancer types, this

stringency should be balanced by periodic updates of the database and the swift
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inclusion of newly emerged data. Unfortunately, in the current version of the
Census, little to no information is given on the source of current evidence

supporting the membership of each gene.

Therefore, other platforms are being developed. One recent alternative is
the DriverDBv2 (http://driverdb.tms.cmu.edu.tw/driverdbv2/index.php), a database
collating ca. 13,000 exome-sequenced cancer cases and integrating 15 algorithms
that analyse the mutation of each gene and call significantly mutated genes per
study (198). The portal allows an interactive inspection and filtering of the
statistical evidence for study type, for example by selecting the minimum number
of algorithms that deem each gene significant. Unfortunately, the current
implementation of DriverDBv2 does not allow for an easy access to driver gene
lists compiled using specified criteria across all studies. These observations
underscore the importance of data curation alongside high-throughput sequencing

and data analysis.

As the number of sequenced cases and the quality of algorithms increase,
we hope to approach saturation in the discovery of Mut-driver genes based on the
over-representation of their somatic mutations. Currently, approximately 100,000
sequenced cancers are estimated to reach saturation, or 2,000 tumours for at

least 50 tumour types (Figure 1.8) (162).
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Figure 1.8 Number of tumour-normal pairs required to detect Mut-driver genes as a
funct_ior_1 of somatic mutation frequency. Reproduced from Lawrence et al (162) with
permission.

Excluding mini-drivers, how many Mut-driver genes have been discovered?
The Cancer Gene Census currently (as of September 2016) holds 602 genes out
of which 264 have mutational evidence other than amplifications, deletions and
translocations assigned to them (i.e. putative Mut-drivers). Tamborero et al.
reported a list of 291 high-confidence cancer genes from 3,205 tumours of 12
different cancer types (199). Applying a stringent false-discovery threshold,
Lawrence et al. reported a list of 219 Mut-driver genes from 4,742 cancer exomes
(162). An alternative analysis by Vogelstein et al. using the 20/20 rule yielded 125
Mut-drivers based on data from 3,284 tumours. From DriverDBv?2 it is difficult to
establish precisely because multiple algorithms are integrated with varying results
and no single threshold is used. A resource named Network of Cancer Genes

(http://ncg.kcl.ac.uk/index.php) states a considerably higher estimate of the
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number of cancer genes: 1,571 in version 5.0 (200). However, this number
includes genes dysregulated by amplification, translocation and other means.
Taken together, current estimations of Mut-driver genes across human cancers

range from 125-291 genes, and estimates of all driver genes from 602-1,571.

However, a closer inspection of the predicted sample sizes required for
complete discovery of Mut-driver genes in various cancer types (Figure 1.8)
reveals that saturation is unlikely to occur soon with rare Mut-drivers; for example
in melanoma, lung squamous cell carcinoma and lung adenocarcinoma, over
10,000 tumour-normal pairs would be required to achieve 90% power for 90%
genes mutated at >1% frequency. Given the existence of mini-drivers and rare
Mut-driver alleles discussed above, significantly more sequencing is required
before all relevant pathogenic alleles in the genetic architecture of cancer are
uncovered. The need to identify these rare drivers has become a priority in cancer
genomics (201). Based on this, approaches alternative to gene-level statistics of
somatic mutation burden are necessary to accelerate cancer research and the

discovery of cancer genes.

1.3.6 Reactivating CD8+ T cells to target diverse tumour-specific antigens

Cancer is a disease shaped by the somatic evolution of rogue cells at the
expense of the host. Adaptive immunity in higher organisms is shaped by
controlled somatic evolution of specialised cells that protect the host. Other tissues
in the body do not undergo programmed somatic mutation or have no capability of
exerting tumour-killing effects. The human repertoire of circulating ap-T cells is

estimated at ca. 10° B chains, each pairing on average with ca. 25 different a
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chains (202). Similarly, each human contains potentially up to 10! unique
antibody clones which can undergo further affinity maturation upon antigen
stimulation (203, 204). Thus, antibodies and T cells can recognise a theoretically
infinite number of antigens, including epitopes in mutant proteins expressed by
cancer cells. Therefore, the interface between cancer and the immune system has
an enormous potential to influence cancer progression. Given the high genetic
diversity including the presence of mini-drivers, tumour heterogeneity, and the
emergence of resistance to treatment observed in most advanced cancers, an
exhaustive development of targeted therapies to combat each individual tumour
may be beyond reach. A more realistic approach is to enlist the adaptive immune
system with its vast clonal repertoire of killer T cells and antibodies to aid by

selectively destroying tumour-antigen-expressing cells.

One challenge is to manipulate the immune response to cancer in a way
that maximises tumour killing over undesired immunopathology. Although the field
of tumour immunology dates back to the early 1900s, immuno-oncology has only
reached the clinical mainstream in recent years, mainly due to the success of anti-
PD1, anti-CTLA4 antibodies, frequently called immune checkpoint inhibitors, and
CAR T cells. Following extraordinary results in clinical trials (205, 206), checkpoint
inhibitors have transformed the clinical management of metastatic melanoma.
Importantly, a subset of melanoma patients experience a durable response that
leads to eradication of metastatic disease, which was unachievable with previous
therapies, including BRAF inhibitors. BMS’s anti-CTLA4 antibody ipilimumab
became the standard of care in advanced melanoma following its FDA approval in
2011, however anti-PD1 antibodies nivolumab and pembrolizumab showed even

more promising results and are now approved for melanoma as well (207, 208).

49



Introduction

Nivolumab has gained FDA approval for advanced melanoma, advanced
lung cancer, metastatic renal cell carcinoma, and most recently Hodgkin

lymphoma (www.fda.gov). Merck’s pembrolizumab (Keytruda) now holds FDA

approval for advanced melanoma, advanced non-small cell lung cancer, and head
and neck squamous cell carcinoma. In addition, clinical trials for multiple other

cancer types are ongoing.

In order to realise the full potential of T cells in the fight against cancer, a
deep understanding of the pathways controlling T cell proliferation, activation and
dysfunction is needed. The role of PD1 in regulating the T cell response was
originally discovered in the lymphocytic choriomeningitis virus (LCMV)
experimental model of viral-induced immune suppression (209). PD1 is an
inhibitory receptor which increases the threshold for effector CD8+ T cell activation
upon binding of its ligand PD-L1. PD1 blockade enables tumour antigen-specific
CD8+ T cells to elicit tumour cell killing by inhibiting PD-L1’s binding to its receptor
(210, 211). Effective checkpoint blockade typically relies on the presence of
neoantigen-specific CD8+ T cells, and studies have indeed shown that neoantigen
load correlates with checkpoint inhibitor sensitivity (212, 213). Despite the wealth
of knowledge surrounding PD1 and T cell exhaustion, the precise molecular
programme which induces PD1 expression and suppresses CD8+ T cell
responses is not fully understood. Moreover, recent studies have shown that a
durable response to PD1 blockade relies the proliferation of a subset of CD8+
CXCR5+ T cells with a distinct phenotype from exhausted terminally differentiated
effector cells (214). Therefore, the molecular basis of T cell exhaustion, and the
cell type dynamics of the CD8+ compartment in chronic viral infection are still

incompletely understood.
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Chapter 5 of this thesis explores a transcriptomic approach to assessing the viral-

specific and total CD8+ T cells in chronic vs acute infection.
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1.4 ASPP family

1.4.1 Discovery and members of ASPP family

The ASPP family, defined by functional and domain homology, are
Apoptosis Stimulating Proteins of p53, and also Ankyrin repeat, SH3 domain and
Proline-rich region-containing Proteins (Table 1.2, Figure 1.9) (103). The ASPP
are not the only protein family characterised by this domain composition; SHANK
proteins also contain multiple Ankyrin repeats, an SH3 domain, proline-rich region,
in addition to PDZ and SAM domains (Figure 1.10) (215). Human ASPP family
comprises 3 members: ASPP1, encoded by PPP1R13B; ASPP2, encoded by
TP53BP2; and iIASPP, encoded by PPP1R13L (Table 1.2). These names reflect
the proteins’ regulatory effects on apoptosis: ASPP1 and ASPP2 are activators or

p53-dependent apoptosis whereas iIASPP inhibits it.

Table 1.2 ASPP family members and their gene names. Alt, alternative exon.

Protein Human gene  Human exon Human Mouse gene  Mouse
name name count protein name protein
length length
ASPP1 PPP1R13B 17 (+2 alt) 1090 Ppplrl3b 1087
ASPP2 TP53BP2 18 (+2 alt) 1128 Trp53bp2 1128
IASPP PPP1R13L 13 (+1 alt) 828 Ppp1rl3l 824

The first ASPP member to be discovered was ASPP2. In 1994, using a
yeast two-hybrid assay on a B-cell cDNA library, lwabuchi et al. identified 2
proteins binding wild type but not mutant p53; one of these proteins was named
53BP2, now understood to have been a fragment of full-length ASPP2 (216).
Interestingly, 53BP2 specifically bound the DNA-binding domain of p53. This

property connects ASPP2 with p53-inactivating viral proteins large T antigen from
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the SV40 tumour virus, and E6 from human papilloma virus, which also specifically
bind to the non-mutated DNA-binding domain of p53 (217, 218). lwabuchi found a
role for ASPP in stimulating p53-dependent transcription (219). 53BP2 was also
shown to bind BCL2, although the function of this interaction is not well

understood (220). These initial experiments identified fragments and isoforms of
ASPP2 which are shorter than the full-length isoform comprising 18 exons, which
is the dominant isoform expressed in human cells. A shorter isoform called Bbp
(UCSC transcript name uc001hod) is generated from the TP53BP2 gene by

alternative splicing.

" — —
iASPP  a Pro
s —
] [ ] [ ]
ASPP1 U”bilq""' Coiled coil Pro SH3 1090
. oiled coi
Ubiqui e — 5 —
ASPP2 Coiled coil o Pro o SH3 1128

’ Ankyrin repeat

Figure 1.9 Domain maps of ASPPs. Pro, proline-rich region (conserved part); SB, SH3-
binding domain; PQ, proline- and glutamine-rich region. Numbers on the right indicate
protein length of the full-length isoforms.
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Figure 1.10 SHANK3 domain structure and splice forms. Reproduced from Sala et al.
(215) with permission.

A fragment of ASPP1 was first reported in 1998 as a cDNA isolated from
the brain with high homology to 53BP2 (221). The full-length and most abundant
isoform of ASPP1 in humans is 1090 residues long. ASPP1 and ASPP2 show very
high homology, in particular in the C-terminus, and an identical domain structure:
both proteins share a C-terminal SH3 domain, 4 ankyrin repeats, a proline-rich
region, an N-terminal coiled-coil sequence, and a ubiquitin-like/RAS-association
domain at the very N-terminal end (Figure 1.9). Samuels-Lev et al. showed that
ASPP1 and ASPP2 selectively enhance p53-dependent transcription on pro-
apoptotic gene promoters (BAX, BBC3 and TP53I3) but not cell cycle arrest gene
promoters (such as CDKN1A, encoding p21) (103). A crystal structure of ASPP2’s

C terminus in the complex with p53 has been solved (102).

The third ASPP member, IASPP, was first reported in 1999 as a protein
inhibiting the NK-kB transcription factor p65 (222). The full-length isoform of
IASPP, 828 residues long, is homologous to ASPP1 and ASPP2 in the C-terminal
SH3 domain, Ankyrin repeats, and conserved proline-rich region, but not the

preceding sequence which is also proline-rich (Figure 1.9). In fact, proline
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represents 15.7% of human iIASPP’s sequence (compared with the total proline
content of 6.3% among 18,666 human proteins) placing IASPP in the top 1.5% of
human proteins by proline content (calculated using data from Morgan et al (223)).
A crystal structure of IASPP’s C terminus is available (224). In contrast to ASPP1
and ASPP2, IASPP inhibits p53 function by reducing its transcriptional activity on
pro-apoptotic promoters (225). Thus, IASPP is differentiated from ASPP1 and
ASPP2 not only by its protein sequence, but also by its opposing effect on p53-

dependent apoptosis.

1.4.2 Evolution of the ASPP family

Most vertebrate genomes contain 3 distinct ASPP genes. Single ASPP
orthologues have been found in Drosophila melanogaster and C. elegans. Early
studies suggested that IASPP is the ancient member of the family, with ASPP1
and ASPP2 evolving at later stages (225, 226). The C. elegans ASPP orthologue
inhibited apoptosis in germ cells, consistent with it being an orthologue of IASPP

rather than ASPP1 or ASPP2 (225, 227).

However, a recent phylogenetic analysis by Song et al. suggests the issue
might be more complicated (228). Song et al. identified an ASPP-like protein in the
invertebrate Branchiostoma belcheri and showed it to be more homologous to
human ASPP1 and ASPP2 than to iIASPP. Moreover, a Bayesian analysis of
individual ASPP proteins across species produced 4 distinct clusters: a vertebrate
ASPP1 group, ASPP2 group, iASPP group, and an invertebrate ASPP-like group
which contained proteins with motifs homologous to ASPP1 and ASPP2’s

ubiquitin-like and coiled-coil domains. These organisms do not seem to contain
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another copy of ASPP, suggesting some lower organisms contain an ASPP1/2-
like orthologue rather than an IASPP orthologue. The notion that IASPP might not
have been the single ancient gene is also supported by the fact that some
chordates seem to possess ASPP1 and ASPP2 orthologues but no IASPP
orthologues (Figure 1.11). In contrast, no chordates seem to possess only iIASPP
in the absence of ASPP1 and ASPP2. Taken together, these insights present an
alternative hypothesis: the ancient ASPP gene contained the N-terminal domains
of ASPP1 and ASPP2 which in some invertebrates were retained, diversified, and
in others (such as C. elegans) were lost. Thus, the ancient ASPP might have been
duplicated in an ancestor of all vertebrates to produce ASPP1 and ASPP2, and in
some vertebrates including humans, further duplicated to produce iIASPP through
a similar mechanism that led to the evolution of ASPP in C. elegans. The
occurrence of an IASPP-like protein in humans and C. elegans would thus be an
example of convergent evolution, rather than a manifestation of a common
ancestor. An alternative hypothesis is that all 3 ASPPs were present in a common
vertebrate ancestor, but iASPP was later lost in some vertebrates, for example
birds and lamprey (Figure 1.11). A more detailed phylogenetic analysis is required

to differentiate between these hypotheses.
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Figure 1.11 A phylogenetic survey of ASPP family genes. Reproduced from
Song et al. (228) with permission.

Vertebrate conservation scores support the hypothesis that ASPP2 is the
most ancient ASPP protein: exons coding for N-terminal sequence of ASPP2 have
much higher conservation scores among vertebrates than exons coding for N-
terminal sequence of IASPP (UCSC Genome Browser). Song et al. also showed
that among vertebrates, TP53BP2 has experienced a slower rate of
nonsynonymous/synonymous substitutions, suggesting a faster rate of adaptation
of PPP1R13B and PPP1R13L, and their orthologues. This is consistent with a
hypothesis that PPP1R13B and PPP1R13L were generated by duplication of
TP53BP2 during evolution, as the newly created genes would need to undergo a

faster rate of evolution in order to diversify from ASPP2’s function, especially in
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tissues where TP53BP2 is dosage sensitive. In addition, the proline-rich region
conserved between all three human ASPPs is a GC-rich sequence (Pro DNA
codons are CCA/T/C/G), which undergoes a higher mutation rate than GC-poor
sequence. Altogether, phylogenetic and genomic evidence support a more ancient
role for ASPP2 as the common ancestor of the ASPP family, and suggest that
vertebrate IASPP and its invertebrate orthologues evolved through loss of

ASPP2’s N-terminal domains.

1.4.3 Molecular function of ASPPs

As described above, ASPPs modulate p53-dependent apoptosis. In
addition, ASPP1 and ASPP2 also directly stimulate pro-apoptotic transcription by
the p53-family members p63 and p73 (107). Of note, the relative effect of ASPP1
and ASPP2 on p53/p63/p73 transcription at the BBC3 (PUMA) gene promoter is
the inverse of the relative effect on the BAX and TP53I3 promoters: the relative
fold enhancement by ASPP1/2 on BAX and TP53I3 is p53>p63>p73, whereas the
BBC3 promoter shows p73>p63>p53 (107). The molecular basis of this trend is
currently unknown. ASPPs do not affect p53 family transcription factors’ activity on
the promoter of cell cycle inhibitor CDKN1A, suggesting ASPPs play a role in
deciding the cellular response to stress by promoting apoptosis at the expense of

cell cycle arrest (229).

The molecular interactions of ASPPs stretch far beyond the p53 family and
apoptotic regulators. The BioGRID database indexed 110, 38 and 26 unique
interactors for ASPP2, ASPP1 and iASPP, respectively (v3.4 checked on 2
October 2016). These figures are also consistent with a more ancient role for

ASPP2 as the most highly interconnected protein. These relatively high numbers
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of interactions also reflect the domain structure of the ASPPs: Ankyrin repeats,
SH3 domain and ubiquitin-like domain all mediate protein-protein interactions. To
date, no catalytic, DNA-binding, lipid-binding, membrane-binding, or chaperone
activity have been reported for ASPPs, suggesting their primary role is that of
protein-protein interaction hubs. This is also consistent with the domain structure

being most similar to SHANK proteins, which serve as protein scaffolds.

Among the best characterised functions of ASPPs is modulation of PP1
activity; indeed, PPP1R13B and PPP1R13L bear their name owing to them being
regulatory subunits of PP1, a feature of many Ankyrin-repeat proteins (230).
However, all 3 ASPPs regulate PP1; therefore, TP53BP2 is sometimes called
PPP1R13A. ASPP2 has been shown to dephosphorylate TAZ to promote TAZ-
dependent gene expression, thereby antagonising LATS kinase (231). We showed
that another ASPP2-PP1 substrate is YAP which binds to a poly-proline motif in
ASPP2 located prior to the Ankyrin repeats (232). Both YAP- and PP1-binding to
ASPP2 is required for this process, and YAP’s promotion of transcriptional activity
is mediated by TEAD. Thus, ASPP2’s control of YAP represents modulation of

one transcriptional co-factor by another.

ASPP2 has been identified as a YAP-interacting protein in multiple
proteomic experiments, suggesting this ASPP2-dependent regulation of YAP is a
ubiquitous phenomenon (233, 234). Indeed, Hauri et al. identify the PP1-ASPP
module as a key node in the regulation of the Hippo pathway in human cells (235).
YAP, in turn, regulates ASPP2 stability by competing with the ubiquitin ligase ltch
for the same binding site on ASPP2 (236). YAP is a regulator of cell proliferation
and epithelial adhesion, playing a key role in cell contact inhibition (237). ASPP1

also regulates PP1 and the Hippo pathway, for example by binding LATS (238).
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ASPP1 has been shown to bind PP1 in the testis and brain, tissues with high
ASPP1 levels (239, 240). Interestingly, ASPP2 and SHANK3 were also detected
as binding partners of PP1 in the brain (240). ASPP1 and ASPP2 also regulate
chromosome segregation by enhancing the PP1-dependent dephosphorylation of

kinetochores in mitosis (241).

In addition to cooperating with YAP, ASPP2 regulates apicobasal polarity
by binding Par3 (106, 242). These observations suggest ASPP2 stabilises
epithelial cell character by maintaining cell-cell junctions through Par3 and YAP.
Indeed, we have shown recently that ASPP2 inhibits epithelial-to-mesenchymal
transition by repressing ZEB1 expression through -catenin (130). The integration
of cell-cell junction maintenance with regulation of apoptosis also makes ASPP2 a
target for pathogens, for example the toxin CagA, injected into epithelial cells by
the oncogenic bacterium Helicobacter Pylori. CagA has evolved to bind a specific
site within the Pro-rich region of ASPP2 and helps remodel tight junctions to allow
for bacterial attachment (243, 244). At the same time, CagA hijacks ASPP2 in
order to carry out p53 degradation. ASPP2 is also targeted by the core protein of

hepatitis C virus to inhibit p53-mediated apoptosis (245).

ASPP?2 also regulates the NF-kB pathway by binding IkB (159). Notably,
ASPP1 and ASPP2 modulate the dominant oncogene RAS by promoting RAS-
dependent senescence and inhibiting autophagy (246-248). In keeping with its role
as a protein-protein-interaction hub, ASPP2 has since been shown to act as a
pan-RAS nanocluster scaffold which steers cells towards RAS-induced
senescence (249). This nanoclustering activity of ASPP2 is conditional on the
presence of the coiled-coil N-terminal domain which is absent in IASPP. In liver

cells, ASPP2 seems to promote autophagy as a means to trigger apoptosis via
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DRAM (250). In oxaliplatin-treated colorectal cancer cells, ASPP2 inhibits

autophagy, highlighting the context-dependent nature of ASPP2’s functions (251).

1.4.4 Regulation of ASPP activity

Interestingly, we showed recently that all ASPPs, and some additional
Ankyrin repeat proteins such as IkB, use an alternative nuclear import pathway we
named RanGDP/Ankyrin-Repeat complex-mediated nuclear import pathway
(RaDAR) (252). This pathway enables nuclear import of specific Ankyrin repeat
motifs into the nucleus without the need for importins by utilising direct binding of
the GTPase Ran. Given that ASPPs perform important functions both inside and
outside the nucleus, this pathway is important in mediating a nucleocytoplasmic
shuttling of ASPPs, for example to integrate signalling at the cell-cell junction with

regulation of gene expression.

Given the multitude of ASPPs’ binding partners, regulatory mechanisms are
needed to make the protein available for a subset of specific interactions. The
intrinsically disordered Pro-rich sequence of ASPPs mediates the availability of the
C-terminal Ankyrin repeat/SH3 domain (Ank-SH3) by an autoregulatory
mechanisms. In ASPP2, the conserved Pro-rich region has been shown to bind to
the Ank-SH3 domain which modulates its interaction with p53 (253, 254). A similar
mechanism is suspected for ASPP1 although this has not yet been demonstrated
experimentally. Since the Ank-SH3 domain is required for nuclear import via Ran,
and for the interaction with p53/p63/p73, the Pro <-> Ank-SH3 intramolecular
interaction must be disrupted in order for ASPP2 to bind p53/p63/p73. Godin-

Heymann et al. showed that phosphorylation of Ser827 of ASPP2 is required for
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its pro-apoptotic function (255). S827 is located between the Pro-rich region and
ASPP2’s YAP-binding site, therefore it is plausible that phosphorylation of this
residue promotes the ‘open form’ of ASPP2 (in the absence of Pro <-> Ank-SH3
interaction) which then translocates to the nucleus. In contrast, ASPP2 S698A was
able to enhance p53-BAX transcription more significantly than ASPP2 wild type.
S698 is located within the ‘PRPLS’ motif at the core of the conserved Pro-rich
region; this motif is conserved between all 3 ASPPs and directly interacts with
Ank-SH3 in ASPP2. Therefore, it can be speculated that phosphorylation of S698
might stabilise the ‘closed form’ of ASPP2 (with the Pro <-> Ank-SH3 interaction in
place). This hypothesis is supported by the fact that the orthologous residue in
mice is phosphorylated in the brain, kidney, liver, brown fat and spleen tissues
(phosphomouse.hms.harvard.edu) which are expected to require the extranuclear
functions of ASPP2 such as promoting epithelial cell-cell junctions. Notably, this
autoregulatory mechanism is hijacked by CagA. CagA binds the more C-terminal
segment of the Pro-rich region, which turns into an a-helix upon encountering

CagA, in order to hijack ASPP2’s C-terminus and degrade p53 (244, 256).

Although iIASPP possesses a homologous Pro-rich region, its vast unique
Pro-rich N-terminal domain presents other opportunities for autoregulation and
therefore IASPP seems to have evolved a distinct mechanism of self-binding that
utilises SPRKA motifs in the N-terminal region (residues 84-88) and in the
sequence preceding the Ankyrin repeats (residues 616-620). This peptide is
interacting with Ank-SH3 of iIASPP in the published crystal structure (224), binding
the cleft between the Ankyrin repeats and SH3 domain. Lu et al. showed that the
phosphorylation of S120 by CDK1 promotes the dissociation of the N-terminal

SPRKA from the Ank-SH3 domain, enabling iASPP to inhibit p53 in the nucleus
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(257). This physiological mechanism is dysregulated in some melanomas with
high CDKZ1 activity that keep constitutive IASPP in the nucleus as a means to
inactivate wild-type p53. Taken together, studies show that autoregulation via Pro-
rich sequences is important for directing ASPP2 and iASPP activity, and that this
mechanism is disrupted by a bacterial toxin in the gut, and by aberrant kinase

activity in melanoma.

1.45 Theroles of ASPPs in vivo

Given a rich repertoire of molecular functions, it is not surprising that
ASPPs are indispensable in vivo. Homozygous deletion of Trp53bp2 in mice
results in early embryonic lethality, demonstrated in two independent mouse lines
(104, 258). Homozygosity for a hypomorphic allele (exon 3 deletion;
Trp53bp22323) results in prenatal or neonatal death, and is associated with severe
brain abnormalities (106). Trp53bp223/23 embryos show overgrowth of
neuroepithelial cells, loss of cell polarity, abnormal cytoarchitecture of ganglionic
eminences, impaired interkinetic nuclear migration and other abnormalities.
Ganglionic eminences are a source of a population of neurons that migrate
tangentially to the cortex, including GABAergic interneurons (Figure 1.12) (259).
Most of the GABAergic interneurons are thought to originate in these subpallial
structures, migrating tangentially over great distances, in contrast to the default
and shorter mode of radial migration used by excitatory neurons (260). Striatal
cells, predominantly radially migrating, are also derived from the ganglionic

eminences.
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Trp53bp223/A3 mice that survive birth have a 100% incidence of hopping
gait, and virtually all males and many females develop hydrocephalus. This
demonstrates ASPP2 is indispensable for central nervous system development,
and points to a possible striatal disruption in the Trp53bp223/23 mice that survive

birth. ASPP2 is also a haploinsufficient tumour suppressor in mice (104, 105, 159).

b E135 ¢ E15.5

Figure 1.12 Migratory routes of ganglionic eminence-derived cells during mouse
brain development. Reproduced from Marin and Rubinstein (259) with permission. AEP,
anterior entopenduncular area; Str, striatum; LGE, lateral ganglionic eminence; MGE,
medial ganglionic eminence; NCx, neocortex; SVZ, subventricular zone; VZ, ventricular
zone; PCx, piriform cortex; H, hippocampus.

ASPP1-deficient mice are born at a reduced rate and show defects in the

lymphatic vasculature (261). The reasons for the reduced viability of Ppp1r13b”

mice are unknown.

The role of IASPP in mouse development was first studied in spontaneously
arising mutants. Waved 3 mice (wa3) showed skin and heart abnormalities, with a
rapidly progressing cardiomyopathy. The mice were born with precocious open
eyelids, had disorganised hair follicles and wavy hair (262). The mutation was
mapped to a 14 bp deletion in Ppplrl3l that removes a splice donor site, resulting

in loss of IASPP expression in the homozygous state. Another spontaneous
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mutation, deletion of exons 9-11 of Ppplrl3l, was reported by Toonen et al. (263).
Named waved with open eyelids 2 (woe2), these mice shared the open eyelids at
birth phenotype, cardiac abnormalities, and wavy coat, with wa3. In addition, woe2
homozygous mice showed corneal opacities and absence of the Meibomian
glands. A frameshift mutation in Ppp1rl13l is also responsible for an autosomal
recessive disorder in cattle called Cardiomyopathy and woolly haircoat syndrome
(CWH) (264). This mutation was also associated with cardiac and haircoat
abnormalities which usually resulted in death before 12 weeks of age. In addition,
CWH homozygotes showed neonatal ocular keratitis. Later, iIASPP was shown to
be present in cardiomyocytes’ intercalated discs, interact with desmoplakin and
desmin, and to regulate desmosome integrity in mice (265). Taken together,
IASPP is essential for heart, hair and skin development across species. The
seemingly high occurrence of spontaneous truncating mutations also suggests
that the PPP1R13L gene may be a region of genomic instability in some species.
It would be interesting to investigate whether this putative instability may be
related to PPP1R13L’s GC-rich sequence which is linked with polyglutamine
expansion diseases such as Huntington’s disease and ataxias, for which many

causative genes are located on chromosome arm 19q.

However, despite the unequivocal evidence of the non-redundant role of
ASPPs in development, the importance of ASPP genes in human disease is
unknown. In Chapters 2, 3 and 4, the role of TP53BP2 and PPP1R13B mutations

in human disease is investigated.
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1.4.6 ASPPs in cancer

As discussed above, ASPPs enhance the pro-apoptotic function of the most
prominent cancer gene, TP53. ASPP1 and ASPP2 also stimulate the pro-
senescence and pro-apoptotic activity of the most frequently mutated proto-
oncogene, KRAS. Together with the in vivo data showing spontaneous tumours in
Trp53bp2*- mice at a significantly increased rate over wild type mice (104, 105),
TP53BP2 is a candidate cancer gene. However, TP53BP2’s role as a driver gene
has not been demonstrated in humans, with the single exception of a statistically
significant somatic mutation frequency of TP53BP2 in a recent genomic study of

pancreatic cancer (266).

Other studies were limited by small patient sizes, such as the report of a
truncating mutation in TP53BP2 in gastric cancer (267), or were performed in cell
lines or model organisms. Studies in cell lines have mostly reached a consensus
of a tumour suppressive function for ASPP2, usually attributed to activation of
apoptosis (247, 250, 268-273). Studies with human patient samples observed
mostly decreased ASPP2 levels (274-280), but occasionally increased expression,

for example in endometrial cancer (281, 282).

PPP1R13B promoter is hypermethylated in acute lymphoblastic leukaemia
and hepatocellular carcinoma (277, 283). ASPP1 has also been shown to
suppress tumorigenesis in the haematopoietic lineage in mice by restricting the
self-renewal capacity of haematopoietic stem cells (HSCs), and inducing
apoptosis in DNA-damaged HSCs (284). Concomitant deletion of both Trp53 and
Ppp1rl3b resulted in significantly more aggressive malignancies than the deletion

of either gene alone (284). Interestingly, despite this evidence of ASPP1’s tumour
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suppressive function in vivo, and its role in enhancing p53-dependent apoptosis,
ASPP1 was reported to limit apoptosis in human cell lines by inhibiting YAP
phosphorylation by LATS1 (238). Activation of YAP by ASPP1 also lowers levels
of LATS2, reducing p53’s ability to induce p21 expression (285). LATS2, in turn,
promotes nuclear localisation of ASPP1 under oncogenic stress, and ASPP1-
dependent activation of apoptosis (286). This suggests that under steady-state
conditions, ASPP1 promotes cell survival via control of the Hippo pathway,
whereas under oncogenic stress, ASPP1’s pro-apoptotic nuclear function is
activated by LATS2. Taken together, although ASPP1 shows hallmarks of a
tumour suppressor in mice and patient samples, it appears to have both pro-
survival and pro-apoptotic functions at the molecular level. It is currently unknown

which of these is the dominant function of ASPP1 in human cancers.

IASPP, being an inhibitor of p53, is a candidate oncoprotein. A study aimed
at refining the association of the 19913.3 chromosomal band with cancer has
linked the PPP1R13L locus with breast cancer risk (287). A missense
polymorphism in PPP1R13L (encoding A67T) has been linked with lung cancer in
China (288), and another SNP linked with rectal cancer (289). The lung cancer
association of a haplotype containing the iIASPP SNP rs1970764(G) has been
reproduced in another study (290). Lack of association with PPP1R13L SNPs and

the associated haplotype have been reported for colorectal cancer (291, 292).

Increased iIASPP levels have been observed in colorectal cancer (293),
acute leukaemia (294), lobular breast carcinoma (295), head and neck squamous
cell carcinoma (296), and cervical cancer (297, 298). Cellular studies support a
role for iIASPP in inhibiting apoptosis, preventing senescence, and conferring

chemoresistance on cancer cell lines (299-307). In melanoma, CDK1-
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phosphorylated nuclear iIASPP mediates inhibition of wild-type p53 (257). Taken
together, IASPP shows hallmarks of an oncogene, and has been linked with
human cancer through GWAS. However, it remains unclear whether driver
mutations in PPP1R13L exist in human cancer, and whether iIASPP acts as an

oncogene across all tumour types.

Chapter 4 of this thesis employs an unbiased approach to assessing the
role of ASPP genes in human cancer, then explores the possible mechanisms of

ASPP dysregulation in tumours.
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CHAPTER 2: ASPP1 AND ASPP2 VARIANTS IN HUMAN
CONGENITAL DISORDERS
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RESULTS AND DISCUSSION

Figures 2.1-2.39 and the associated text were part of the following publication:

Zak J., Vives V., Szumska D., Vernet A., Schneider J. E., Miller P., Slee E.
A., Joss S., Lacassie Y., Chen E., Escobar L. F., Tucker M., Aylsworth A. S.,
Dubbs H. A., Collins A. T., Andrieux J., Dieux-Coeslier A., Haberlandt E., Kotzot
D., Scott D. A., Parker M. J., Zakaria Z., Choy Y. S., Wieczorek D., Innes A. M.,
Jun K. R., Zinner S., Prin F., Lygate C. A., Pretorius P., Rosenfeld J. A., Mohun T.
J., Lu X. ASPP2 deficiency causes features of 1q41g42 microdeletion syndrome.
Cell Death Differ. 2016, 23(12):1973-1984.

The content has been reproduced in accordance with Nature Publishing Group’s
guidelines.

2.1 TP53BP2 deletions are associated with brain abnormalities in 1g41q42
microdeletion syndrome

To identify the gene(s) responsible for structural brain abnormalities in
1941942 microdeletion syndrome, we first established the smallest region of overlap
(SRO) in 1941942 microdeletion cases with structural brain abnormalities. To date
there are 31 reported 1941942 microdeletion cases and 26 of them have brain
MRI/CT recorded. Among the 26 cases with deletions in the 1941942 region for
which neuroradiology reports and/or MRI scans were available, 19 were from
published reports and 7 are newly identified cases (Tables 2.1, 2.2) (ref. 44, 98,
100, 308-314). Of these 26 cases, 19 patients showed detectable structural brain
abnormalities and their SRO (chr1:223 828 382-224 034 322; hgl9) contains the
entire coding regions of CAPN2 and TP53BP2, plus exons 1 and 2 of CAPNS8
(Figure 2.1) whereas in 4 of the remaining 7 cases without brain abnormalities the
TP53BP2 locus is not affected (Figure 2.1a and 2.1b).

CAPN2 and CAPNS8 encode Ca?*-dependent proteases of the calpain family
(315). Mice deficient in the orthologous genes Capn2, Capn8 and Trp53bp2 have

been generated previously: Trp53bp2-deficient mice exhibit abnormalities in the

70



Chapter 2

central nervous system (106), whereas Capn2-deficient and Capn8-deficient mice
show no abnormalities in the brain or nervous system (316-318). Publicly available
data also show that TP53BP2 is expressed more highly in the brain than all other
examined tissues, whereas CAPN2 is expressed at very low levels in the brain
compared to other tissues, and CAPN8 expression is restricted to the stomach

(Figure 2.2, www.gtexportal.org, (319)). Additionally, TP53BP2 is most highly

expressed in the ventricular and subventricular zones in the human embryonic brain
throughout gestation, consistent with it having a key role in embryonic brain

development (Figure 2.2) (http://brainspan.org, http://human.brain-map.org) (320,

321). We also found no deletions of TP53BP2 in publically available copy number
data from 2 large cohorts of healthy individuals (19,584 healthy individuals (41, 322);
or in an independent pediatric control group of 2,026 (ref. 323)), suggesting that
TP53BP2 deletions may be pathogenic. In contrast, 2 deletions, nsv520609 and
nsv521758, spanning multiple exons of CAPN2, were detected in the cohort of
2,026 disease-free individuals (323). These observations suggest that TP53BP2 is
the strongest candidate for being the causative gene responsible for brain

morphological abnormalities associated with 1941942 microdeletions.
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Table 2.1 Summary of new and previously published cases of 1941942
microdeletions. 2hypertonia; Pclinodactyly of 5™ digits; ID — intellectual disability; LV —
lateral ventricles; N/S — not specified; N/A — not applicable or available.

Published cases

<
o = Y
5 = 3 o 3 2 3 g . ] g .
> &, 3 & & & § 9 [ 3 =3
o c 9 > Q = » N o o - © =
= o5 N 2 & ] D 2N N ) k] o <
E 3 S 3 8 ER=] =) s =d < c o S 2 —
» € o = [ » T » oR = 38 < ® 3
Age at diagnosis N/A N/A N/A 10m NS 10m 8y N/S 2y 2m 15y N/A
Gender N/A N/A N/A Male Male Female Female N/S Male Female Female N/A
Deletion/duplication N/A N/A N/A 1:221,91 1:221,28 1:223,82 1:222,01 1:22330 1:223,07 [1:223,10 1:224,23 N/A
coordinates (hg19) 1,605- 8,725- 8,382- 5102- 0702- 6,895- [4,211-  3,297-
227,293, 230,748, 229,256, 225,414, 2263504 225,311, (223,287, 224,820,
265 012 492 828 63 293 570 132
Size of deletion N/A N/A N/A 538Mb 9.46Mb 543Mb 34Mb N/S 22Mb [0.18Mb 0.59Mb N/A
TP53BP2 deleted? 717 YES YES YES YES YES YES YES YES NO NO NO
(4/4) (2/2)
Inheritance N/A N/A denovo N/A denovo denovo denovo N/A de novo [maternal N/A N/A
Brain MRI analysed? 2/6 YES N/A N/R N/A N/A YES N/R YES YES YES N/R
Developmental delay/ID |6/6 4/4 2/2 + N/S + + N/S + N/S + 212
Behaviour problems 2/6 1/4 0/1 - N/S - - N/S - N/S - 1/2
Hypotonia 1/6 4/4 1/1 + N/S - N/S + N/S - 2/2
Seizures 5/6 3/4 0/2 + N/S + + N/S + + + 0/2
Brain abnormalities 2/6 4/4 2/2 + N/S + - + + - - 0/2
Enlarged/dysmorphic 3/6 4/4 1/2 - N/S + - + + - - 0/1
LVs
Corpus callosum 1/2 2/4 1/2 - N/S + - + - - - 0/1
abnormalities
Encephalocele o/7 0/4 0/2 - - - - - - - - 0/3
Microcephaly a/7 2/4 0/2 - N/S - - N/S + N/S - 1/2
Growth retardation 3/5 1/4 2/2 + N/S - - N/S - N/S + 1/2
Craniofacial 717 4/4 2/2 + + + + + + - + 2/2
abnormalities
Unusual iris N/A 1/4 0/2 + N/S - N/A N/S - N/S - 0/2
Strabismus 1/6 1/4 1/1 + N/S - - N/S - N/S - 1/2
Full or tented lips 417 2/4 2/2 + N/S + + N/S - N/S + 1/2
Congenital 217 0/4 0/2 - + - - N/S + N/S - 0/3
diaphragmatic hernia
Congenital heart defects |1/7 2/4 2/2 - + + - + - N/S - 1/3
Pectus deformity 17 0/4 0/2 + N/S - - N/S - N/S - 0/2
Male genital 0/5 1/3 1/2 + + N/A N/S N/S + N/S N/A 0/1
abnormalities
Limb shortening 217 0/4 212 - N/S - - N/S - N/S - 0/2
Clubfoot 3/7 1/4 1/2 - + - - N/S - N/S - 0/3
Short fingers 217 0/4 212 - N/S - - N/S - N/S - 0/2
Nail hypoplasia 3/7 1/4 1/2 - N/S + + N/S - N/S + 0/2
Pelger-Huet anomaly 1/2 1/4 N/S N/S N/S + N/S + N/S N/S N/S 0/1
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New cases
1g41942 microdeletion postnatal 1941942 microdeletion
prenatal
Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7
(DECIPHE (DECIPHE (DECIPHE (DECIPHE (DECIPHE [(DECIPHE
R 263059) R 279742) R 257458) R 271297) R 266948) [R 257256)
Age at diagnosis 2y 7y 9y 9y m Prenatal Prenatal
Gender Male Male Male Female Female Male Female
Deletion/duplication 1:222,075, 1:222,694, 1:222,387, 1:221,654, 1:222,694, |1:222,732, 1:221,484,
coordinates (hg19) 911- 309- 076- 334- 079- 707- 568-
228,894,74 224,069,98 224,599,20 224,660,61 227,147,00 [224,034,32 229,116,92
3 4 5 5 0 2 9
Size of deletion 6.8 Mb 1.38 Mb 2.21 Mb 3.0 Mb 4.45 Mb 1.30 Mb 7.6 Mb
TP53BP2 deleted? YES YES YES YES YES YES YES
Inheritance de novo paternal de novo N/A de novo maternal N/A
Brain MRI analysed? N/A N/R N/R YES YES N/A YES
Developmental delay/ID + + + + + N/A N/S
Behaviour problems N/S + - + N/S N/S N/S
Hypotonia a - - - + N/S N/S
Seizures - - - + - N/A N/A
Brain abnormalities + N/A N/A + + + +
Enlarged/dysmorphic LVs + N/A N/A + + + +
Corpus callosum + N/A N/A + + N/A +
abnormalities
Encephalocele - - - - - + -
Microcephaly + - - - - N/S N/S
Growth retardation - - - - - N/S N/S
Craniofacial abnormalities + - + + + N/A N/A
Unusual iris - - - - N/S N/S N/S
Strabismus - - - - N/S N/S N/S
Full or tented lips + - + + N/S N/S N/S
Congenital diaphragmatic + - - - N/S N/S N/S
hernia
Congenital heart defects - - - - N/S - N/S
Pectus deformity - - - - N/S N/S N/S
Male genital abnormalities - - - - N/A + N/S
Limb shortening - - - - N/S N/S N/S
Clubfoot - - - - N/S N/S N/S
Short fingers - - - - b N/S N/S
Nail hypoplasia - - + - N/S N/S N/S
Pelger-Huet anomaly - - - N/S N/S N/S
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Figure 2.1 TP53BP2 is deleted in 1g41g42 microdeletion patients with brain
abnormalities. (a) Genomic locations of 1g41g42 deletions from new and published
patients. Red indicates brain morphological abnormalities were reported for the patient,
green indicates absence of reported brain abnormalities. The positions of the CAPNS,
CAPN2, TP53BP2 and FBX028 genes are marked with black arrows; black line further
marks the position of TP53BP2. *FBX0O28 is not contained in the smallest region of overlap
(SRO) of patient deletions with brain abnormalities. Panel generated using UCSC genome
browser (http://genome.ucsc.edu), hgl9 assembly. (b) The proportions of cases with and
without TP53BP2 deletion with and without brain abnormalities. (c) Focus on the SRO of
patient deletions with brain morphological abnormalities. Patients with abnormal ventricles
are marked purple.
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Figure 2.2 Spatial expression patterns of genes in the critical region for brain

abnormalities. (a)

Gene expression of CAPN8, CAPN2 and TP53BP2 across human

tissues. Data exported from the Genotype Tissue Expression project (GTEX). Brain regions
are coloured yellow and highlighted by the red line. RPKM, reads per kilobase of transcript
length per million mapped reads. (b) Regions of the prenatal human brain with the highest
TP53BP2 expression. Data mined from the Allen Human Brain Atlas, z-scores shown.
Right: bar plot of z-scores from regions of the developing brain, combining the data from

all sub-regions for each region.
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2.2 Brain MRI reveals common ventricular abnormalities among patients
with TP53BP2 deletions

We compared structural brain phenotypes among 1941942 microdeletion
patients with and without heterozygous TP53BP2 deletions. Among the 22
TP53BP2 deletion cases, the most frequently observed brain abnormalities, seen in
16 out of 22 patients (73%) with heterozygous TP53BP2 deletions, were dilation of
ventricles and/or ventricular dysmorphism, frequently associated with hypoplasia or
agenesis of corpus callosum (Table 2.2). All 4 1941942 microdeletion patients
without TP53BP2 deletions showed normal ventricles (Table 2.2, Figure 2.1b).
Corpus callosum defects were observed in 10/22 (45%) of TP53BP2-deletion
patients (5 with agenesis and 5 with hypoplasia) but in none of the patients without
TP53BP2 mutations. Cerebellar hypoplasia, encephalocele, hypomyelination,
plagiocephaly, holoprosencephaly and malformations of sulcation were also
observed in some TP53BP2 deletion patients at a lower frequency (Table 2.2).

For the identified 26 cases of 1941942 microdeletion patients, only 14 brain
MRI scans were available to us and 12 of them had morphometry-compatible MRI
scans (9 with TP53BP2 deletion and 3 without) (Figure 2.3a). We used probabilistic
morphometry to quantify the lateral ventricle (LV) volume of the 12 1941942
microdeletion patients (Figure 2.3b). 28 normal children’s brain MRIs from the NIH
Paediatric MRI Data Depository were used as controls (Figure 2.3b). As expected,
LV volume was significantly larger in the TP53BP2 deletion group (mean 33.4 ml)
(Figure 2.3b) compared to control group (mean 10.0 ml, SD = 4.5 ml) (p<0.001)
and the LV volumes of microdeletion patients without TP53BP2 deletions were

within normal range (Figure 2.3b).
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We observed defects in the ventricles of cases with TP53BP2 deletions but
not in microdeletion cases without TP53BP2 deletions. For example, in 4 cases with
TP53BP2 deletions the bodies of the lateral ventricles appeared more parallel due
to hypoplasia of the corpus callosum (Figure 2.3c, Supplementary Table 2: patients
Case 4; Shaffer 3; Rosenfeld 8; Rosenfeld 13). This is similar but more subtle than
the ventricular dysmorphism seen in association with agenesis of corpus callosum.
In 3 cases the LVs were asymmetric with one side larger than the other (Figure
2.3c: patients Shaffer 3; Rosenfeld 12 and Wat et al 2011). These data show that
TP53BP2 deletions are associated with ventricular abnormalities that are frequently

accompanied by hypoplasia of corpus callosum and/or cerebellum.
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n=31

a Patients with 1g41g42 microdeletions
n=5 n=26
Brain MRI/CT not recorded Brain MRI/CT recorded

n=14 n=12
Brain MRI available Brain MRI/CT unavailable
Neuroradiology report available

n=12 n=2
Brain MRI suitable Brain MRI not stitable
for morphometry for morphometry

=
o
o

. TP53BP2*
B 7p538P2"

50

Lateral ventricles volume / ml
Lateral ventricles volume / ml

C TP53BP2*-

Shaffer 2 Shaffer 3 Rosenfeld 8 Rosenfeld 9 Rosenfeld 12 Rosenfeld 13 Watet al, 2011

Axial

Mid-sagittal

TP53BP2*"- TP53BP2**
Spreiz et al, 2014 Case 4 Case 5 Case7 Rosenfeld 14 Jun et al, 2013 Au et al, 2014

Axial

Mid-sagittal

Figure 2.3 Enlarged ventricles and other abnormalities in patients with TP53BP2
deletions. (a) Summary of the patient records analysed in this study. (b) Quantification of
lateral ventricle volume by probabilistic morphometry. Volumes were computed by ALVIN
on all suitable scans in each MRI series, from 1941942 microdeletion patients with and
without TP53BP2 deletion. Left panel — T1 and T2 sagittal, axial and coronal scans were
used for computations of LV volumes, bars showing mean * s. d.; right panel — T1 axial
scans used only; each data point showing a mean from T1 axial scans for each patient.
MRI scans of 12 patients and a group of 28 healthy paediatric individuals (NIH controls)
were used. Median age of microdeletion cohort = 19 months, median of NIH controls = 15
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months. For statistical comparison of LV volumes in patient groups, values were first
tested for normality by the D’Agostino and Pearson omnibus test, then compared to NIH
controls using two-tailed student’s t-test and corrected for multiple hypothesis testing by
multiplying the p-value by the number of tests. Mean + s. d. shown. (c) Axial and sagittal
MRI images of brains of 1g41942 microdeletion patients. T1 non-contrast images are
shown, except for cases where only T2 scans were available (Rosenfeld Subject 14,
Spreiz et al, 2014 and Case 7). Double white arrowheads: hypoplasia of corpus callosum;
single white arrowheads: asymmetry in lateral ventricle size; yellow asterisk: mega
cisterna magna.

Table 2.2  Neuroradiological description of patient’s brain MRI scans.
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DECIPHER TP53BP2
Patient number deleted? Brain MRI description
Ventricles are obviously dysmorphic with absent corpus callosum.
There is a monoventricle, thalamic fusion and holoprosencephaly with a
grey matter bridge extending from the frontal lobe towards the occiput.
Posteriorly there is some midline differentiation into 2 occipital lobes;
Case 1 263059 deleted microcephaly
Case 2 279742 deleted N/A
Case 3 257458 deleted N/A
Lateral ventricles more parallel appearance at their superior aspect;
Case 4 271297 deleted relatively hypoplastic corpus callosum
Generalised cerebral atrophy, especially over the frontotemporal region
Case 5 266948 deleted with large ventricles, thin corpus callosum
Case 6 257256 deleted Occipital encephalocele
- Agenesis of corpus callosum, prominent midline interhemispheric fluid,
Case 7 deleted minor cerebellar hypoplasia
Jun 2013 not del. Normal
Au 2014 not del. Normal
Rosenfeld 10 not del. Normal
Rosenfeld 11 not del. N/A
Rosenfeld 14 not del. Normal
Shaffer 1 ) deleted Normal
) Mild prominence of lateral ventricles (2y); The ventricular system is top-
Shaffer 2 deleted normal in size, shape and configuration (9y)

- 1992: nonspecific increase in ventricular size; 2006: lateral ventricles
somewhat prominent for age; restricted diffusion identified to suggest
acute ischemia. Dysmorphic lateral ventricles with left LV being slightly
larger than right; The trigones and posterior parts of the bodies of both
lateral ventricles are more parallel than usual and slightly more bulbous,
this appearance resembles minor colpocephaly which is a configuration
associated with agenesis of the corpus callosum. The more lateral
aspects of the posterior part of the body of the corpus callosum may be
somewhat hypoplastic, leading to the observed ventricular

Shaffer 3 deleted dysmorphism.

- Malformation of lateral ventricles, pointed frontal horns, fourth ventricle

larger than normal; small cerebellum (CT), gyral malformations;
Shaffer 4 deleted malformations of sulcation, particularly around central sulcus
Shaffer 5 ) deleted Normal
Shaffer 6 ] deleted Enlarged ventricles prenatally
Shaffer 7 ] deleted N/A

- Dysmorphism of lateral ventricles, hypoplastic corpus callosum;
retrocerebellar and prepontine arachnoid cysts; displacement of the
pons away from the clivus by CSF material, mild cortical atrophy,

Rosenfeld 8 deleted prominent peripapillar atrophy, mega cisterna magna
- Prominent subarachnoid space; Inferior right parietal lobe punctuate
Rosenfeld 9 deleted focus of abnormal susceptibility; slightly hypoplastic corpus callosum
- Mild thinning of the periventricular white matter, ventricle size mildly
Rosenfeld 12 deleted prominent; Delayed myelination

- Wide cisterna magna; mild cerebellar atrophy or hypoplasia;
dysmorphic appearance of lateral ventricles with a relatively parallel
configuration and slight effacement of the supra and lateral aspects of

Rosenfeld 13 deleted the bodies of the lateral ventricles; somewhat hypoplastic brainstem
Rice ) deleted Hypomyelination

- Left brain hemiatrophy with cortical dysplasia, possible microgyria at
Mazzeu 1 deleted right
Mazzeu 2 ) deleted Agenesis of corpus callosum, delayed myelination
Slavotinek ) deleted N/A
Filges 2010 ) deleted Agenesis of corpus callosum, colpocephaly

- Normal; common incidental anatomical variant of the ventricles in the
Spreiz 2014 deleted form a cavum septum pellusidum.
Christensen -
2012 deleted Agenesis of corpus callosum, somewhat small cerebellar vermis

- Severe asymmetrical cerebral atrophy with ex vacuo dilation of the
Wat 2011 deleted lateral ventricle
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Figure 2.4 Location of chromosomal deletions and duplications of newly described
patients. Genomic location of copy number change in patient DNA ascertained by
chromosomal microarray. Position of TP53BP2 is shown with a black arrow. The data are
shown are for the following:
i. Case 1 (DECIPHER 263059) — location of deleted region indicated by a yellow line.
ii. Case 2 (DECIPHER 279742) — location of deleted region indicated by probes outside
of the marked diploid region.
iii. Case 3 (DECIPHER 257458) — location of deleted region indicated by a yellow line.
iv. Case 4 (DECIPHER 271297) - location of deleted region indicated by red shading.
v. Case 5 (DECIPHER 266948) — location of deleted region indicated by probe positions
(red markers unmatched by blue markers).
vi. Case 6 (DECIPHER 257256) - location of deleted region indicated by orange shading.
vii. Case 7 - location of deleted region indicated by probe positions outside the diploidy
interval delimited by two lines.
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2.3 ASPP2 deficiency in mice causes CNS abnormalities with similar

features to 1q41g42 microdeletion patients

We used mice with deletion of Trp53bp2 exon 3 (Trp53bp223) to examine
how ASPP2 deficiency affects CNS development. We showed previously that the
Trp53bp223A3 genotype results in severe developmental defects in a strongly
background-dependent manner: BALB/c Trp53bp22%43 mice are born at the
expected rate but most develop severe hydrocephalus before weaning, whereas
only 30% of mixed C57BL/6-129Sv background (further referred to as ‘mixed’)
Trp53bp223A3 mice survive post-natally (106). On a pure C57BL/6 (referred to as
B6) background, which we established by back-crossing over 10 generations, no
homozygous Trp53bp22323 mice survived after birth. The surviving BALB/c
Trp53bp22323 mice have a 100% incidence of hop gait. Most severe cases of
neonatal hydrocephalus develop prior to birth and likely result from early defects in

brain development.

To provide direct evidence that ASPP2 deficiency causes structural
abnormalities in mouse embryonic brain, we used micro-computed tomography
(microCT) and high-resolution episcopic microscopy (HREM) to examine
Trp53bp22323 embryos. These methods allow reconstruction of 3-dimensional
images as well as individual sections, showing the morphology of anatomical
defects (324). At embryonic stages E13.5 and E14.5, ~50% of Trp53bp223/A3
BALB/c embryos exhibited enlargement of brain ventricles (Figure 2.5a).
Subcranial and intraventricular haemorrhage were also visible by naked eye and
micro-CT in 50% of Trp53bp22323 BALB/c embryos (Figure 2.5a, Figure 2.6a, b).

Brains of virtually all Trp53bp22323 embryos examined by HREM had absent or
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severely hypoplastic pineal gland (Figure 2.5b). The spinal canal of all
Trp53bp223/23 embryos was abnormal with stenosis (Figure 2.6¢), the presence of
blood or small cyst-like structures in the caudal part of the neural tube. All
Trp53bp223/23 embryos examined had abnormalities in the cerebrospinal fluid space
with blockage and/or haemorrhage in at least one part of the ventricular system
and/or spinal canal. Heterozygous (Trp53bp22%*) embryos showed CNS
abnormalities, such as spinal canal stenosis or asymmetric lateral ventricles, but
with lower penetrance (Figure 2.5d). 25% of BALB/c Trp53bp22%* embryos showed
localised abnormalities in the distribution of neuroepithelial brain tissue associated
with small patches of subcranial haemorrhage (Figure 2.5d) This shows that
ASPP2 is required for early stages of CNS development. Interestingly, surface
rendering of lateral ventricles of Trp53bp22%23 embryos showed a similar shape to
the dysmorphism observed in patients with TP53BP2 deletion, with bodies of the
lateral ventricles being more parallel and bulbous (Figure 2.5c). This suggests that
ASPP2 deficiency in the Trp53bp22323 mice might mimic effects of ASPP2

deficiency in humans resulting from the heterozygous deletion of TP53BP2.
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Figure 2.5 Trp53bp22%23 and Trp53bp22%** mice have CNS defects. (a) Gross dilation of
lateral ventricles is visible in Trp53bp22¥2% embryos, resulting in bulging foreheads.
Intraventricular haemorrhage is frequently seen (white arrows). (b) Present and absent
pineal gland (red arrows) in wild type and Trp53bp22%¥23 embryos, respectively as seen in a
single HREM section. (c) Surface rendering of lateral ventricles in 1q41q42 microdeletion
patients from (left, constructed from MRI scans) and Trp53bp22¥23 vs wild-type embryos
(right, constructed from microCT scans). (d) Brain abnormalities in heterozygous
Trp53bp223* embryos. Left: Asymmetry of lateral ventricles in heterozygous Trp53bp22%+
embryo caused by a structural abnormality (red arrow). MicroCT image shown. Right:
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asymmetry in neuroepithelial tissue distribution in the brain (red arrow) and the associated
subcranial haemorrhage (white and red arrows) in a BALB/c Trp53bp22%* embryo.

a Wild type Trp53bp22%83 b Wild type Trp53bp28383

c embryos with NTD
1 2 3 4 5 6 7 8 9 no DNA
> € e W 9o Wb vl — ZFY
B B Wene moom pcotd SIS S0P o o e — GAPDH

M F M M M F F M M

Figure 2.6 Details on CNS phenotypes of Trp53bp22¥23 embryos. (a) Exencephaly in
E14.5 Trp53bp22¥A3 BALB/c embryo: lateral ventricular zone tissue protrudes outside the
head, axial (top) and sagittal (bottom) views. MicroCT images shown.

(b) Gross opening of the neural tube as seen in E14.5 Trp53bp22¥23 embryo with spina
bifida (black arrow). MicroCT images shown.

(© Gender genotyping of Trp53bp22¥2% embryos with NTD phenotype. Embryos
positive for ZFY are male.

2.4  ASPP2 deficiency causes neural tube defects in mice

ASPP2 was reported previously to control the cell polarity and cell
proliferation of neural epithelial cells (106). These are two important biological
processes involved in neural tube closure, an early event in CNS development the

disruption of which causes NTDs. To further investigate the effect of genetic
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background on phenotype severity in ASPP2-deficient mice, we compared
Trp53bp223A3embryos in mixed, B6 and BALB/c backgrounds. NTDs were detected
in 15% (n=127) of embryos on the mixed background, 46% (n=13) on the pure B6
background and 8% (n=12) on the BALB/c background (Figure 2.7, Table 2.3). The
only NTD observed in BALB/c embryos was exencephaly (Figure 2.7, 2.6a). On the
mixed background, NTDs were small at the early stages (E9.5-E10.5) but
progressed to larger lesions at >E13.5, and featured mainly exencephaly and rostral
spina bifida (Figure 2.7) but rarely craniorachischisis (Figure 2.7-middle panel). In
contrast, NTDs in Trp53bp22343 B6 embryos have a broad spectrum of phenotypes,
ranging from spina bifida to craniorachischisis with some spina bifida phenotypes
affecting a large section of the neural tube (Figure 2.7, 2.6b). MicroCT and HREM
inspection of Trp53bp223A3 embryos with NTDs revealed occasional overgrowth of
neural tissue (Figure 2.6a). The spinal column of the neural tube was often wrinkled,

even in embryos without NTDs.

Given the association of TP53BP2 deletions with brain structural
abnormalities, we wondered whether TP53BP2 deletions might also be associated
with NTDs in humans. We compared the genomic location of human genes
orthologous to genes which have been implicated in NTDs in mice with
chromosomal bands reported by Tyshchenko et al. (96) as associated with NTDs in
humans. Interestingly, TP53BP2 is one of only 16 human genes that lie in these
significantly associated bands (Figure 2.8). Deletions of the 1g41-gq44 locus
encompassing TP53BP2 are significantly associated with posterior encephalocele,
generally considered a NTD (96, 325, 326). This suggests that TP53BP2 deficiency

might also play a role in a subset of human NTDs.
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Notably, we found no bias towards females in Trp53bp22323 embryos
presenting NTDs, whereas NTDs in p53-null mice occur preferentially in females
(Figure 2.6¢) (ref. 131). This suggests ASPP2 contributes to NTDs via a p53-
independent mechanism. In summary, these results demonstrate that 100% of
Trp53bp22323 mice have CNS defects but their phenotypic characteristics vary

substantially with the genetic background.

NTD severity

NTD frequency 46% 15% 8%
C57BL/6 129/Sv-C57BL/6 Balb/c
Wild type Trp53bp243A3 Wild type  Trp53bp223/483 Wild type  Trp53bp223/a3

E12.5
E14.5

E14.5

E15.5

Figure 2.7. Trp53bp22%¥23 mice have neural tube defects. Strain dependence of NTD
penetrance in Trp53bp22%2% mice: Embryo phenotypes in pure C57BL/6 (left), mixed 129Sv
- C57BL/6 (middle), and BALB/c (right) background embryos range in severity from small
exencephaly (right, white arrow) to severe craniorachischisis (left upper panel, white
arrows). Spina bifida is also observed in the mixed (middle panels, white arrows) and B6
(left lower panel, white arrow) backgrounds.
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Table 2.3. Genotype and NTD frequencies of mice derived from Trp53bp2
heterozygous matings in mixed 129Sv-C57BL/6 (‘mixed’) and pure C57BL/6 (‘B6’)
backgrounds. +/+ denotes Trp53bp2**, A3/+ denotes Trp53bp22%* A3/A3 denotes
Trp53bp22323, Distribution of +/+, +/A3 and A3/A3 genotypes does not differ significantly
from a 1:2:1 ratio among embryos (x? = 1.78, p > 0.05, Chi-squared test), whereas there is
a significant deviation from this ratio among postnatal mice (y? = 198.9, p < 0.001, Chi-
squared test).

aPercentage of Trp53bp22¥23 embryos amongst all genotypes.

bPercentage of NTDs amongst Trp53bp22%23 embryos only.

STAGE +/+ +/A3 A3/A3 2 TOTAL NTDs
Prenatal

mixed

E9.5 6 27 16 (33%) 49 2 (13%)
E10.5 12 28 17 (30%) 57 4 (24%)
E11.5 28 57 22 (21%) 107 2 (9%)
E12.5 5 21 8 (24%) 34 0

E13.5 10 18 10 (26%) 38 2 (20%)
E14.5 4 5 4 (31%) 13 0

E15.5 21 44 18 (22%) 83 5 (28%)
E16.5 11 21 14 (30%) 46 3 (21%)
E17.5 6 20 7 (22%) 33 0

E18.5 5 7 10 (32%) 22 1 (10%)
TOTAL 112 260 127 (26%) 499 19 (15%)
Postnatal

mixed

P5-P30 353 644 68 (6.4%) 1065 0
Prenatal B6

E14.5 14 34 13 (21%) 61 6 (46%)
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Figure 2.8 Few genes that cause NTDs in mice lie in regions whose deletion is
associated with human NTDs. (a) Positions of genes in the human genome that are
orthologous to genes that cause NTDs when mutated in mice. Each gene is indicated as a
black line; coloured dots mark the associated NTD phenotype in mice. Cytogenetic
chromosomal bands are marked in grey and white; regions with heterochromatin in light
blue. The location of bands the deletion of which is associated with NTDs in humans marked

with red lines and labelled. (b)

Focus on the 1g4 region, which is significantly
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associated with NTDs in humans. Genes are marked that cause NTDs when deleted in
mice.

2.5 Non-CNS phenotypes overlap between Trp53bp22343 embryos and
1941942 microdeletion syndrome patients

Visual inspection of Trp53bp22%23 embryos also revealed craniofacial and
eye abnormalities (Figure 2.9a, b). We reported previously that ASPP2-deficient
embryos have highly penetrant retinal abnormalities (106). Some B6 Trp53bp223/43
embryos lacked one or both eyes (Figure 2.9a) while others showed coloboma

(incomplete eye tissue) or microphthalmia (abnormally small eye(s)) (Figure 2.9b).

We used microCT and HREM to examine Trp53bp22343 embryos
comprehensively for developmental abnormalities. At E13.5 and E14.5, 67-100% of
B6 and 33-56% of BALB/c Trp53bp22323 embryos had abnormal heart position
involving a 30-45° twist along the coronal axis (Figure 2.9¢) and 67% B6 and 33%
BALB/c of Trp53bp22323 embryos had ventricular septal defect (VSD, Figure 2.9d).
Heart function and chamber volumes of adult BALB/c Trp53bp223A3 mice were
normal (Figure 2.10a). Trp53bp22323 embryos in B6 and mixed backgrounds
showed various craniofacial abnormalities including dolichocephaly (an elongation
of the head), micrognathia (smaller lower jaw) (Figure 2.9a, Figure 2.11) and cleft
palate (Figure 2.9e). A high percentage of embryos also showed gonadal
abnormalities resulting in unclear gender at E14.5 (Figure 2.9f), urethral
abnormalities (Figure 2.99), abnormal trigeminal nerve and spinal ganglia (Figure
2.10b) and multiple other defects of varying penetrance (Figure 6). Notably, 33% of

BALB/c Trp53bp22323 embryos lacked a visible abducens nerve.

Embryos with heterozygous deletion of exon 3 (Trp53bp223+) examined by

microCT had 30% incidence of cleft palate in the B6 background, and 30% and 13%
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incidence of VSD in B6 and BALB/c backgrounds, respectively. Recently, the

International Mouse Phenotyping Consortium (IMPC, www.mousephenotype.orq) —
who are performing broad phenotyping for 20 000 mouse genes (3 154, to date) -
released phenotypic data on mice with a Trp53bp2-exon4-deletion genotype,
termed Trp53bp2imibEVCOMMEMGU (327) Our analysis of this publicly available data
showed that the homozygous deletion of Trp53bp2 exon 4 (Trp53bp22424) is lethal,
with 100% penetrance prior to embryonic day 9 (Figure 2.12a). Trp53bp224* mice
were viable and males showed a significant hyperactive phenotype in the open field
test (Figure 2.12b). The Trp53bp224* males showed no difference in the
percentage of time spent in the centre of the open field, indicating the phenotype is
highly specific to locomotor activation (Figure 2.12b). Of note, these mice also
showed lower grip strength normalized by body weight, short tibia, higher bone
density and an abnormal glucose response (Figure 2.12c-e). These data from the

heterozygotes demonstrate that ASPP2 is haploinsufficient in mouse development.

There is substantial overlap in the phenotypic spectrum — including brain,
neurological, craniofacial, eye, heart and urogenital defects - of ASPP2-deficient
mice and patients with deletions involving 1g41942. 50% of patients with TP53BP2-
deletion had cleft palate, which was observed in 33% and 67% of BALB/c and B6
Trp53bp22323 embryos, respectively. Heart abnormalities, including VSD, were
reported for 31% patients with TP53BP2-deletion, and 30% B6 Trp53bp223%+
embryos had VSD. 1941942 microdeletion patients also frequently present with
hypotonia and hypoglycemia with hypoglycemic seizures, representing phenotypic
overlap with the reduced grip strength and abnormalities in glucose response in
Trp53bp224* mice (see above). Overall, the relative penetrance of defects in

Trp53bp22323 embryos also broadly corresponds to the frequency of their
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occurrence in 1g41942 deletion patients: virtually all diagnosed cases with 141942
deletions have intellectual disability and/or brain structural abnormalities and there
is high penetrance of CNS abnormalities in Trp53bp22%23 mice, with lower
proportions of 1g41q42 deletion patients and Trp53bp22%23 mice having the other
phenotypes. These results suggest that TP53BP2 haploinsufficiency might be
implicated in additional abnormalities associated with the 1941942 microdeletion

syndrome and 1941942 deletions more generally.
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!.._u y . |
o 3 I T
>
C E14.5 d Wild type Trp53bp223i83
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Figure 2.9 ASPP2-deficient mice have non-CNS phenotypes. (a) Craniofacial
abnormalities in Trp53bp22%¥23 E14.5 embryos include dolichocephaly and hypoplasia or
agenesis of the lower jaw (white arrows) (b) Eye abnormalities observed in Trp53bp223/43
mice feature coloboma (top, missing tissue indicated by red arrow) and microphthalmia
(bottom) in E14.5 embryos. (¢) Abnormal heart position is seen in all B6 embryos examined.
The microCT-based 3D reconstruction shows the heart is twisted approximately 45 degrees
along the coronal axis (top panel), sometimes resulting in an altered direction of the ductus
arteriosus with respect to the aorta (axial view, white arrow). Colour coding: yellow — right
ventricle; pink — left ventricle; blue trachea; red — aorta; light green — ductus arteriosus. (d)
Ventricular septal defect in Trp53bp22¥/A% E14.5 embryonic heart (red arrow); shown on a
representative HREM section. (e) Palate (red arrows) showing cleft palate in Trp53bp223/43
E14.5 embryo. (f) Largest-area HREM section of gonads (red arrows) showing
abnormalities and unclear gender in a Trp53bp22¥23 E14.5 embryo vs male E14.5 wild-type
embryo. (g) Single vs double ureter (red arrows) in wild type vs Trp53bp22¥4% E14.5
embryos, respectively as visible by HREM.
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[ Measurement ________ [WT(n=7) | A3/A3(n=8) | pvalue |
232£25 227£26 0.95
257114 2382119 033
416218 412218 0.89
513 5212 0.60
25+3 2842 0.44
2612 2421 0.36
52+4 4743 0.29
10£09  102:08 049
LV wall thickness, mm 0.72+0.04 0.72+0.01 0.99
Myocardial cross-sectional area, mm? 99+05 96+0.3 0.58
Pulmonary artery VTI, mm 29+2 SEEH 0.48
Pulmonary acceleration time, ms 21312 181 0.23
Pulmonary ejection time, ms 71+4 TOt2 0.73

Trp53bp243/a3

b I Wild type II Trp53bp253i83 c
/\4

Figure 2.10 Abnormalities in Trp53bp22¥23 embryos and heart function in
Trp53bp223%43 adult mice. (a) Heart function in Trp53bp2232% vs wild type adult
BALB/c mice examined by echocardiography. LV is left ventricular, VTI is velocity time
integral. Values are mean + SEM. (b) Small and elongated 1 pair of spinal ganglia
(pair of red arrows) in a Trp53bp22323 embryo; spinal canal stenosis (single red arrow).
HREM images shown. (c)  Significantly enlarged trigeminal ganglia (red arrows) in
Trp53bp22323 embryo; HREM images shown.
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Visual inspection HREM
\ Frequency in Trp53bp28%43 embryos Frequency in Trp53bp243/83
| C57BL/6 | C57BL/6-129Sv | Balblc embryos
Neural tube defects | 613 (48%) 191127 (15%) 112 (8.3%) | C57BL/6 Balb/c
Abnormal head 12/13 (92%) 6/12 (50%) | CNS abnormalities 6/6 (100%) 3/3 (100%)
Intracranial haemorrhage 413 (31%) /12 (50%) Neural tube defects 2/6 (33%) 0/3 (0%)
Eye abnormalities 10/13 (77%) 3/3 (100%) Spinal canal abnormalities 5/6 (83%) 3/3 (33%)
(macroscopic) Absent pineal gland 8/6 (100%) | 3/3 (100%)
Uni/bi-lateral eye agenesis | 5/13 (38%) 012 (9%) | [ Brain structural abnormalities 6/6 (100%) | 3/3 (100%)
Craniofacial abnormalities 1913 (69%) 0/6 (0%) Eye abnormalities 6/6 (100%) 3/3 (100%)
Uni/bi-lateral eye agenesis 1/6 (17%) 0/3 (0%)
Retinal abnormalities 6/6 (100%) 3/3 (100%)
microCT Heart abnormalities 5/6 (83%) 1/3 (33%)
Genotype of embryos A3/A3 A3+ Abnormal heart position 4/6 (67%) 1/3 (33%)
(Trp53bp2) Ventricular septal defect 416 (67%) 1/3 (33%)
C57BL/6 BALB/c C57BL/B BALB/c Narrow ductus venosus 3/6 (50%) 2/3 (67%)
CNS abnormalities 3/3 (100%) | 9/9 (100%) | 2/9 (22%) | 4/8 (50%) | Narrow umbilical vein 3/6 (50%) 1/3 (33%)
Neural tube defects | 3/3 (100%) | 1/9 (11%) | 0/10 (0%) |0/8 (0%) | (Craniofacial abnormalities 3/6 (50%) 1/3 (33%)
Enlarged lateral ventricles | 0/3 (0%) 6/9 (67%) | 0/9 (0%) 0/8 (0%) Abnormal mandible 2/6 (33%) /3 (0%)
Dysmorphic lateral 3/3 (100%) | 8/9 (89%) | 1/9 (11%) | 2/8 (25%) Cleft/abnormal palate 2/6 (33%) 1/3 (33%)
ventricles | Absent tongue 116 (17%) 0/3 (33%)
L"a":r’;i:j:;':;':‘ 073 (0%) | 39 (33%) |0/10 (0%) |0/8(0%) | \Gonadal abnormalities 16 (17%) | 0/3 (0%)
Spinal canal abnommaliies | 3/3 (100%) | 979 (100%) | 210 (20%) | 0/8 (0%) | orethral abnormalities Mo (67%) 1373 (100%)
Brain structural 373 (100%) | 9/ (100%) | 2/9 (22%) | 4/6 (50%) | | Double ureler 176 (17%) 113 (35%)
abnormalities Absent ureter 116 (17%) 0/3 (0%)
Eye abnormalities 3/3 (100%) | 9/9 (100%) | 3/9 (33%) | 1/7 (14%) | Small spleen 0/8 (0%) 1/3 (33%)
Uni/bi-lateral eye agenesis | 1/3 (33%) | 0/9 (0%) | 0/10 (0%) |0/8 (0%) | Smallfabnormal ganglia 5/6 (83%) 113 (33%)
Retinal abnormalities :3/3 (100%) | 9/9 (100%) | 3/9 (33%) | 1/7 (14%) | Absent abducens nerve (cranial VI) 0/4 (0%) 213 (67%)
Heart abnormalities 3/3 (100%) | 6/9 (67%) | 3/10 (30%) | 1/8 (13%) | Abnormal optic nerve 26 (33%) 0/3 (0%)
Abnormal heart position | 3/3 (100%) | 5/9 (56%) | 0/10 (0%) | 0/8 (0%) Olfactory bulbs not pronounced well 0/4 (0%) 2/3 (67%)
Ventricular septal defect | 2/3 (67%) | 3/9 (33%) | 3/10 (30%) | 1/8 (13%) | Small thymus /6 (17%) 2/3 (67%)
Craniofacial abnormaliies | 3/3 (100%) | 6/9 (67%) | 3/10 (30%) | 0/8 (0%) | [nmer ear abnormalities 2/8 (33%) 013 (0%)
Hypoplastic/absent lower | 1/3 (33%) | 1/9 (11%) | 0/10 (0%) |0/8 (0%) | Narrow lumen of duodenum 116 (17%) 143 (33%)
jaw | | Enlarged Rathke's pouch and pituitary | 1/6 (17%) 0/3 (0%)
Cleft/abnormal palate | 2/3 (67%) | 6/9 (67%) | 3/10 (30%) | 0/8 (0%) | Vertebral and ribs abnormalities 1/6 (17%) 0/3 (0%)
Absent tongue 1/3 (33%) | 0/9 (0%) 0/10 (0%) | 0/8 (0%) Absent sternum 1/6 (17%) 0/3 (0%)

Figure 2.11 Summary of phenotypes in Trp53bp22%43 and Trp53bp2243* embryos

Abnormalities detected by naked eye (visual inspection), microCT and HREM in E13.4 and
E14.5 ASPP2-deficient embryos. Frequency and the number of embryos evaluated for each
phenotype are given. Wild-type littermate embryos were used as reference controls. In the
case of BALB/c embryos, eye abnormalities were difficult to determine visually and
therefore quantified for a small number of embryos.
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Figure 2.12 Abnormalities shown by adult Trp53bp224* mice. (a)

60

%center time

-~ Trp53bp2+/- female
-o- Trp53bp2+/+ female

50 100
Time / min

Birth rates of

wild type, Trp53bp224* and Trp53bp22424 mice and embryos in heterozygous-

heterozygous matings. (b)

Results from the Open field test performed on Trp53bp224+

mice (denoted Trp53bp2+") vs wild type controls (Trp53bp2**): distance travelled in the
peripheral part of the arena (left), average speed in the periphery (centre) and % time
spent in the centre of the arena. P values were obtained by IMPC’s Mixed Model

framework, linear-mixed effects model. N. s., not significant. (c)

Forelimb and hindlimb

grip strength normalised by body weight for Trp53bp224* mice (denoted Trp53bp2*") vs
wild type controls (Trp53bp2**). P values were obtained by IMPC’s Mixed Model
framework, linear-mixed effects model. *, p < 0.05. (d)
bone density (right panel) as determined by X-ray and Dual Energy X-ray Absorptiometry,
respectively, in Trp53bp224* mice (denoted Trp53bp2*") vs wild type controls
(Trp53bp2**). P values were obtained by IMPC’s Mixed Model framework, linear-mixed

effects model. *, p < 0.05; **, p < 0.01; n. s., not significant. (e)

Tibia length (left panel) and

Glucose tolerance
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measured by the Intraperitoneal glucose tolerance test in Trp53bp224* mice (denoted
Trp53bp2*") vs wild type controls (Trp53bp2**). P values were obtained by IMPC’s Mixed
Model framework, linear-mixed effects model; **, p < 0.01; ***, p < 0.001; **** p < 0.0001.

2.6 TP53BP2 duplications associated with developmental abnormalities
have breakpoints overlapping the deletion SRO

Recently, an ExAC study estimated the sensitivity of protein-coding genes
to copy number variation based on a linear-regression model of expected CNV
frequencies. No high-confidence TP53BP2 duplications were observed across the
59,898 human exomes examined, which resulted in TP53BP2 ranking within the
top 1% of protein-coding genes based on the likelihood of duplication-sensitivity
(z-score = 1.66) (52). Interestingly, this was higher than TP53BP2’s and
FBXO28’s estimated sensitivity to deletions (z = 0.50 and 0.47, respectively),
despite the fact that FBX0O28 was called as likely haploinsufficient by EXAC based
on its SNV profile. We therefore asked whether TP53BP2 duplications could be

pathogenic.

Table 2.4 CNV frequencies of ASPP genes in selected studies.

Study No. deletions No. No. No.

(patients) deletions in  duplications duplications
controls (patients) (controls)

Coe 2014: PPP1R13B 9 (n=29085) 5 (n=19584) 7 (n=29085) 9 (n=19584)

Coe 2014: TP53BP2 6 0 10 0

Coe 2014: PPP1R13L 0 0 1 15

Cooper 2011 0 (n=15767) 4 (n=8329) 2; 2neuro 9

PPP1R13B 1craniofacial

Cooper 2011: TP53BP2  3; 0 2; 2neuro 0
1neuro+lcardio 1craniofacial

Cooper 2011: 0 0 0 1

PPP1R13L

ALS Wain 2009: 7 (n=575) 0 (n=621) 0 0

PPP1R13B
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Large studies focused on CNVs in various developmental diseases found
no TP53BP2 deletions among controls but found multiple deletions in patients
(Table 2.4). Interestingly, TP53BP2 duplications were also found exclusively in
patients. This supports the notion that TP53BP2 is sensitive to both copy number
gain and loss in human development.

A DECIPHER search identified several cases with small interstitial
duplications that include some TP53BP2 sequence, the smallest one spanning
merely 256 kb (Figure 2.13a). This small duplication includes entire coding
sequence of TP53BP2 and CAPN2 plus two exons of CAPNS. Intriguingly, the
duplication breakpoints are in the close vicinity of the smallest region of overlap of

1941942 deletion patients with brain structural abnormalities (Figure 2.13c).
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Figure 2.13 Genomic locations of 1q41g42 microduplications in new patient cases.
(a) Snapshot of probe-level aCGH data depicting the 255-kb duplicated region in
DECIPHER258598. The entire coding sequence of CAPN2 and TP53BP2 is included,
along with a fragment of CAPNB8 (region highlighted by violet shading). (b) Genomic
locations of three cases with <2 Mb duplications involving TP53BP2. The distal breakpoint
of duplication detected in DECIPHER267784 ends within the coding sequence of
TP53BP2 suggesting the gene might be truncated by the duplication. (¢) Comparison of
the regions of overlap of duplications (blue) vs deletions (red) with brain abnormalities.
Both regions of overlap spans the same 3 genes as shown in the RefSeq track. Images
exported from UCSC Genome Browser, hg19 build.

We examined the patient in collaboration with Prof. Charlotte Brasch-
Andersen (University of Odense, Denmark). The patient (DECIPHER 258598) is a
female with a history of status epilepticus. EEG showed paroxysmal changes in
the left temporo-occipital region and right occipital region. She has dysmorphic

features, microcephaly (head circumference 2 s. d. below mean), vision
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abnormalities and delayed psychomotor development. Initial report of the brain
MRI scan at 11 months noted the high-normal depth of 0.6 cm subarachnoid
space around the frontal lobes, suggesting frontal atrophy which may be related to
the microcephaly. The 95" percentile upper bound in healthy infants was
proposed as 0.4 cm for craniocortical width (CCW) (328). However, a later
ultrasonographic study estimated a higher 95" percentile value of ca. 8 mm for
CCW 11 months (329).

Reassessment of the brain scan revealed a slightly unusual configuration of
the bodies of the lateral ventricles in the form of effacement of the supero-lateral
aspect of the ventricular lumens, limited to the bodies of the lateral ventricles
(Figure 2.14 — coronal scan, red arrowheads). This abnormality is likely
congenital. Ventricular volume analysed by ALVIN was not significantly increased

compared to age-matched controls.

Axial Mid-sagittal Coronal

DECIPHER258598

Jun 2013 (5 m)

Figure 2.14 Brain MRI images of patients with triploid (top) vs diploid (bottom)
TP53BP2 in the germline. MRI of DECIPHER?258598 taken at 11 months and Jun et al
at 5 months of age as a normal control. White arrowheads — prominent subarachnoid
space; red arrowheads — effacement of superolateral aspects of ventricular lumens.
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Patient DECIPHER 267784 was examined in collaboration with Dr Kristina
Aubell (Medical University of Graz). The patient is female and presented with
postnatal microcephaly (at 6 years 11 months: head circumference 48.4 cm, <3
percentile; weight 26.8 kg, 90™ percentile; height 123.3 cm, 50-75" percentile).
Head MRI was not performed; EEG was normal. She shows mild intellectual
disability and requires special schooling.

Patient DECIPHER 288114 was unavailable for contact at the time of
submission. However, a history of seizures was reported for this patient on
DECIPHER.

Taken together, these data suggest that duplications in the 1941942 region
involving TP53BP2 (with or without truncating potential) are associated with
developmental delay, neurological abnormalities and microcephaly. Given that
1941942 deletions associated with structural abnormalities of the brain converge
on the same critical region, it is possible that TP53BP2 and/or CAPN2 are
sensitive to both deletion and duplication. However, we cannot exclude the
possibility that disruption of a regulatory element within the intergenic region that
separates TP53BP2 and FBXO28 also plays a role. Additionally, we cannot rule
out that other pathogenic variants, such as single-nucleotide variants, are
responsible for the phenotype. Therefore, DNA samples collected from the
patients and parents will be subjected to whole-genome sequencing in order to

scan for known pathogenic SNVs including de novo SNVs.

2.7 Dosage sensitivity of TP53BP2 in the ganglionic eminences and basal
ganglia correlates with structural abnormalities of lateral ventricles of CNV
patients
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As a regulator of neural tube closure and proliferation of neuroepithelial
cells, ASPP2 controls the early stages of CNS development. What role ASPP2
plays in the developed brain is unknown. We observed that TP53BP2 is highly

expressed in the cerebral nuclei in mice and humans (Figure 2.15, Figure 2.16).

HiF 0L PL TL |Str DT, MES PTg MY

Il I ]
TP53BP2-A_23_P12526

Figure 2.15 In the adult human brain, TP53BP2 expression dominates within the
cerebral nuclei. Expression data for a Representative adult brain; data retrieved from the
Allen Institute’s Brain Atlas.

corpus callosum
striatum: nucleus accumbens
25 globus pallidus (internal)
globus pallidus (external)
paraventricular nuclei of thalamus
ﬁ striatum: putamen
o 15
m
(2]
E 0.5
b .
o
c.050 20 40 80 80 100 120 140 160
o .
w .
Ny index
-1.5
-25

Figure 2.16 TP53BP2 is highly expressed in the corpus callosum and basal
ganglia in the developed brain. Data from donor H0351.2002; top 6 regions annotated.
Data retrieved from Allen Institute’s Brain Atlas.
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Figure 2.17 Position of the head (left) vs body (centre and right) of the caudate
nucleus with respect to the lateral ventricles. Violet surface marks the entire caudate
nucleus. Dots signify tissue samples analysed by microarray; colour coding indicates
MRNA z-score of TP53BP2, ranging from green (negative) to red (positive).

Because copy number changes affect gene expression levels, dosage
sensitivity is most likely to affect areas in which TP53BP2 levels are tightly
regulated. As shown in Figure 2.20, globus pallidus shows very consistent and
high TP53BP2 levels. Within the basal ganglia, TP53BP2 is most consistently
expressed in the head of the caudate nucleus between individuals (Figure 2.17).
The relative level of expression with respect to other regions (z-score) is the same
for male and female brains. TP53BP2 is still very consistently expressed within the
tail of the caudate nucleus, however at lower levels than the head and body of the
caudate. This spatial gradient of TP53BP2 might play a role in regulating caudate
development and/or function. Therefore, among the striatal regions, the caudate is
most likely to exhibit TP53BP2 dosage sensitivity.

Inspecting the position of the caudate nucleus with respect to the lateral
ventricles (Figure 2.17) revealed a striking correlation with the dysmorphic regions
in patients with TP53BP2 deletions and duplications. The head of the caudate
nucleus lies adjacent to the frontal horns of the lateral ventricles; this region is
hypoplastic in 1q41g42 microdeletion patients who show wider frontal horns of the

lateral ventricles. In contrast, patient DECIPHER258598 who carries a TP53BP2
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duplication, showed an effacement of the superolateral aspects of the lateral
ventricles, suggesting the head of the caudate nucleus might be increased in size
(Figure 2.18). The body of the caudate nucleus runs parallel to the bodies of the
lateral ventricles. TP53BP2-deletion patients frequently showed more parallel and
bulbous bodies of the lateral ventricles (Figure 2.18, Figure 2.3), suggesting a
hypoplastic body of the caudate nucleus might have led to the expansion of LVs in
vacuo. Taken together, these results suggest that TP53BP2 gene dosage controls
the size of the caudate nucleus in humans, and TP53BP2 copy number variants
lead indirectly to lateral ventricle abnormalities by reducing (deletions) or

increasing (duplications) the size of the caudate nucleus.

DECIPHER266948 Jun 2013 DECIPHER258598 Reference atlas
Caudate nucleus (top)
TP53BP2 copy number 1 Putamen (bottom)

axial

Reference atlas
Caudate nucleus (top)
Putamen (bottom)

Rosenfeld12 Jun 2013

coronal
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Figure 2.18 TP53BP2 germline copy number correlates with caudate nucleus size,
and lateral ventricle size and morphology in patients. Red arrowheads = anterior
horns of lateral ventricles (caudate nucleus adjacent); yellow arrowheads = bodies of
lateral ventricles
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Figure 2.19 Opposing temporal gradients of TP53BP2 levels in the developing and
aging brain: global decrease vs increase of TP53BP2 in the striatum.
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Figure 2.20 Standard deviation vs mean TP53BP2 expression per brain region

across multiple male adult brain specimens. Regions with high TP53BP2 expression
and low s. d. labelled.

The correlation between consistent TP53BP2 levels in the caudate nucleus
with structural abnormalities associated with TP53BP2 dosage in humans
prompted us to investigate the spatiotemporal pattern of TP53BP2 expression in
the human brain (Figure 2.19). Interestingly, whereas TP53BP2 levels show an
overall decreasing trend in most brain regions, consistent with a strong foetal
developmental role of ASPP2, TP53BP2 levels increase in the striatum (which
includes the caudate nucleus) during development and throughout adulthood
(Figure 2.19-bottom panel). This opposing temporal gradient suggests ASPP2
might play a role in controlling striatal development.

Analysing the standard deviation of TP53BP2 levels in brain regions
between different donors versus mean TP53BP2 z-scores (Figure 2.20, Figure

2.21) revealed that in the adult brains, globus pallidus and caudate nucleus are
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among the brain regions with the highest and most consistent TP53BP2 levels
(Figure 2.20). In the developing brain, the medial and caudal ganglionic
eminences strikingly show the highest TP53BP2 mean level and the lowest
standard deviation between donors (Figure 2.21). These observations were
validated in an independent dataset of high-resolution microarray analysis of 4
foetal brains (Figure 2.22, LMD microarray). Given that ganglionic eminences give
rise to striatal cell types and cortical interneurons, these data suggest ASPP2
promotes the differentiation of glial cells from the ganglionic eminence into the
striatum. This model is consistent with the observation of hypoplastic caudates
among TP53BP2-deletion patients and a hyperplastic caudate nucleus in a
TP53BP2-triploid patient. In addition, a premature differentiation of ganglionic
eminence progenitors can lead to decreased populations of other ganglionic
eminence-derived cell types including cortical interneurons, the loss of which may
underlie the observed microcephaly and prominent subarachnoid space in the
TP53BP2-triploid patient (Figure 2.18). Consistently, defects in GABAergic

interneurons have been linked with epilepsy.
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Figure 2.22 TP53BP2 levels are highly regulated in the ganglionic eminences
during prenatal development. Source: Human prenatal LMD microarray; 3 female
brains aged 15, 21 and 21 pcw; 1 male brain aged 15 pcw. LGE-VZ, lateral ganglionic
eminence — ventricular zone.

2.8 Sexually dimorphic expression of TP53BP2 in the basal nuclei may
underlie male-specific phenotypes

TP53BP2 is highly expressed in the caudate nucleus (part of striatum) in
both genders, but dominates in the amygdala in females and the globus pallidus in
males. This separation was very consistent across different male brains (Figures
2.23, 2.24). This dimorphism suggests TP53BP2 might play a male-specific role in
the globus pallidus and a female-specific role in the amygdala. Strikingly,
Trp53bp224* male mice discussed above (official allele name
Trp53bp2<tm1b(EUCOMM)HmMgu>) showed a significant male-specific increase in
voluntary movement in the open-field test (Figure 2.27). They travelled at greater
speeds and covered more distance than wild-type males, but no difference was
observed between Trp53bp224+vs wild-type females. TP53BP2 is also highly
expressed in the nucleus accumbens which plays a role in encoding new motor
programs. These observations suggest ASPP2 controls movement activation
specifically in males and that this function might involve ASPP2 expression in the
basal ganglia. It would be interesting to test whether caudate nucleus and/or

globus pallidus size and function is affected in Trp53bp224* males.
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TP53BP2 in M (blue) vs F (beige)
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Figure 2.23 TP53BP2 expression is spatially dimorphic in human adult brains.
The top region in males (M, blue) is globus pallidus, whereas in females (F, beige)
TP53BP2 is higher in the amygdala. Some nuclei such as caudate nucleus show very
similar TP53BP2 levels in both genders.
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Figure 2.24 Sexual dimorphism of TP53BP2 expression in the adult human
cerebral nuclei. Blue dots represent data points for male brain regions; red dots for
female brain regions. Source data retrieved from the Allen Institute; M, males; F, females;
** p <0.01; * p <0.05; Student’s two-tailed t-test.
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Figure 2.25 TP53BP2 is very consistently expressed within the caudate nucleus
compared with other striatal regions. Data from Allen Institute’s Human developed

brain transcriptome.

Trp53bp22323 males die earlier and show more severe hydrocephalus
phenotype than Trp53bp22%43 females. In fact, virtually all the long-surviving (<3
months) adult Trp53bp22323 mice are female. This suggests Trp53bp2 is
developmentally less redundant in males and explains why heterozygous exon 4-
deletion is also more penetrant in males. In addition, all Trp53bp22323 mice that
survive birth show hopping gait, regardless of gender. Given the observed
expression pattern of ASPP2 in the basal ganglia, it is likely that ASPP2 deficiency
in the basal ganglia causes the hopping gait phenotype in mice.

The phenotypic and expression dimorphism has another interesting
connotation. In breast cancer cells, TP53BP2 levels are repressed by the addition
of oestradiol (Broad compound database) and TP53BP2 is strongly associated

with the basal subtype of breast cancer in which it is significantly upregulated

112



Chapter 2

compared with normal tissue and compared with ER* breast cancers. Moreover,
TP53BP2 is induced during decidualisation in the mammalian human
endometrium which occurs in a low-oestrogen phase of the menstrual cycle.
Trp53bp2 deficiency also causes gonadal abnormalities (data above) and ASPP2
protein is expressed on sperm and regulates sperm development (Zak et al.,
manuscript in preparation). All these suggest that TP53BP2 is physiologically
negatively regulated by oestrogen in selected tissues, which could play a role in

the observed dimorphism in the brain.
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Figure 2.26 TP53BP2 shows polarity in expression in the putamen and claustrum
(violet surface) vs hippocampus (brown surface). Red = z(TP53BP2) > 0; green =
z(TP53BP2) < 0.

Interestingly, the lowest TP53BP2 levels are found in the hippocampal
formation which is immediately adjacent to the putamen and claustrum (Figure
2.26). This sets up a sharp spatial polarity of TP53BP2 expression delineated by
the contact surface between the putamen, amygdala and the hippocampal
formation. In females the contact surface between the amygdala and
hippocampus separates the region of highest and lowest TP53BP2 expression in

the brain. Given ASPP2’s role in controlling promoter selectivity of various
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transcription factors, it is possible this spatial pattern of expression reflects

ASPP2’s role in specification of the cerebral nuclei during development.
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Figure 2.27 Trp53bp2-A4/+ heterozygous mice have multiple male-specific
phenotypes. Statistical tests used: panel Response amplitude — Mann-Whitney-U test;

whole-arena resting time: Mann-Whitney U; Fat/body weight — Mann-Whitney-U; area

under glucose — Mann-Whitney U; fat mass — Mann-Whitney U.
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Potassium — Mann-Whitney U. *, p<0.05

To determine the extent of sexual dimorphism in ASPP2 function in mice,
we mined all datasets from IMPC’s Aexon4 line that showed a dimorphic
phenotype. Numerous parameters showed a statistically significant difference in
Trp53bp224* males but not females (Figure 2.27). In comparison, only a handful
of parameters had a female-specific phenotype; one example being blood
potassium levels (Figure 2.28). Non-brain phenotypes of Aspp2-deficient mice are
also of interest. For example, Trp53bp224* male have a significant increase in
haemoglobin levels (Figure 2.27). A SNP within the TP53BP2 gene has been

linked with levels of glycosylated haemoglobin (p= 0.000683) (330).

— p=1.1*10%

Potassium / mmol -1

g
g &
<& <

Figure 2.28 Circulating blood potassium levels are decreased in Trp53bp224*
females but not in males. Raw data extracted from Phenoview, data release v4.3;
Mann-Whitney U test.

Taken together, these results demonstrate that caudate nucleus and lateral

ventricles are sensitive to TP53BP2 dosage in humans and mice, and that
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Trp53bp2 controls locomotor activation in male mice. The observation of
specifically high expression of TP53BP2 in the basal ganglia of adult brains
suggests the gene might play a general role during CNS development and then
assume a more specialized role in the basal ganglia of developed brains. It
remains to be determined whether structural changes in the basal ganglia and
lateral ventricles cause the observed neurological symptoms in patients with
TP53BP2 CNVs, such as seizures or intellectual disability. Due to ASPP2’s
multiple roles in CNS development it is difficult to decouple effects caused by early
events, such as neural tube closure or proliferation of early neuroepithelial cells,

from later events such as development of the caudate nucleus.

The observation of higher TP53BP2 levels in the globus pallidus of males
vs females, the impact of TP53BP2 copy number on basal ganglia size, the male-
specific increase in locomotor activation upon exon4 deletion in mice, together
with the 100% penetrant hopping gait in Trp53bp22%43 mice demonstrate that
ASPP2 is required for the development of full motor function in mice and that the
basal ganglia, especially the caudate nucleus and globus pallidus, are likely to
play a role in this process. Indeed, hyperkinetic disorders such as Parkinson’s
disease have been connected with the impairment of striatal neurons projected to
the lateral globus pallidus (331). In monkey models of Parkinson’s disease, firing
rates of globus pallidus external (GPe) neurons are reduced (332, 333).

These results also have potential relevance in schizophrenia. Studies have
shown that schizophrenia patients smaller absolute and relative volumes of white
matter in the caudate nucleus relative to healthy subjects (334). TP53BP2 might

play a role in the pathology of schizophrenia as a neighbouring SNP has been
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linked with the disease in a GWAS study (rs7539624; p = 8 x10°%) (335).
Interestingly, another GWAS link came in a study of MMR vaccine-related febrile
seizures: the SNP rs140084787 with an odds ratio of 3.25 (p = 6 x10) (336). Both
of these SNPs lie within the introns of CAPN2, suggesting CAPN2 might also be
involved. This gene is also expressed in the caudate nucleus although unlike

ASPP2, the CAPN2-deficient mice have no neurological phenotypes.

Multiple questions remain. Firstly, why are both TP53BP2 deletions and
duplications associated with microcephaly? Secondly, what are the dominant
deficiencies in the brain in these CNV patients that cause the clinically relevant
symptoms, and which (if any) changes are benign? Thirdly, does ASPP2 actively
regulate motor functions in the basal ganglia? More mechanistic studies are

necessary to answer those questions.

2.9 PPP1R13B shows a distinct expression profile from TP53BP2 during
development and in adults

PPP1R13B, the most homologous gene to TP53BP2 in the human
genome, encodes ASPP1. Like ASPP2, ASPP1 contains a C-terminal SH3
domain, 4 Ankyrin repeats, a proline-rich region, a coiled-coil domain and an N-
terminal ubiquitin-like/RAS-association domain. In humans, the gene is most

highly expressed in the thyroid, followed by testis and cerebellum (Figure 2.29)
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Figure 2.29 mRNA levels of PPP1R13B across human tissues. Data retrieved from
GTEX Portal v6p.

ASPP1-deficient mice are born at less than the expected rate and show
abnormalities in lymphatic vasculature (261). Therefore, damaging variants in
PPPR13B might also play a role in human developmental diseases. At present,

the relationship between genetic variation at the PPP1R13B locus and human

disease is not known. Interestingly, according to EXAC, PPP1R13B is very likely to

be haploinsufficient in humans (pLI = 0.98) due to its lower-than-expected number

of truncating germline variants in the general population. However, Table 2.4

shows that PPP1R13B hemizygous deletions segregate in the general population

and do not seem to be enriched for NDDs, although they were significantly

enriched in ALS patients (337). Therefore, more studies are needed to investigate

the identity and frequency of variants resulting in loss of one PPP1R13B allele.

Interestingly, PPP1R13B shows an inverse expression with TP53BP2 in the

human brain and this dichotomy is most striking in the ventricular and

subventricular zones (Figures 2.30, 2.31, 2.32, 2.33).
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mm PPP1R13B
4- mm TP53BP2

mRNA level

Figure 2.30 In the developing human brain, PPP1R13B and TP53BP2 show
significant spatiotemporal anti-co-expression. PPP1R13B is lowly expressed in the
proliferating ventricular zone in which TP53BP2 is most highly expressed. mRNA levels
retrieved from from Allen Institute’s BrainSpan atlas, Developmental Transcriptome. Data
pooled across top-level structures from 42 brain specimens; regions are sorted by mean
PPP1R13B expression.
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Figure 2.31 mRNA levels of PPP1R13B and TP53BP2 across subregions of the
human developing brain. Data taken from the BrainSpan LMD Microarray, a high-
resolution of four specimens with ca. 300 distinct anatomical sites. Data from all
specimens pooled by regions and subregions sorted by mean PPP1R13B levels.
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Figure 2.32 PPP1R13B vs TP53BP2 expression across selected neural cell types in
the mouse. Data retrieved from lllumina’s Correlation Engine and replotted. Cell types
sorted by mean PPP1R13B level.
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Figure 2.33 PPP1R13B and TP53BP2 are spatially anti-coexpressed in the adult
human brain. Representative images of brain regions with highly (red) vs lowly (green)
expressed mMRNA of PPP1R13B and TP53BP2. Images were taken from a single
specimen, dots represent sub-regions of global region shown on the left. Hemisphere
(top) and right hemisphere (middle and bottom) pial surfaces shown for orientation. Image
generated using Brain Explorer 2.

This striking dichotomy in spatiotemporal expression between PPP1R13B
is driven at least partly by cell type specificity. TP53BP2 is expressed dominantly
in neural progenitors in the developing brain, and astrocytes and oligodendrocytes
in the developed brain (Figure 2.32). In contrast, PPP1R13B is most highly
expressed in neurons, especially sensory and cerebellar neurons.

A genome-wide spatio-temporal co-expression analysis revealed that
PPP1R13B is co-expressed with genes significantly enriched in synaptic function
(Table 2.5, Table 2.6). Regulators of multiple neurotransmitter receptors were
represented (e.g. NMDA, GABA receptors) and the correlation was very robust
(R>0.8), increasing in statistical significance when more genes were added to the
initial list. The enrichment for synaptic genes and genes regulating neurogenesis
was observed using both data from the human Prenatal LMD Microarray and the
human Developmental Transcriptome. In contrast, TP53BP2 showed no co-

expression with synaptic genes.

Table 2.5 PPP1R13B is spatiotemporally co-expressed with synaptic genes in the
human brain. Microarrays from the Developmental transcriptome were used as input.

Gene R Cell function Mutations - disease L|nl_< Lol . .
autism/schizophrenia
STX1B 0.834 Presynaptic protein fe\{er-assomated
epilepsy
lethal congenital
0.833 8 " N : contractural 3 intronic SNVs in
PIP5K1C Synaptic protein, pain signalling syndrome=total autism
immobility
0.829 Synaptic vesicle exocytosis,
UNC13A DAG pathway ALS
CAMK2B 0.825 Plast_lc_lty of parallel fibre- 3 L_oF, 1 missense in
Purkinje cell synapse autism
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KCNC3

EPB41L1

GRIN1

SPTBN4

KIAA0284
ABCG4

0.824

0.823

0.818

0.817

0.817

0.81

NMDA receptor

Transporter

Motor function in Purkinje cells

Binds CAMKII, spectrin

Degenerative and
developmental CNS
phenotypes e.g. ataxia

Schizophrenia, bipolar

disorder

Table 2.6 Genes spatiotemporally co-expressed with PPP1R13B in human brains
are significantly enriched in synaptic function. The enrichment analysis was run on
database version 2016-06-22 using AmiGO2. Top input genes = genes with the highest
co-expression coefficient with PPP1R13B.

No. of GO term Rank Pvalue Fold Genes
top (db2016-06-22) enrich
input ment
genes
50 regulation of 1(BP) 3.24E- 58.8 JPH3, NEURL, SLC8A2,
neuronal synaptic o7 CAMK2B, SYNGR1, UNC13A,
plasticity GRIN1
50 neuron part 1(CC) 3.97E- 7.9 25/50
14
50 synapse part 2(CC) 6.42E- 114 GRIN1, SRCIN1, ITGA3, NEURL,
11 SLC8A2, SLC6A17, CAMK2B,
IQSEC3, STX1B, SYN1,
GABBR2, SYNGR1, PIP5K1C,
DNM1, UNC13A, SCAMPS5,
GRIN1
100 modulation of 1(BP) 1.65E- 13.8 JPH3, NCDN, PRKACA, RIMS1,
synaptic 12 CLSTN1, PRKACA, CELF4,
transmission CLSTN3, NEURL, SLC8A2,
CAMK2B, STX1B, SYN1,
PPFIA3, SYNGR1, ATP2B2,
SHANK1, UNC13A, GRIN1
100 regulation of 2(BP) 3.15E- 37.8 49/100
neuronal synaptic 08
plasticity
100 neuron part 1(CC) 4.48E- 6.7 42/100
21
100 synapse 2 (CC) 2.38E- 8.9 33/100
19
2.10 Missense mutations in PPP1R13B in human developmental diseases

De novo mutations have been implicated in NDDs including autism,

schizophrenia and intellectual disability. To determine whether PPP1R13B
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variants might play a role in these diseases, we mined published studies on de
novo mutations in NDDs and the ClinVar database for any PPP1R13B mutations.
Interestingly, multiple de novo missense mutations in PPP1R13B have been
identified in NDDs (Table 2.7). Two de novo mutations were found in autism
spectrum disorder patients: one novel intronic and one rare missense variant
(G881R). One de novo missense mutation was found in childhood-onset
schizophrenia (R72Q). No de novo variants in TP53BP2 or PPP1R13L were found

in these datasets.

Table 2.7 De novo PPP1R13B mutations discovered in NDD patients

Study Disease patient SNV SNP ID SNV Inherite  EXAC AC
(nucleotide) (protei  d/de
n) novo
DeRubeis ASD NDAR_INV  14:10420531 rs373141 G881 De 4/120504
2014 (48) PABGOMY  2C>T 354 R novo (all
W_wesl European)
lossifov 2014 ASD 12603.pl 14:10421629 - introni De
[Simons 1AC>A c novo
Simplex
Collection]
(143)
Ambalavanan Childhood CO0S2720 Chrl4: - R72Q De 0/120740
2016 (338) -onset 104251194G novo
SCz >A

A missense variant such as R72Q may have a dominant effect (poison
allele) rather than just gene dosage change effects such as a deletion. PPP1R13B
could be relatively tolerant to gene dosage but not to missense mutations in
certain domains. This is consistent with the observations that TP53BP2 controls
proliferation of neural progenitors whereas PPP1R13B is spatio-temporally co-
expressed with synaptic genes and preferentially expressed in neurons.

Therefore, TP53BP2 might be more important in controlling the early events in
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CNS development and controlling the size of the NPC pool whereas PPP1R13B
might play a role in synaptic function. Two of the de novo mutations are classified
as Likely pathogenic based on ACMG's guidelines, with the third being of
uncertain significance. Taken together, PPP1R13B is highly expressed in neurons,
co-expressed with synaptic proteins, and disrupted by likely pathogenic de novo
mutations in ASD and childhood-onset schizophrenia, which might disrupt

ASPP1’s function at the neuronal synapse.

2.11 Deleterious ASPP family variants and evolutionary constraint

Given the discrepancy between PPP1R13B’s pLI score and the observed
frequency of PPP1R13B deletions in the general population, and on the other
hand a low pLI score (<0.1) for TP53BP2 whose deletions are associated with
severe disease, we mined EXAC’s data on the observed vs expected occurrence
of LoF variants (Table 2.8). Figure 2.34 depicts the pLI vs z(LoF) spectrum for all
genes, z(LoF)being the z-score of observed vs expected number of LoF variants
among all genes, and Figure 2.35 shows all false negatives with curated
confirmed haploinsufficiency status in ClinGen. These haploinsufficient genes
include those whose deletion causes relatively mild phenotypes that impart less
stringent selective pressure (e.g. LDLR associated with hypercholesterolemia).
However, some genes in this set cause severe developmental phenotypes, such
as MEF2C. Notably, z(LoF) of TP53BP2 is the highest among genes with a
pLI<0.2, i.e. TP53BP2 has a higher z(LoF) than all of the false-negatives in this

analysis. This makes TP53BP2 a likely false-negative haploinsufficient gene.
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Table 2.8 Germline variants in ASPP genes detected by EXAC

EXAC_subset Gene Variant type Expected Observed z- Constraint

no. no. score  metric
All_r03 PPP1R13B Synonymous 212.7 191 0.92 pNull=1.57e-9
All_r03 PPP1R13B Missense 433.7 345 2.08 Prec=0.023
All_r03 PPP1R13B LoF 37.7 6 5.12 pLI=0.977
All_r03 TP53BP2 Synonymous  165.0 163 0.10 pNull=7.5e-6
All_r03 TP53BP2 Missense 379.6 336 1.09 Prec=0.998
All_r03 TP53BP2 LoF 37.6 12 4.14 pL1=0.002
All_r03 PPP1R13L Synonymous 212.1 154 2.47 pNull=0.0030
All_r03 PPP1R13L Missense 363.8 271 2.38 pRec=0.994
All_r03 PPP1R13L LoF 20.7 8 2.77 pLI1=0.0027
Non-TCGA PPP1R13B Synonymous 195.6 179 0.76 pNull=2.05e-9
Non-TCGA PPP1R13B Missense 399.0 316 2.07 Prec=0.0135
Non-TCGA PPP1R13B LoF 34.7 5 4.97 pLI = 0.987
Non-TCGA TP53BP2 Synonymous  151.8 154 -0.11 pNull=3.6e-5
Non-TCGA TP53BP2 Missense 349.2 303 1.23 Prec=0.999
Non-TCGA TP53BP2 LoF 34.6 12 3.79 pLI=6.8e-4
Non-TCGA PPP1R13L Synonymous 195.1 141 2.45 pNull=0.0014
Non-TCGA PPP1R13L Missense 334.6 240 2.58 Prec=0.960
Non-TCGA PPP1R13L LoF 19.0 6 2.95 pLI=0.039
Non-psych PPP1R13B Synonymous  192.2 176 0.74 pNull=3.9e-10
Non-psych PPP1R13B Missense 392.2 300 2.35 pRec=0.0033
Non-psych PPP1R13B LoF 33.8 4 5.04 pLI=0.997
Non-psych TP53BP2 Synonymous  149.0 147 0.10 pNull=1.3e-5
Non-psych TP53BP2 Missense 343.2 296 1.29 pRec=0.986
Non-psych TP53BP2 LoF 33.7 10 4.01 pLI=0.014
Non-psych PPP1R13L Synonymous  191.7 140 2.36 pNull=8.0e-4
Non-psych PPP1R13L Missense 329.0 241 2.45 pRec=0.839
Non-psych PPP1R13L LoF 18.5 5 3.09 pLI=0.160
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Figure 2.34 Relationship between pLI and LoF z-score for genes in the non-
psychiatric EXAC set. Position of ASPP genes highlighted as orange dots.
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Figure 2.35 pLlvs z(LoF) for ClinGen haploinsufficient genes with sufficient
evidence and the ASPP genes for comparison. Data taken from the EXAC non-psych
set and ClinGen Dosage Sensitivity Map (retrieved 19/9/16). Some genes (n=7) were
missing from the EXAC analysis; remaining n=242 genes plotted.

pLl is a Bayesian-derived score aimed at classifying all genes into 3

groups, and importantly, correcting for a bias in gene size whereby longer genes

have higher z(LoF) scores (14). It is likely that this effort to exclude false positives
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such as TTN produced a class of false negatives disqualified on the basis of their
gene size. The ASPP family represents an interesting example of the limitations of
the pLI score: whereas TP53BP2 seems to be a haploinsufficient gene with
incomplete penetrance with pLI<0.1 and thus a false negative, PPP1R13B has
deletions segregating in the general population and thus despite its very high pLI
score, is unlikely to be a fully penetrant haploinsufficient genes. This observation
also suggests the possibility that certain LoF SNVs might have additional toxicity
beyond affecting gene dosage, for example by causing aberrant splicing. It would
be interesting to see the mMRNA isoform spectrum in patients carrying LoF variants

versus those carrying deletions and also normal controls.

2.12 Inverse PPP1R13B vs TP53BP2 expression may have evolved to avoid
dosage imbalance in TP53BP2-dosage-sensitive tissues

Homozygous deletion of Trp53bp2 in mice is lethal prior to E16, therefore
ASPP2 performs non-redundant functions during embryonic development. In
humans, truncating germline variants in TP53BP2 are observed less frequently
than expected for a recessive pattern of effect, and homozygous truncating
variants have never been observed. Hemizygous deletions spanning the TP53BP2
locus are observed at an extremely low frequency in the general population.
Therefore, it is safe to assume TP53BP2 is also non-redundant in human
development. The data presented above suggests TP53BP2 is dosage sensitive
with developmental abnormalities associated with both hemizygous deletions and
duplications of the gene. What properties of TP53BP2 make this gene sensitive to

dosage?
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Birchler et al. demonstrated that single-gene dosage-sensitive modifiers of
the white eye colour gene in Drosophila are enriched in transcription factors,
chromatin components and signal transduction proteins (339). Tumour suppressor
genes were also found to be dosage sensitive. ASPP2 is a transcription co-factor
that modifies transcriptional activity of multiple TFs in a promoter-specific manner.
ASPP2 also modulates signal transduction of the RAS and Hippo pathways, and
the gene is a haploinsufficient tumour suppressor in mice. Therefore, TP53BP2
belongs to a functional class of genes that is enriched in dosage sensitive genes.

Tolerance of genic CNVs in humans is also negatively correlated with the
number of protein-protein interactions of the corresponding protein products, i.e.
highly promiscuous proteins are unlikely to be deleted or duplicated in the general
population (340). ASPP2 is a protein-protein interaction (PPI) hub that contains
multiple PP1 domains such as the RAS-association domain, SH3 domain or
Ankyrin repeats. In fact, ASPP2 is not known to contain any catalytic, DNA-binding
or lipid-binding domains, suggesting its sole role is a protein interactor. In the
BioGRID database, the average number of non-redundant interactions per human
gene is 13.3 whereas 110 interactions were detected for ASPP2. Therefore,
ASPP?2 interacts with a higher number of proteins than a protein selected at
random. On this basis, CNVs containing TP53BP2 are less likely to be tolerated
than CNVs containing less promiscuous genes.

We showed above that PPP1R13B and TP53BP2 are spatiotemporally anti-
coexpressed in the human developing brain. The most striking difference is
observed in the ventricular and subventricular zones where TP53BP2 is
expressed at very high levels and PPP1R13B at low levels. Given the high

homology of these genes, the likely evolutionary origin of PPP1R13B is a gene
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duplication of TP53BP2. If so, the most ancient protein-coding PPP1R13B
orthologue (i.e. not pseudogene) must have had an overlapping spectrum of
protein-protein interactions. This is also consistent with the notion that ASPP2 is
the ancient ASPP protein from which ASPP1 and iIASPP were derived later in
evolution. The most ancient ASPP is most likely to be dosage sensitive, by virtue
of having the most conserved functions.

In yeast and Arabidopsis, it has been demonstrated that following whole-
genome duplication events causing tetraploidisation, genes return to diploidy in a
non-random fashion, with macromolecular complexes remaining for longer periods
than other genes. Given TP53BP2’s dosage sensitivity, the introduction of a close
homologue with an overlapping interactome would create an imbalance in
ASPP2’s protein-protein interactions resembling a pure duplication. One solution
to this problem is the positive selection of mutations in both genes that uncouple
the competing dosage-sensitive nodes. However, such changes take place over
many generations. A more immediate solution involves modulating the two genes’
expression such that PPP1R13B does not compete with TP53BP2 in tissues and
developmental time points where TP53BP2 is dosage sensitive. This is akin to an
epigenetic compensation for a duplication.

We propose that the observed inverse expression of PPP1R13B and
TP53BP2 in the developing brain evolved as a means to compensate for the
imbalance introduced by the original gene duplication of TP53BP2. Given that
TP53BP2 duplication seems to be associated with neurological phenotypes, it is
likely that CNS development is among the processes most sensitive to TP53BP2
dosage. However, it would be interesting to investigate which other tissues display

this pattern of expression. In addition to inverse expression, protein truncation is
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another mechanism to minimise competition between homologous proteins.

IASPP shares the Ank-SH3 domains and the conserved Pro-rich region, but
possesses a unigue N-terminal Pro-rich domain. If PPP1R13L evolved from a
duplication of TP53BP2 in an ancestral organism, the endowment with a unique N-
terminal domain would disqualify iIASPP from participating in ASPP2’s junctional
complexes, which rely on the N-terminal coiled-coil domain. It is ASPP2’s
extranuclear function which is required for the regulation of cell polarity via Par3
which is non-redundant in brain development. Overall, ASPPs seem to have
evolved distinct patterns of expression and domain structures to avoid dosage

imbalance in tissues sensitive to TP53BP2 (or the ancestral ASPP) dosage.

2.;3 Generation of Ppplr13b knockout and conditional-knockout
mice

In order to evaluate the non-redundant role of ASPP1 in mammalian
development, a model system is needed. The International Knockout Mouse
Consortium has generated libraries of targeting vectors and embryonic stem cells
with targeted loci for several thousand genes. A targeting vector for Ppp1rl3b was
generated by EUCOMM and used to generate ES cell clones positive for the tmla
cassette (Figure 2.36). The tmla allele has conditional potential and a lacZ
reporter, allowing the transcriptional activity at the gene promoter to be assayed in

vivo (Figure 2.36).

5'arm 3"arm
(5677 bp) (3781 bp)

— [ |
FRT loxP FRT loxP loxP
P e I - N H—p{ -
Promoter-Driven Cassette ENSMUSE00000116419
(L1L2 Bact_P) ENSMUSE00000414114
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Figure 2.36 tmla(EUCOMM)Hmgu allele structure

ES cells on the C57BL/6N background and positive for the
Ppplrl3b<tmla(EUCOMM)HmMgu> allele were obtained from EUCOMM. Two
independent tm1a(EUCOMM)Hmgu allele-positive clones were received: codes
HEPDO0653 6 FO08 (abbreviated FO8) and HEPD0653 6 07 (abbreviated C07).
Long-range PCR was performed to test for the presence of the 5’ and 3’ targeting
homology arms (Figure 2.36) using genomic DNA purified from the ES cells. The
presence of the correctly sized amplicons confirmed the targeting of the homology
arms to the correct genomic location. This experiment confirmed data later
released through EUMMCR (https://www.eummcr.org/order/cart) that shows both
clones were positive for the correctly-integrated 5’ and 3’ arms.

The transgenic core led by Dr Ben Davies performed ES cells culturing,
blastocyst injections and delivered 12 chimaeric offspring from F08-injected
females and 9 chimaeric offspring from CO7-injected females. The agouti coat
colour was used to estimate degree of chimaerism. Eight of the twelve FO8
chimaeras were >50% chimaeric whereas eight of the nine C07 chimaeras
showed >50% chimaerism. The male chimaeras were mated with wild-type
C57BL/6J females for approximately 6 months. No agouti offspring were obtained
among 50 pups from the CO7 chimaera matings but 21 agouti pups were obtained

from the FO8 matings.
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Figure 2.37 Genotyping strategy for tmla and tmlb mice

The FO8 pups were screened for the presence of the tmla cassette using
primers developed on the chimaeric parent males which contain some tmla-
positive cells (Figure 2.37). The tmla heterozygous mice confirmed by genotyping
were first used to set up crosses with PGK-Cre and Flp recombinase lines to allow
for tmla cassette manipulation. Subsequently, tmla heterozygous-heterozygous
matings were established to assess the phenotype of the homozygous offspring.
Neonatal deaths were observed in multiple heterozygous x heterozygous matings.
However, genotyping some of these pups revealed that neonatal death was not
specific to tmla/tmla homozygous pups. This suggests the original ES cells may
have contained chromosomal abnormalities independent of the targeted allele

which can cause neonatal lethality and/or developmental abnormalities.
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Figure 2.38 Genotyping PCR to detect presence of the tm1b allele. Primers used
were lacZ_F2 and Intron8_R1 as depicted in Figure 1.x. Last two lanes were positive for
tmlb.

To avoid Pppl1ri3b-independent abnormalities, Ppp1r13b™&* mice were
back-crossed to a pure C57BL/6J line (S. Zhong, work in progress). In addition,
Ppplrl3b-knockout mice (carrying the Ppplrl3b<tmlb(EUCOMM)Hmgu> allele)
were obtained through the tmla — PGK-Cre cross and the deletion confirmed by
PCR (Figure 2.38). Similarly, mice carrying the
Ppplrl3b<tmlc(EUCOMM)Hmgu> allele, which have a loxP-flanked copy of

Ppplrl3b, were generated by from the tmla — Flp cross.

3 (+/+) 4 ()

Figure 2.39 Oedemain E17.5 Ppp1r13b” embryos. The embryo’s skin shows
dissection damage, however the massive oedema is still visible. The numbers shown are
arbitrary indices.

Heterozygous matings were established using the tm1b heterozygous mice.
Two litters were examined at E17.5 embryonic age. One litter contained no

tm1b/tm1b homozygous, i.e. Ppplrl3b” mice. The second litter contained two
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tm1b/tm1lb mice including one showing severe oedema (Figure 2.39). This result

agrees with an earlier report by Hirashima et al. of subcutaneous oedema in mid-

gestation Asppl” embryos (261).

Discussion

We have described the discovery and assessment of candidate pathogenic

variants in congenital diseases with varying genetic architectures (Table 2.9).

1941942 deletions have an established pathogenicity and the present work refined

the likely contribution of TP53BP2 haploinsufficiency towards the clinical

phenotype. TP53BP2 deletions are absent from published cohorts of disease-free

individuals and occur in patients as de novo variants, suggesting these deletions

have a high penetrance.

Table 2.9 Summary of variants studied in this chapter and evidence of

pathogenicity

Variant Phenotype Denovo/ ACMG ACMG Notes
inherited evidence classification
codes
(SNV)

1941qg42 1941942 Most de - Pathogenic  Brain MRI
deletions microdeletion novo consistent with

syndrome; TP53BP2

encephalocele dosage effect
1941942 Microcephaly; Inherited - Uncertain Brain MRI
duplication developmental (maternal) significance  consistent with
1:223820857- delay, seizures, TP53BP2
224076362dup  vision problems dosage effect
1941942 Microcephaly, Inherited - Uncertain Distal breakpoint
duplication developmental (maternal) significance  within TP53BP2
1:222694279- delay,
224034322dup craniofacial,

dental

abnormalities,

abnormal

behaviour
PPP1R13B Childhood-onset De novo PS2, PM2  Likely
R72Q schizophrenia pathogenic
PPP1R13B ASD De novo PS2, PM2  Likely
14:104216291 pathogenic
AC>A
PPP1R13B ASD De novo PS2, PP3  Uncertain
G881R significance
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Chromosomal deletion-associated human disorders often have variable
phenotypes and severity among individuals, and the vast majority of pathogenic
deletions include multiple genes, hampering the identification of causal genes.
Experimental model systems are, therefore, needed to aid the identification of
causal genes in human developmental disorders. Here we have identified TP53BP2
as a candidate gene responsible for brain abnormalities in 1q41g42 microdeletion
syndrome and show that ASPP2-deficient mice also develop CNS abnormalities
with 100% penetrance, and phenotypic differences depending on background.
Notably, TP53BP2 is the only gene in the critical region for brain abnormalities of
the syndrome for which the gene-deficient mouse model has a CNS phenotype.

Recently, a 1941942 microdeletion case with brain abnormalities was
reported whose deletion included the last exon of FBX0O28, suggesting FBX028
might also be responsible for these abnormalities (341). A mouse deficient in
FBXO28 is currently unavailable. Importantly, Case 6 in our report (Figure 2.1,
Table 2.1) showed occipital encephalocele yet harbours a deletion that includes
TP53BP2 but excludes FBX028. FBX028 lies outside the existing SRO for brain
abnormalities, but it is possible that there are multiple dosage-sensitive genes for
brain development in the 1941942 region and future studies are needed to
investigate this. For example, patients with non-overlapping DISP1 and FBX0O28
deletions both showed seizures (99, 100), despite the fact that DISP1 is not

contained in the critical region of the syndrome.

Few mouse models exist that are deficient in human 1g4-located genes and

phenocopy the abnormalities associated with 1g4 deletions to a significant extent.
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The ASPP2-deficient mice described here show craniofacial, eye, heart and
urogenital abnormalities in addition to CNS defects, all of which are associated with
1941942 deletions. Interestingly, among the 31% of patients with TP53BP2
deletions who presented with eye abnormalities, strabismus and optic nerve
hypoplasia were common. Our HREM analysis of Trp53bp22323 embryos revealed
hypoplastic or absent optic nerve and abducens nerve among 33% and 67% of B6
and BALB/c embryos, respectively. Given that the abducens nerve controls eye
movement through the lateral rectus muscle, it would be interesting to test whether
patients with strabismus and TP53BP2 deletions have any abducens nerve
abnormalities. We note that our ability to determine penetrance precisely is limited
by the low number of Trp53bp22323 embryos (n = 3) on the BALB/c background
analysed by HREM, due to the demanding nature of this technique. Overall, these
observations might explain the significant phenotypic heterogeneity associated with
1941942 deletions: there are likely multiple dosage-sensitive genes in the region
whose haploinsufficiency is both incompletely penetrant and variably expressed.
The observation of NTDs in some of the ASPP2-deficient mice suggests it would be
informative to investigate whether mutations involving TP53BP2 might contribute to
NTDs in humans.

To date, three different Trp53bp2-deficient mouse lines have been
generated: exon 3 deletion mice reported by our group (Trp53bp22343) (ref. 105),
exon 4 deletion mice generated by the International Mouse Knockout Consortium
(IKMC) (Trp53bp224/24) (ref. 342), and mice with deletion of exons 10-17
(Trp53bp2210-17/A10-17) (ref, 104). Homozygous deletion of exon 4 or exons 10-17 is
lethal prior to embryonic day 9 with 100% penetrance, whereas deletion of exon 3

results in neonatal lethality with background-dependent penetrance. The exon 3
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deletion is an in-frame deletion causing only the major isoform of Trp53bp2 to be
deleted completely; low levels of shorter forms of Trp53bp2 can be expressed.
Therefore Trp53bp223 acts as a hypomorphic allele, which has allowed us to
discover developmental effects of ASPP2 deficiency that could not be observed with
full-knockout alleles due to their early embryonic lethality.

Imaging of heterozygous Trp53bp223* embryos showed a lower frequency
of structural abnormalities than observed in patients with heterozygous TP53BP2
deletions. One possible explanation is that the exon 3 deletion is a hypomorphic
allele, compared to the complete deletion allele in the patients. In addition, more
than one gene is deleted in each 1941942 microdeletion. Therefore, the
concomitant deletion of multiple haploinsufficient genes might exacerbate the
phenotype, as is the case in other known contiguous gene deletion syndromes (44,

45).

At the protein level, the ability of ASPP2 to regulate apicobasal polarity and
p53-dependent apoptosis is likely important for its role in neural tube closure.
Recently, inappropriate activation of p53 during development was linked with the
pathogenesis of CHARGE syndrome, a disorder characterized by abnormalities
including developmental delay, heart defects, coloboma, cranial nerve
abnormalities, choanal atresia and inner ear abnormalities (343, 344). The
phenotypic spectrum in the CHARGE syndrome mouse model shows substantial
overlap with the ASPP2-deficient mice (including neural tube defects, short lower
jaw, coloboma and heart defects), suggesting dysregulated p53 activity might be
responsible for these phenotypes in ASPP2-deficient mice. However, while p53-

deficient and p53-overactivated embryos show primarily exencephaly (131, 343),
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ASPP2-deficient embryos develop mainly spina bifida or craniorachischisis, pointing
to the importance of p53-independent functions of ASPP2.

ASPP2 is also an important regulator of epithelial plasticity and apicobasal
polarity (106, 130). Recent studies of Grainyhead-like 2 mutants have shown that
dysregulated epithelial mesenchymal transition (EMT) can cause NTDs (345). It is
possible that loss of epithelial character together with the loss of apicobasal polarity
disrupt neural tube closure in ASPP2-deficient embryos. ASPP2-deficient embryos
also showed overgrowth of neural tissue both in the brain and the spinal cord. The
surplus of neuroepithelial cells might also contribute to NTDs and potentially other
CNS phenotypes in these embryos through mechanical obstruction. Regardless of
the exact cellular mechanism, the observed phenotypical similarities between
ASPP2 deficiency in mice and humans highlight the importance of ASPP2 in

controlling CNS development in both mice and humans.

These results may have implications to other diseases. Rare variants in
TP53BP2 have been linked with Tetralogy of Fallot (ToF), a congenital heart
disease featuring VSD (346). Given the observation of VSD in ASPP2-deficient
mouse embryos, patients with TP53BP2 deletions and patients with rare missense
TP53BP2 variants, ASPP2 likely plays a causal role in preventing VSD in humans.
It would be interesting to investigate the mechanism by which pathogenic

TP53BP2 variants disrupt heart development leading to the VSD phenotype.

Interestingly, TP53BP2 duplications, associated with microcephaly and
developmental delay, were found to be likely pathogenic. Consistently, TP53BP2

duplications are absent from public databases of normal individuals and TP53BP2
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is within the top 1% of genes predicted to exhibit triplo-sensitivity in the EXAC
cohort. Ventricular dysmorphism is observed in both TP53BP2 duplication and
deletion patients. However, whereas TP53BP2 deletions are associated with
enlarged bodies and volumes of the lateral ventricles, TP53BP2 duplication patient
showed an effacement of the bodies of the lateral ventricles. These opposing
effects of TP53BP2 deletion and duplication on LV morphology may be related to
ASPP2’s role in controlling the differentiation of ganglionic eminence cells into the
striatum, resulting in too few and too many striatal cells, respectively.
Spatiotemporal pattern of TP53BP2 expression in the developing brain supports
the notion of TP53BP2’s dosage sensitivity in the ganglionic eminence, in which
TP53BP2 levels are high and very consistent between individuals. In support of
this hypothesis, ganglionic eminences in Trp53bp22%23 mouse embryos show loss
of cell polarity and general cell disorganisation. In addition, Trp53bp224* males
showed hyperactivity in voluntary movement, and all Trp53bp22323 mice which
survive birth exhibit hopping gait, presenting a possible link between ASPP2 and
striatal control of motor function.

Of note is the increased severity of ASPP2 deficiency-related phenotypes in
mice, as TP53BP2 deletions have been observed at an approximate 2.3 male-to-
female ration among 1941942 microdeletion patients. Together with the striking
sexual dimorphism in TP53BP2 expression within human brains, these data
suggest TP53BP2 deletions may be more penetrant in males than females. Given
that TP53BP2 deletions are absent from existing cohorts of disease-free
individuals, large scale studies of CNVs in the general population are necessary to

ascertain whether TP53BP2 deletions can occur in asymptomatic females.
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Additionally, de novo single-nucleotide variants in PPP1R13B, which
encodes ASPP2’s sibling protein ASPP1, were identified in autism and
schizophrenia patients. We showed that PPP1R13B is expressed in a
spatiotemporally inverse manner with respect to TP53BP2 in the developing brain,
most strikingly in the ventricular zone where TP53BP2 levels are high, which may
be reflect an evolutionary epigenetic compensation for TP53BP2s dosage
sensitivity in this tissue. PPP1R13B is expressed in heurons and spatiotemporally
co-expressed with synaptic genes in the human brain. Accordingly, three de novo
mutations in PPP1R13B have been identified in childhood-onset schizophrenia
and autism spectrum disorder, diseases associated with synaptic dysfunction.
ASPP1-deficient mice have been generated and will aid in the characterisation of
ASPP1’s function in the brain and other tissues.

Taken together, TP53BP2 and PPP1R13B show distinct patterns of
expression and distinct disease associations. In accordance with being an
orthologue of the putative ancestral ASPP, TP53BP2 shows dosage sensitivity in
development and TP53BP2 CNVs are associated with congenital disorders of the
brain, and potentially heart and urogenital abnormalities. PPP1R13B is more
redundant in development, however its neuronal expression implicate ASPP1 de

novo mutations in neurodevelopmental diseases with a synaptic dysregulation.
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Materials and Methods

Patient recruitment

Patients with 1g4 deletions and duplications were enrolled and de-identified data
collected following the UK NHS Research Ethics Committee approval
(09/H0606/78, Amendment 3), and in accordance with the Institutional Review

Board protocols of the participating institutions.

Comparative genomic hybridisation

DNA isolated from patients’ blood were analysed by chromosomal microarray
following the participating institutions’ standard protocols. With the exception of
Case 7, all new 1g microdeletion and microduplication cases have been deposited

on the DECIPHER database (https://decipher.sanger.ac.uk/).

Brain MRI and morphometry

De-identified brain MRI and/or CT scans were obtained in DICOM format from
radiology departments where the scans were recorded. Normal MRI controls used
in the preparation of this article were obtained from the Pediatric MRI Data
Repository created by the NIH MRI Study of Normal Brain Development. To
quantify lateral ventricles (LV) volume, MRI scans were first converted to Nifti
format using MRIConvert (University of Oregon, USA,
http://lcni.uoregon.edu/downloads/mriconvert) and subsequently analysed by
ALVIN (347). Multiple scans in each series were used to compute LV volume to

produce Figure 2b-left. Axial T1 scans only were used to compute LV volumes for
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genotype comparison as shown in Figure 2b-right. Out of the fourteen 1941942
microdeletion MRI scans, two patient scans (Rosenfeld 9 and Case 7) were
unsuitable for morphometry: Case 7 is a prenatal case and the scan for Rosenfeld
9 cannot be converted into Nifti. Therefore, the morphometric analysis of LV

volume was performed with 12 patient scans.

Mice

Experiments with mice received UK Home Office approval, Project licence number
30/2862 and fully complied with the UK Home Office guidelines. For this study,
Trp53bp223 mice in a pure C57BL/6J, mixed C57BL/6Jx129SvJ and pure BALB/c
backgrounds were crossed to generate wild type, Trp53bp22%+ and Trp53bp223/A3
embryos (348). Pregnant females were sacrificed at the indicated time points during
pregnancy and embryos were collected and genotyped using the following primers:
5-CTCCACCCCAGGAAATTACA-3’ (intron3), 5-CGGTTTGGAAGTCAAAGGAA-

3’ (exon 3), and 50-GGACCGCTATCAGGACATA-30 (neomycin resistance gene).

Embryo sexing

The following primers for ZFY were used for sexing by PCR: 5’-
GACTAGACATGTCTTAACATCTGTCC-3 and 5'-
CCTATTGCATGGACAGCAGCTTATG-3'. The following GADPH primers were
used as controls for the PCR reaction: 5-TGGCTACAGTAACCGAGTGGT-3’ and

5-CTTTGAGTGGAAGCCGAAGT-3'.

Mouse micro-computed tomography (micro-CT)
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Embryos generated from mice as described above were first sacrificed on ice-cold
PBS, washed in phenol red-free Hank’s salts with EDTA, removed from their yolk
sac, their umbilical cord cut, and the freed embryo fixed in 4% formaldehyde for at
least 24 h. Each embryo was then immersed in 2 ml Lugol solution (L6146, Sigma-
Aldrich, St Louis, MO, USA) for 72 hours at 4°C. All incubations included the
replacement of staining solution after the first 24 hours. Four embryos were
embedded in 1% agarose (Web Scientific, Crewe, UK) in a dedicated sample
holder and scanned using a micro-CT scanner (SkyScan 1172, Bruker, Kontich,
Belgium) at a nominal isotropic pixel size of 4.9 um (scan parameters: X-ray
source voltage — 48 kV; current — 208 mA, filter — a 0.5 mm Al filter; number of
projections — 900). The total scan time was 8 hours for four embryos.

The images projections were reconstructed with the scanner-built-in reconstruction
software ‘NRecon’ and downsampled offline by a factor of two, resulting in a 9.8
pm isotropic voxel size. Image analysis (i.e. 3D segmentation and rendering) was

performed in Amira (FEI Ltd, Hillsboro, OR, USA).

High resolution episcopic microscopy
HREM images of E14.5 embryos were obtained as previously described (324). We
used the episcopic procedures for sectioning and image capture using a

previously described arrangement of microtome and magnification optic (349).

Mouse echocardiography
Adult female BALB/c Trp53bp22323 mice (n=8) and age matched wild type controls
(n=7) received echocardiographic examination at a mean age of 28 weeks. Mice

were lightly anaesthetised using 1-1.5% isoflurane in 100% medical oxygen, kept
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warm on a homeothermic blanket and imaged using a VisualSonics Vevo 2100
(Toronto, Canada) with 22-55 MHz transducer. B-mode trans-thoracic short-axis
and long-axis images were obtained to assess left ventricular volumes and
function and pulmonary artery Doppler flow as a measure of right-sided function.
Images were obtained and analysed using Vevo 2100 v1.6.0 software by a single

operator blinded to genotype.

Trp53bp2 exon 4 deletion mice (Trp53bp244)
Publicly available phenotypic data for Trp53bp22424 and Trp53bp224* mice were
mined from the International Mouse Phenotype Consortium (IMPC) URL

https://www.mousephenotype.org/data/genes/MGI1:2138319 release 4.3, last

updated 12 May 2016, and from Phenoview
(https:/Iwww.mousephenotype.org/phenoview), updated 18 May 2016. Raw data
were re-plotted using Graphpad Prism version 6.05 for Windows, (GraphPad
Software, La Jolla, CA, USA). Experiment design by IMPC followed protocols of
the International Mouse Phenotyping Resource of Standardized Screens
(IMPReSS) (https://www.mousephenotype.org/impress). For statistical testing,
results from IMPC’s Mixed Model framework, linear mixed-effects model were

adopted. P values below 0.05 were deemed significant.

Visualisation and statistical analysis

Data for panels in Figure 2.1a and 2.1c; were generated using the UCSC Genome

Browser (http://genome.ucsc.edu/) (350), genome release hgl9. Plots in panels

Figure 2.1b, 2.3b, 2.2b and Figure 2.12a-d were generated using Graphpad Prism

version 6.05 for Windows, (GraphPad Software, La Jolla, CA, USA). Chromosome
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plots in Figure 2.8 were generated using Phenogram

(http://visualization.ritchielab.psu.edu/phenograms/plot) (351). Statistical tests

were performed in GraphPad Prism (see above) and R (352).

Human brain expression data
Human brain mRNA expression data was mined from the Allen Brain Atlas

(http://www.brain-map.org/). 3D visualisation of expression data was carried out

using Brain Explorer available through the same portal.

Human germline variant data
Expected and observed frequencies of human truncating, missense SNVs were

retrieved from the EXAC Browser (http://exac.broadinstitute.org/), v0.3.1 (14).

Primer design and DNA visualisation

DNA sequence manipulation including primer design and gene visualisation was
performed using SeqBuilder (DNASTAR; Madison, WI, USA). Primer melting
temperatures were computed using Oligocalc

(http://biotools.nubic.northwestern.edu/OligoCalc.html) (353).

Ppplrl3b targeted allele mouse generation

Ppplrl3b knockout and conditional-knockout mice were generated as described
in section 1.13. Targeting vector cloning and ES cell generation was performed by
the EUCOMM consortium at the Helmholtz Zentrum Munchen (HMGU). ES cell
culturing and blastocyst injections into pseudopregnant recipients were performed

by the Trasgenic Core led by Dr Ben Davies. Chimaeric males were mated with
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wild type females until F1 offspring obtained from multiple litters. For generation of
tmlb and tmlc allele mouse lines, the PGK-Cre and Flp transgenes were
removed by back-crossing to wild type mice and selecting Cre and Flp transgene-

negative tml1b- and tmlc-positive offspring, respectively.
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CHAPTER 3: RARE VARIANTS IN NEURAL TUBE DEFECTS
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In this chapter, we explore the hypothesis that rare variants in TP53BP2 and/or its
direct binding partners TP53, TP73 and PARD3 contribute to NTD risk in humans.
A case-control targeted sequencing study is performed in a cohort of 340 cases

comprising mostly prenatal NTDs, and 240 controls of matched age and ethnicity.

RESULTS AND DISCUSSION

3.1 Rare nonsynonymous TP53BP2 variants are present in both neural
tube defect cases and matched controls

We showed in Chapter 2 that TP53BP2 deletions are associated with NTDs
and Trp53bp2 deficiency causes NTDs in mice. Therefore, we decided to test
whether mutations in the TP53BP2 gene are also associated with NTDs in
humans. 340 NTD cases of East Asian ethnicity and 240 matched controls were
subjected to targeted next-generation sequencing of the TP53BP2 gene locus. We
focused our attention on rare variation of potentially large effect, rather than
common variants of small effect. After filtering out common variants and variants
of low-confidence we observed 4 distinct non-synonymous rare variants in the
cases and 3 in the controls (Figure 3.1a). These SNVs were validated by Sanger

re-sequencing (Figure 3.2a).

There was no significant burden of TP53BP2 rare variants in cases
compared with the controls. We also observed no difference in the distribution of
missense mutations along the protein sequence of ASPP2 (Figure 3.1b). All four

case-specific variants are novel, that is, not previously reported in EXAC or other
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publicly available databases. In contrast, only 2 of the 3 missense variants in
controls were novel. Therefore, we tested whether the case-specific variants had a
deleterious effect on ASPP2 function. Given that ASPP2 was originally discovered
as a binding partner of p53, the ability of mutant ASPP2 proteins enhance p53-
dependent transactivation of the BAX promoter was assayed. All case-specific
mutants were still able to stimulate p53-dependent transactivation of BAX,
however ASPP2 K102E reached a limit of approximately 18-fold luciferase activity
over the baseline and this activity did not increase with higher doses of ASPP2,
whereas wild-type ASPP2 and the other 3 mutants were able to achieve higher
degrees of transcriptional activity (Figure 3.1c). This resulted in a statistically
significant reduction in trans-activation activity for ASPP2 K102E at 1000 ng

plasmid used (Figure 3.1c).
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Frequency in
cohort / controls

Gene Variant (genomic, Variant
Name hg19) (protein)

NTD clinical details Functional assay

n = 337 / 240
TP53BP2 chr1:223998183T>C K102E 1/0 YES Occipital encephalocele; spina bifida aperta Reduced activity on BAX
chr1:223984144A>C 1693M 1/0 YES Craniorachischisis Active on BAX
chr1:223983881G>A S781L 1/0 YES Spinal dysraphism Active on BAX
chr1:223981006 T>G E948A 1/0 YES Anencephaly, spina bifida cystica Active on BAX
TP53BP2 chr1:224001983C>T R77H 0/1 YES <
chr1:223987705G>A R455C 0/2 NO -
chr1:223984238T>C N662S 0/1 YES -
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Figure 3.1 Rare nonsynonymous variants in TP53BP2 identified in neural tube
defect patients and matched controls. (a) details on nonsynonymous variants found
and the associated clinical phenotype; (b) domain map of missense variant positions in
cases (black) and controls (blue); Novel = variant not reported in public databases
including dbSNP and ExXAC; (c) luciferase assay of p53 co-transactivation of the BAX
promoter: black = wild type ASPP2; dark grey = ASPP2 mutants; Saos2 cells used with
the dual Renilla-firefly luciferase system. Pro, proline-rich region; a, alpha-helical domain;
*, p < 0.05, Student’s two-tailed t-test.
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Variant (genomic, Known SNP? | NTD case specific? PolyPhen V2 (Humdiv) PROVEAN
Name protein hg19; specific?

TP53BP2 K102E chr1:223998183T>C YES 0.027 (benign) -1.069 (Neutral)
1693M chr1:223984144A>C = YES 0.716 (poss. damaging) -0.905 (Neutral)
S781L chr1:223983881G>A - YES 0.020 (benign) -1.406 (Neutral)
E948A chr1:223981006T>G - MES 0.984 (prob. damaging) -4.952 (Del.)

TP53BP2 R77H chr1:224001983C>T = YES 1.000 (prob. damaging) -2.036 (Neutral)
R455C chr1:223987705G>A - YES 0.999 (prob. damaging) -1.857 (Neutral)
N662S chr1:223984238T>C - YES 0.001 (benign) 0.002 (Neutral)

Figure 3.2 Re-sequencing of rare nonsynonymous variants discovered in NTD
cases and matched controls. (a) Sanger re-sequencing traces for case-specific
variants with matching wild-type controls (middle); control-specific variants (right). (b)
Details on computational predictions of variant effect by PolyPhen v2 and PROVEAN.

3.2 A burden of missense TP53 and TP73 variants in neural tube defects

We next asked whether proteins directly modulated by ASPP2 are

disrupted by rare variants in NTDs. ASPP2 enhances transcriptional activity of p53
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family transcription factors on pro-apoptotic promoters. P53 and p73 have both
been implicated in CNS development: p53-deficient and mutant mice show NTDs;
p73-deficient mice show defects in CNS development. In contrast, p63 is
dispensable in CNS development (354). Therefore, we sequenced TP53 and
TP73 genes in human NTD cases by NGS. Focusing on rare nonsynonymous
variants, 9 variants case-specific variants were validated by Sanger re-sequencing
(Table 3.1; Figure 3.3) whereas only one variant in controls. In TP53 we identified
2 nonsynonymous variants in a total of 3 NTD cases versus no nonsynonymous
variants in controls (Table 3.1). Together, these 12 missense variants in cases
versus 1 in controls represent a significant burden of rare variants in the two p53-
family transcription factors in NTDs (p = 0.0197, Fisher’s exact two-tailed test).
However, this association would not survive multiple hypothesis testing correction.
Therefore, a larger cohort is required to confirm the association of TP53 and TP73

rare variants with NTD risk.

Five of the case-specific variants are novel. One of these, p73 V190F,
showed near-complete loss of transcriptional activity on the BAX promoter (Figure
3.4). This mutation lies within the DNA-binding domain and targets a highly
conserved residue, suggesting V190F disrupts p73’s ability to bind DNA. Although
the other mutants were transcriptionally active at similar levels as wild-type p73
within the margin of error, this result demonstrates that some NTD patients

harbour loss-of-function mutations in TP73.

Table 3.1 Details on rare TP53 and TP73 variants discovered in NTD cases. Genome
reference is hg19; Refseq reference transcript: TP73:NM_005427 except for R414W
which affects a residue absent in the major isoform of TP73.
*TP73:NM_001204185:exon11:¢c.1240C>T: p.R414W,
TP73:NM_001204187:exon11:c.1240C>T:p.R414W; For AC of novel variants, AC for the
nearest neighbouring variant was used
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Figure 3.3 Sanger re-sequencing of case-specific nonsynonymous rare variants in
TP73.
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Figure 3.4 Transcriptional activity of NTD patient-derived p73 mutants. Left: relative
luciferase activity on the BAX promoter; right: protein levels of the transfected mutants
measured by Western blot.
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3.3 A missense TP53 variant is significantly enriched in neural tube
defects and absent in unaffected siblings

When referenced to the major p53 isoform, the case-specific p53 variants
identified encode p53 G279E and E358V. G279E is a DNA binding domain
mutation observed in over 50 human tumours (source: IARC TP53 database;
http://p53.iarc.fr/) as a somatic mutation, but absent from EXAC and other public
databases, meaning its germline occurrence in the general population is less than
1in 60,000. In our assay of BAX promoter transactivation the mutant protein
showed no transcriptional activity (Figure 3.5). The recurrence of the mutation in
the somatic cancer genome together with its absence or low abundance in the
germline demonstrate this loss-of-function mutation has pro-tumour effects and is
likely deleterious in normal tissues. Therefore, we sequenced the proband’s
parents and observed that the variant was paternally inherited from an unaffected
father (Figure 3.6). This observation demonstrates that the mutation is not

completely dominant, however it could be a variant that increases NTD risk.

104 PR

53 —-_ -—

Relative luciferase activity (fold)
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»,
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Figure 3.5 Transcriptional activity of NTD patient-derived p53 mutants on the BAX
promoter. Left: relative luciferase activity on the BAX promoter; right: protein levels of the
transfected mutants measured by Western blot.
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Figure 3.6 Sanger re-sequencing of case-specific nonsynonymous TP53 variants

The second case-specific variant encoding p53 E358V was observed in two

unrelated patients with spina bifida (Table 3.1, Figure 3.6). The variant is absent

from all East Asian EXAC genomes as well as our internal matched controls,

making it significantly enriched in this NTD cohort over the general population (p =

4.1x10%, two-tailed Fisher’s exact test). Moreover, the variant was absent in the

proband’s two unaffected siblings (Figure 3.7), although it was inherited from an

unaffected father. The affected patients both had spina bifida, with the one also

having encephalocele. Taken together, these data identify chrl7: 7573954T>A as

a candidate pathogenic variant in human spina bifida.
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P53 E358 was able to transactivate the BAX promoter at wild-type p53
levels (Figure 3.5), suggesting its potential pathogenicity is independent of p53’s
transcriptional activity. Interestingly, the variant was also detected in the germline
of an adult-onset sarcoma patient (patient identified in study first described in
(355)). This raises the possibility that E358V is also a cancer-predisposing variant,
causing the Li-Fraumeni syndrome. However, the mutant protein shows normal
transcriptional activity on multiple target promoters (D. M. Thomas, personal
communication). E358 is located within the tetramerisation domain of p53.
Interestingly, loss of tetramerisation function through L344P mutation abolishes
the oncogenic effects of p53 mutant D281G (356). It would be interesting to test
whether E358V affects p53 tetramer formation. Regardless, more data are needed

to assess its pathogenicity in cancer.

Mother
TP53 wild type

Father

TP53 E358V ’ ‘ ‘L ‘ '\|
el
N

N N O

A2364 (proband) Brother SisFer
TP53 E358V TP53 wild type TP53 wild type
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'JVWW\JJ/\/\M /\I\J\Mﬂf gt e

Figure 3.7 Pedigree of p53 E358V carrier. The variant segregates with the disease
among the siblings, although the parent carrier is unaffected.
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The observation of a recurrent rare missense variant specific to NTD cases
prompted us to investigate which recurrent NTD-specific variants in other genes
have been identified so far. Table 3.2 shows NTD-specific nonsynonymous rare
variants observed in at least 2 independent NTD cases, and their significance of
enrichment compared with the ethnicity-matched ExXAC cohort. When corrected for
multiple hypothesis testing, only 4 variants fall within p < 0.05: VANGL1 S83L,;
TP53 E358V; CELSR1 N2309 and DVL1 T582P. Many of the remaining recurrent
variants are in fact present at comparable frequencies in the general population.
Thus, applying these criteria, chrl7: 7573954T>A (p53 E358V) is a novel recurrent
NTD-enriched variant which, unlike the other three significantly enriched variants,
affects a gene not associated with planar cell polarity. It would be informative to
sequence TP53 in a larger cohort to validate the variant’s genetic association with

spina bifida.

Table 3.2 Recurrence statistics of NTD nonsynonymous variants in published
literature and this study. EVS, exome variant server; ctrls, controls; EXAC, exome
aggregation consortium; MHS, multiple hypothesis testing; ENF, European Non-Finnish;
AFR, African; EUR, European; LAT, Latino. Variants identified in this study are shaded.

Variant Frequ In- EVS EXAC EXAC p p (MHS Ethni Refere  Variant details
ency study Ethnic (Ethnic correcte © nce
inNTD  ctrls specific specific  d) odds
cohort ) ratio
VANGL1 3/673 0/118  3/6503 9/60702 4/33369 2.57E- 4.88E-03 37.16 (357) 1:116206325 C /
S83L 7 04 T (rs146695372)
TP53 2/337 0/222  0/6503 1/58104 0/4243 4.05E- 7.70E-03  inf this 17:7573954 T/ A
E358V 04 study
CELSR1 2/473 0/639  0/6503 0/37424 0/20808 4.97E- 9.44E-03 Inf (358)
N2230S 04
DvL1 2/473 0/150  0/6503 1/51616 1/28285 8.08E- 1.53E-02 119.0 (359) 1:1271791 T/ G
T582P 04 1
FZD6 2/473 0/639  96/650 229/60702  9/33370 9.94E- 1.89E-01 15.67 (80) 8:104337548 G /
R405Q 3 (ENF) AFR 03 A (rs150760762)
209/5203
MTR 2/237 0/239  45/650 88/60681 3/5777 1.45E- 2.76E-01 16.22 (82) 1:237001869 G /
M495I 3 02 A (rs140424701)

VANGL1 2/673 0/134  0/6503 11/60517 10/33267 2.28E- 4.34E-01 9.88 (357) 1:116206829 C /
T251M 8 02 T
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MTHFD1 2/238 0/235  15/650 84/60696 76/33363 1.07E- 2.03E+0 3.69 (82) 14:64892766 C /
P328L 3 01 0 T (rs147367593)
MTHFR 2/233 0/229  33/650 91/60436 13/5761 0.1145 2.18E+0 3.80 (82) 1:11852412 G/ A
R519C 3 0 (rs45496998)
PARD3 3/337 0/222  0/6503 16/60645 15/4327 1.38E- 2.62E+0 2.57 this 10:34400423 C/
G1249s 01 0 study T
GGH 2/232 0/231  0/6503 16/60114 15/5699 1.43E- 2.71E+0 3.27 (82) 8:63938855 T/ C
S121G 01 0
MTHFD1 2/234 0/235  9/6503 20/60704 18/5203 2.13E- 4.05E+0 2.47 (82) 14:64892816 G /
V345] (AFR) 01 0 A (rs143413657)
MTR 2/213 0/206  68/650 498/60692  31/5778 0.3299 6.27E+0 1.75 (82) 1:236966848 G /
R52Q 3 0 A (rs12749581)
ALDH1L1 4/232 0/236  56/650 543/60689  37/5788 0.6623 1.26E+0 1.35 (82) 3:125879755 C /
G23D 3 (LAT); 1 T (rs143122118)
441/33351
(EUR)
PARD3 3/337 0/222  0/6503 31/60548 30/4322 7.30E- 1.39E+0 1.28 this 10:34625160 T/
T861S 01 1 study A
AHCY 2/232 0/223  43/650 444/58293  346/32037 1 1.90E+0 0.80 (82) 20:32881908 T /
192v 3 1 C (rs11552695)
GART 2/239 0/239  113/65 325/60693  295/5202 0.2475  4.70E+0 2.20 (82) 21:34889697 G /
P641A 03 (AFR); 0 C (rs34588874)
22/5789
(LAT)

3.4  Genetic disruption of Par3-aPKC binding in human neural tube
defects

ASPP2 regulates apicobasal polarity of neuroepithelial cells via Par3.
Polymorphisms in the PARD3 gene which encodes Par3 have been previously
associated with NTDs in humans (128). However, it is unknown whether rare
variants in PARD3 contribute to NTD risk. Therefore, we performed targeted
sequencing of PARD3 in the NTD cohort and matched controls, and validated rare
nonsynonymous variants by Sanger re-sequencing. Six honsynonymous rare
(MAF < 1%) variants were identified that were specific to NTD cases. Nine more
variants were identified that were specific to controls (n = 5) or observed in both

NTD cases and controls (n = 4) (Figures 3.8, 3.9 and Table 3.3).
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Figure 3.8 NTD-specific missense variants are enriched in the aPKC-binding
domain of Par3 and disrupt Par3’s binding to aPKC. (a) Position of Par3 residues
mutated in NTD cases (top, black arrows) vs matched controls (below, blue arrows), and
variants detected in both cases and controls (bottom, grey arrows). (b) Binding of wild-
type Par3 vs three aPKC-BD mutants to aPKC( (left) and aPKCi (right). Hek293 cells
were transfected with the aPKC and Par3 plasmids and Par3 was immunoprecipitated
using anti-Myc tag antibody (left). Right: Par3 and aPKCi proteins were expressed using
in vitro translation and subjected to the immunoprecipitation assay as per aPKCE. Domain
map of Par3 adapted from Macara et al. (360) with permission.

Interestingly, although the overall burden of nonsynonymous variants was

comparable between cases and controls, the missense variants showed a striking
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difference in distribution along the Par3 sequence (Figure 3.8). Three of the

observed case-specific missense variants, one of which was observed in three

unrelated cases, are located in the aPKC-binding domain (aPKCBD) of Par3. Two

of these are novel: D783G and P913Q. No missense variants in aPKCBD of Par3

were observed in controls or shared between cases and controls. These data

demonstrate there is an enrichment of Par3-aPKCBD missense variants in NTDs

over controls.

Table 3.3 Rare nonsynonymous variants in PARD3 identified in neural tube defect

patients. Freq, frequency.

SNV (genomic) SNV SNPID Sang Freq Allele  Freq Allele Allele  Varia
(protein) er cases count controls  count count nt
valid (null:het:h (case  (null:het:  (EXAC- (ExA type
ated? om) s) hom) all) C-
East
Asian)
chr10:34671833C>T R345H yes 339|1)0 1/680 222|0|0 1/12139 0/865  novel
0 2 rare
chr10:34671821C>T R349H rs19992 vyes 339|1)0 1/680 222|0|0 8/12139 7/865 rare
3448 8 2
chr10:34630624T>C D783G yes 339|1)0 1/680 222|0|0 0/12128 0/865  novel
2 2 rare
chr10:34625160T>A T861S yes 337|3]|0 3/680 222|0|0 31/1210 30/86  rare
96 44
chr10:34620149G>T P913Q yes 340|1]0 1/682 223|0|0 0/12134  0/864  novel
9 6 rare
chr10:34400423C>T G1249S yes 336|3|0 3/678 222|0/|0 16/1212 15/86  rare
90 54
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Figure 3.9 Sanger re-sequencing traces validating rare PARD3 variants discovered
in NTD cases by lllumina sequencing. Variants which failed validation are not shown.

Given the enrichment of aPKCBD variants among cases, we asked whether
these mutations affected Par3’s ability to bind aPKC. Two isoforms of aPKC exist
in humans: aPKCi (iota) and aPKC( (zeta). Immunoprecipitation of exogenously
transfected Par3 mutants in Hek293 cells produced lower levels of aPKCg bound
to Par3 mutants than to the wild type. This effect was particularly severe for Par3
P913Q which bound less than 50% of the amount of aPKC¢ bound by wild type
Par3 (Figure 3.8b). Similarly, in vitro-translated Par3 mutants bound less PKCi
than wild type, with the exception of T861S. Strikingly, Par3 P913Q pulled down
virtually no PKCi in this assay (Figure 3.8b). These results show that aPKCBD
mutants disrupt Par3’s ability to bind aPKC, with P913Q being particularly

deleterious.
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Discussion

We performed targeted sequencing of 4 genes in a cohort of 340 NTD
cases and 220 matched controls. We observed similar frequency of missense
TP53BP2 mutations in cases and controls, suggesting TP53BP2 deletions, such
as the deletion observed in our encephalocele case presented in Chapter 2,
contribute more significantly to NTD risk than TP53BP2 SNVs. However, a total of
12 TP53 and TP73 missense variants in cases versus one TP73 missense variant
in controls were found and validated in our assay. These variants represent an
overall burden of missense variants in these two p53-family transcription factors in
NTDs (p = 0.0197, Fisher’s exact test). An increased sample size will be crucial in

confirming the role of rare TP53 and TP73 variants in human NTDs.

We also observed an enrichment of missense variants in the aPKCBD of
Par3 among NTD cases, whereas such variants were absent from controls.
Experimentally, these mutations disrupted Par3’s binding to both isoforms of
aPKC, implicating the genetic disruption of the Par3-aPKC interaction in the
aetiology of NTDs. In epithelial cells, Par3 is known to regulate apical constriction
through aPKC-mediated phosphorylation of ROCK (124). Apical constriction is an
important process during neural tube closure, necessary for the folding of the
neuroepithelial sheet that gives rise to the neural tube. It is possible that rare
variants in aPKCBD weaken Par3’s ability to mediate apical constriction. These
heterozygous rare variants might be acting as hypomorphic alleles, reducing the
amount of Par3 protein in the cell capable of binding aPKC. Given the association
of polarity gene CNVs with NTDs (81), and the strong evidence of pathogenicity of

de novo truncating variants in SHROOMS3 (119), itis likely that a polygenic burden

163



Chapter 3

of variants disrupting apicobasal polarity and/or the process of apical constriction
contributes to NTD risk. Thus, monoallelic disruption of Par3-aPKC binding may
predispose foetuses to NTDs by reducing the effective dosage of Par3 during

apical constriction.

Table 3.4 Summary of disease-associated variants identified. Question mark
indicates the uncertainty surrounding the Par-aPKC binding assay as a well-established
functional assay.

Variant Phenotype Denovo/ ACMG ACMG Notes
inherited evidence classification
codes
TP53 G279E Spina bifida Inherited PS3, Likely
PM2, PP3 pathogenic
TP53 E358V Spina bifida Inherited / PS4, PM2  Likely Co-segregation
n/a pathogenic with disease; 2
unrelated cases
TP73 V190F Craniorachischis  N/A PS3, Likely
is PM2, PP3  pathogenic
PARD3 D783G Craniorachischis N/A PM2, Likely Enrichment of
is PS3? pathogenic aPKCBD
(? variants in cases
PARD3 P913Q Craniorachischis N/A PM2, Likely Enrichment of
is PP3, pathogenic aPKCBD
PS3? (?) variants in cases

Our functional analysis of NTD-associated p53 and p73 mutations also
identified loss-of-function alleles, p53 G279E and p73 V190F, that inactivate the
proteins’ transcriptional activity. Recently, a significant genetic overlap was found
between genes targeted by de novo mutations in developmental disorders and
driver genes in cancer (361, 362). Importantly, the functional impact of mutations
identified in these genes was not always concordant, particularly for tumour
suppressor genes. Therefore, it is possible that a subset of TP53 mutations
increase susceptibility to NTDs. The notion that these mutations might be acting
differently to somatic cancer mutations and cancer susceptibility mutations seen in
the Li-Fraumeni syndrome is supported by the fact that the recurrent variant we

observed as significantly enriched in NTDs (p53 E358V) does not affect p53’s
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transcriptional function. It would be illuminating to investigate whether increased
risk of NTDs exists among Li-Fraumeni patients. Interestingly, truncating germline
variants have a high haploinsufficiency score in EXAC (pLI = 0.91), suggesting
they are under negative selection which could have a developmental as well as

cancer susceptibility component.

Among the individual variants identified, TP53 variants G279E, E358, and
TP73 variant V190F can be classified as Likely pathogenic following the ACMG
guidelines (Table 3.4) (ref. (65)). PARD3 variants P913Q and D783G would
qualify for this category if the functional test of Par3-aPKC binding is considered a
well-established assay. Given the subjective nature of this statement, we mark the

associated evidence types with a question mark (Table 3.4).

Altogether, our results support a role for a polygenic burden of rare
missense variants in the aetiology of NTDs. Deleterious variants in multiple genes,
such as TP73 V190F or PARD3 P913Q, are likely to have additive effects on NTD
risk. WES or WGS studies of larger NTD cohorts will be instrumental in order to
formally confirm the association of TP53, TP73 and PARD3 rare variants with NTD

risk.
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Materials and methods

Patient recruitment

Human NTD samples and associated controls were collected following an
approval by the Committee of Medical Ethic in the Capital Institute of Pediatrics
(Beijing, China) and the study was carried out in accordance with The Code of
Ethics of the World Medical Association (Declaration of Helsinki) for
experiments involving humans. Human samples were obtained from the Northern
China, a region with a NTD prevalence of 199.38/10,000 based on the local
epidemiologic surveillance data collected during January 2002 and December
2004 (109). The Committee of Medical Ethic in the Capital Institute of Paediatrics
(Beijing, China) approved and the study was carried out in accordance with The
Code of Ethics of the World Medical Association (Declaration of Helsinki) for
experiments involving humans. The enrolled pregnant women were diagnosed by
trained local clinicians using ultrasonography, and then registered in a database.
As in our previous study (363), medical abortions were carried out by obstetricians
to terminate NTD-affected pregnancies. Pathologic diagnosis of NTDs was
performed by an experienced pathologist according to the International
Classification of Disease, Tenth Revision. Written informed consent was obtained
from the parents on behalf of foetus. The normal embryos aborted for non-medical
reasons from the same region were used as geography-matched controls. Routine
prenatal check-ups, questionnaire interviews and autopsies were completed for
controls, and any embryos that harboured any pathological malformation or
intrauterine growth retardation were excluded from the control group. Samples
were first isolated, subdivided and immediately stored at -80°C. During

transportation, the tissues were kept on dry ice.
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DNA isolation, targeted gene sequencing and variant calling

Genomic DNA was extracted from muscle, skin, brain or lung. Twenty-five
milligrams of tissue were used for DNA extraction with the DNeasy Blood and
Tissue kit (69504, Qiagen, Germany) and stored at -80°C. The concentration and
purity of DNA samples were determined by measuring their absorbance at 260
and 280 nm. Genomic DNA was sheared using Covaris™ Adaptive Focused
Acoustics system (Covaris, MA). Samples were prepared for sequencing using the
Truseq DNA Sample preparation Kit (Illumina, Inc, San Diego, CA) following the
manufacturer's standard procedure. Custom capture oligos were designed using

SureDesign website (https://earray.chem.agilent.com/suredesign/, Agilent

technologies). The genes of interest were captured using the SureSelect Target
Enrichment kit (Agilent Technologies, USA) with the following details. The
hybridization reactions were carried out on an AB2720 Thermal Cycler (Life
Technologies Corporation, USA) with following hybridization conditions: Incubated
the hybridization mixture for 16 or 24 hours at 65°C with a heated lid at 105°C.
After the hybridization reactions, the genes of interest were captured with
magnetic beads (Invitrogen, USA). The capture production was enriched with
following cycling conditions: 98°C for 30 s; 10 cycles of 98°C for 10 s, 60°C for 30
s, 72 °C for 30 s; 72°C for 5 min. Several libraries were pooled and subjected to
bridge amplification on cBot (lllumina, Inc, San Diego, CA) following the
manufacturer's standard cluster generation protocols. Following hybridization of
sequencing primer, base incorporation was carried out on MiSeq Benchtop
Sequencer (lllumina, Inc, San Diego, CA) following the manufacturer's standard

seqguencing protocols. The mean depth of coverage was 254.34x, and on average,
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86.73% of targeted bases had sufficient coverage and quality for variant calling.
The average read length was 251 bp. Sequence reads were aligned to the
hgl9 iteration of the reference human genome using BWA, version 0.5.9
(364). Base score recalibration and local realignment for indel (insertion or
deletion) detection and duplicate removal were performed with GATK (365). SNVs
were called using GATK (Samtools pileup (MapQ>=30,reads>=2) (version 1.1)
(366) and Varscan (version 2.3) (367), short indels (insertions and deletion) were
calling using Varscan with loose standard (min-coverage =1, min alterative allele
reads=1, min-var-freq > 0.03). Genotypes were called using Bayes estimation and
Binomial test. Variants were annotated with ANNOVAR (368) and searched in
databases inluding dbSNP, 1000 genomes, Exome Variant Server, Exome
Aggregation Consortium. Variants with a minor allele frequency of >=0.01 in
dbSNP and/or EXAC were termed common variants, others rare variants. Rare
variants absent in all databases were termed novel rare variants. All missense
rare variants were validated by Sanger sequencing with custom primers (Table

3.5).

NB: Protein coding variants in TP53BP2 were referenced to the Uniprot accession
Q13625 which belongs to the full-length 1128-residue ASPP2 protein. However,
the corresponding RefSeq transcript NM_001031685 encodes a 1134-residue
protein and there is no reference RefSeq transcript with a correctly annotated start
codon. Therefore the residue numbers given in this manuscript are referenced to
the Uniprot sequence while the nucleotide numbers are referenced to the Refseq

transcript.

Table 3.5: Primers for Sanger re-sequencing.

Gene . Nucleotide
Variant

" Forward primer Reverse primer
symbol position
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TP53BP2  K102E chrl:223998183 TGTTAGCGAGTACAAGG ATTCACCAGGAACTTTT

1693M,
S781L

TP53BP2  E948A chrl:223981006 CCTATTTGCCACTTCTGATT CCTGGATGACAGAGCGAGAC

TP53BP2 chrl:223984144 TCCCTGCTTTGTCATTTA GGTTCTTCTGGGTTATTCT

Plasmids and cloning

Single nucleotide variants were cloned by site-directed mutagenesis using whole-
plasmid amplification with partially overlapping primers, amplification by Phusion
Hot Start Polymerase Il (Thermo Fisher Scientific, Waltham, MA), followed by
digestion by Dpnl (New England Biolabs, Ipswich, MA) for 3 h. The digested DNA
was used to transform competent cells (Bioline, Taunton, MA) and the resulting
colonies screened for the introduced mutation by Sanger sequencing. Plasmid
DNA for mutant screening was prepared using the Plasmid miniprep kit (Qiagen,
Hilden, Germany); plasmid DNA for transfections was prepared using the Plasmid
Maxiprep kit (Sigma Aldrich, St Louis, MO). Luciferase plasmids, p53, ASPP2

expression plasmids were obtained as described previously (103, 107).

Luciferase assays

Twenty-four hours after plating, cells were transfected with the following plasmid
combinations for specific experiments. H1299 cells were lysed in Passive Lysis
Buffer (PLB) 20 h after transfection. Saos-2 cells were washed 1 time with PBS
and supplemented with fresh growth medium 20 h post-transfection and
subsequently lysed with PLB 40 h after transfection. Cells containing PLB were
stored at -80°C and thawed in order to achieve homogenous cell lysates.
Luciferase assays were performed using the Dual-luciferase Reporter Assay
System (Promega, Madison, WI) according to the manufacturer’s instruction. The

Luminescence module of the GloMax®-Multi+ Microplate with Instinct® plate
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reader was used with 5-second integration. In this assay, the activities of firefly
(Photinus pyralis) and Renilla (Renilla reniformis or sea pansy) luciferases are
measured sequentially from a single sample. Renilla was used as an internal
control for transfection efficiency. For each transfection, empty vector (o)cDNA3)
was used to control the total amount of DNA transfected. Firefly luminescence
signal was normalized based on the Renilla luminescence signal. Mutant vs wild-
type fold change values at each plasmid concentration were analysed using a two-
tailed parametric t-test and corrected for multiple hypothesis testing by multiplying
the p-value by the number of tests. Samples with a corrected p < 0.05 were

deemed significant.

Western blotting

To quantify protein levels expressed in luciferase assays, twenty-four hours
(H1299) or forty-eight hours (Saos-2) following transfection, cells were washed
with PBS and lysed with Passive Lysis Buffer (PLB) (Luciferase buffer, Promega).
Extracts were centrifuged at 16000 g for 20 minutes at 4°C. Protein concentrations
were measured by Bradford assay (Bio-Rad). Protein sample was mixed with
sample buffer before being loaded on an SDS-acrylamide-gel (8% manually carted
Bis-Tris gel). Prestained protein marker (New England Biolabs) was used to
determine the size of the protein. The SDS-polyacrylamide gel electrophoresis
was initially run at 80V (250 mM Tris-base, 250 mM MOPS, 5mM EDTA, 0.5 %
SDS and 5 mM Sodium Bisulfite) before being increased to 150 V after the
visualisation of the marker bands. Subsequently, the proteins were transferred to
nitrocellulose membranes and blocked with 5% milk in TBS containing 0.1%
tween-20 (TBST) for 1 hour before being incubated with specific primary antibody

overnight at 4°C. The following day, membrane was washed three times for 10
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minutes with TBST before being incubated for 1hr at room temperature with
horseradish peroxidase-conjugated secondary antibody (Dako, Agilent, Santa
Clara, CA, USA). For visualisation, membrane was washed with TBST and then
developed using the ECL western blotting system (GE Healthcare, Chicago, IL,

USA) on an autoradiography film.

Contributions

The following individuals directly contributed to the work presented in this chapter:
Jaroslav Zak, Huili Li, Isaraphorn Pratumchai, Yihua Wang, Stefanie Werner, Ting
Zhang and Xin Lu. J. Z. and X. L. designed study; H. L. and T. Z. designed the
clinical study; J. Z. performed most experiments and analysed data; T. Z. and H.
L. sequenced and re-sequenced patient samples and provided clinical data; I. P.
produced Western blots in Figures 3.1c, 3.4 and 3.5, and contributed to luciferase
assay readings in Figures 3.1c, 3.4 and 3.5 ; Y. W. produced Western blot in

Figure 3.8b; S. W. contributed to luciferase assay readings in Figures 3.4 and 3.5.

171



Chapter 4

CHAPTER 4: IDENTIFYING DRIVER GENES IN HUMAN
CANCER
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RESULTS AND DISCUSSION

In this chapter, two fundamental questions are explored, using the ASPP

genes as an example:

1)

2)

Using publicly available data, how can we assess the likelihood that a given
gene plays a role in human cancer, and if it does, with pro- or anti-tumour

effects?

Results section 4.1 uses an unbiased approach to assessing a gene’s role

in cancer and its classification as a pro- or anti-tumorigenic gene.

How can we utilise genomic data integration to identify rare candidate driver

mutations in cancer and their molecular effects?

Results section 4.2 described analyses of genetic interactions between
mutations, and associations between mutations and mRNA levels to
identify candidate driver mutations and determine their mechanism of

action.
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Results section 4.1: An unbiased approach to assessing the role
of individual genes in human cancer

Table 4.1 Genomic data sources and types of evidence available for an unbiased
analysis of the role of individual genes in cancer. List up to date as of 10 September
2016. The column ‘causal on its own’ determines whether the type of evidence available
from the specified data source can lead to an established causal role for a given gene
without referring to other analyses or data sources. NT, normal tissue; TP, primary
tumour.

Data URL/API Molecular  Type of Specie Level Causal
source level data s evidence
Candidate  ccgd- Genomic Hits from Mouse Invivo Yes
Cancer starrlab.oit.umn.e  (insertions) forward model
Gene du/about.php genetic
Database screen
cBio CGDS R package Somatic Somatic Human Patient No
mutation mutations
aggregated
from studies
COsMIC cancer.sanger.ac. Somatic Somatic Human Patient No
uk/ mutation mutation list
ICGC Multiple options Somatic Somatic Human Patient No
e.g. Python API mutation mutation list
TCGA Firebrowse API Somatic Somatic Human Patient No
mutation mutation list
TCGA Firebrowse API Somatic MutSig2CV ~ Human Patient Potentiall
mutation y
TCGA Firebrowse API Somatic GISTIC2 Human Patient Potentiall
CNV y
Oncomine  GUI MRNA Microarrays Human Patient No
TP vs NT
TCGA Firebrowse API MRNA RNAseq Human Patient  No
TPVvsSNT
TCGA Firebrowse API Clinical MRNA vs Human Patient No
correlation  clinical
GWAS www.ebi.ac.uk/gw  Germline GWAS Human Patient Potentiall
studies as/ SNPs y
COSMIC Somatic Somatic Human Cellline No
mutation mutation list
ACHILLES GuUI Genomic Cell line Human Cellline Yes
sgRNA (insertions) dependence
screen
CTRP GUI mMRNA Cell line Human Cellline No
sensitivity
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4.1.1 Analysing the composition of classes of somatic mutations

Tumour suppressor genes are frequently inactivated by truncating
mutations (e.g. PTEN; NF1) whereas oncogenes tend to show missense driver
mutations (e.g. KRAS; IDH1). Vogelstein et al. proposed a ratiometric method to
identify which cancer driver genes targeted by driver mutations in cancer (Mut-
drivers) act as oncogenes and which as tumour suppressor genes (151). The
20/20 rule requires at least 20% of the recorded mutations to be at recurrent
positions and missense for oncogene classification, or >20% of the recorded
mutations to be inactivating for TSG classification (151). To evaluate whether the
ASPP family genes — PPP1R13B, TP53BP2 and PPP1R13L — are more likely to
be oncogenes or TSGs, nonsynonymous mutations in these genes were collected
and manually curated to avoid duplicates, mis-annotated mutations, erroneous
reference transcript selection and other caveats present in public mutation

databases.

A snapshot of the manual database corresponding to v78 of COSMIC,
v1.2.4 of cBioPortal, r23 of the ICGC Data Portal, data release 2.0 of the GDC
plus legacy mutations from earlier releases, there were a total of 835
nonsynonymous somatic mutations in the ASPP genes. PPP1R13B and TP53BP2
showed a comparable percentage of truncating mutations: 20% and 19%
respectively (Figure 4.1) This proportion of truncating mutations was significantly

larger than for PPP1R13L (Figure 4.1).

To rule out biases from including legacy mutations which might have been
removed for quality control reasons, the analysis was repeated solely with

mutations indexed by the four databases mentioned above at their synchronised
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data freeze points. We achieved the same results, and also note that >90% of the
manually curated mutations are contained in at least one of the current releases of
the public databases. These results show that based on their mutation pattern,
PPP1R13B and TP53BP2 are more likely to be TSGs than oncogenes, and that
they fall on the borderline of qualification as Mut-driver tumour suppressors using

the ratiometric method by Vogelstein et al.
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Figure 4.1 PPP1R13B (ASPP1) and TP53BP2 (ASPP2) show significantly higher
proportion of truncating somatic mutations among nonsilent mutations compared
to PPP1R13L. Data based on snapshot of COSMIC v78, cBio v1.3.4 and ICGC r22 plus
legacy mutations (top) and without legacy mutations (bottom). Fisher’s two-tailed exact
test, * p < 0.05; ** p < 0.01.
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To test for the association of nonsilent ASPP mutations with TP53 status,
we compared the frequency of mutations in each ASPP gene in wild-type- versus
mutant-TP53 tumours (Figure 4.2). Mutations in TP53BP2 were significantly more
enriched in wild-type-TP53 tumours compared to PPP1R13L mutations. This
suggests TP53BP2 mutations might be genetically interacting with TP53

mutations.
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Figure 4.2 Frequency of nonsilent (top) and missense (bottom) ASPP mutations in
tumours harbouring wild-type vs mutant TP53. The source mutation set is identical to
that used in Figure 3.5 top panel. * p < 0.05, Fisher’s exact two-tailed test; wt, wild type.
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4.1.2 Analysing the frequency of nonsilent/silent mutations

The vast majority of recognised driver mutations are nonsynonymous.
Therefore, one can expect to be able to identify driver genes simply by ranking
genes by the ratio of nonsilent/silent mutations. To test this hypothesis,
nonsilent/silent ratios across 31 TCGA studies available through the Firebrowse
API were collected for 18,310 genes and the distribution of ratios plotted (Figure
4.3). Ratios for PPP1R13B, TP53BP2 and PPP1R13L were shown as blue,
orange and grey lines, respectively. As a positive control, distribution of ratios for
genes from the Sanger Cancer Gene Census was plotted (Figure 4.3, red line).
Although some genes from the Cancer Gene Census showed high nonsilent/silent
ratios (notably a local peak around 9), the overall distribution varies very little from
the distribution of ratios for all 18,310 genes. The overlap of the distributions
shows that the majority of Cancer Census genes have nonsilent/silent ratios that
fall within the bulk of the genome-wide distribution. Notably, the nonsilent/silent
ratios of PPP1R13B and TP53BP2 are higher than the median of the Cancer
Gene Census distribution so the ratios are consistent with a Mut-driver role for the
genes. Altogether, these data demonstrate that while some recognised cancer
genes do show high enrichment for nonsilent over silent somatic mutations, the

ratio alone does not have sufficient sensitivity to detect cancer driver genes.

178



Chapter 4

Nonsilent/silent mutations per gene across 31 TCGA studies
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Figure 4.3 Density plot of nonsilent/silent somatic mutations per gene collected
from 31 TCGA studies: distributions of curated cancer genes vs all genes do not
significantly differ. The formula used to compute the ratio is nnon/(nsil+1) to avoid
infinite values. Black distribution depicts 18,310 genes with at least 1 somatic mutation
detected; red distribution depicts genes from the Sanger Cancer Gene Census. Vertical
lines show ratios for ASPP1, ASPP2 and iASPP genes marked in blue, orange and dark

grey, respectively. Firehose version used: 2016 _01 28. Data retrieved via Firebrowse
API.

4.1.3 Analysing the occurrence of loss of heterozygosity for truncating
mutations

The classical tumour suppressor gene model classifies TSGs as recessive
genes by requiring a ‘second hit’, i.e. biallelic inactivation, to initiate tumorigenesis.
Genes conforming to this recessive TSG model are therefore expected to show
loss of heterozygosity accompanying truncating variants whereas this
phenomenon does not occur in oncogenes. We examined the copy number of
PPP1R13B, TP53BP2 and PPP1R13L in tumours carrying truncating mutations in

the respective genes, for which copy number status was available. Four tumours
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with PPP1R13B truncating mutations accompanied by loss of PPP1R13B
heterozygosity (LoH) were found (Table 4.2). Three tumours with truncating
TP53BP2 mutations with TP53BP2 LoH, but no tumours with the same
concomitant alterations in PPP1R13L, were found. The observation of recurrent
truncating mutation + LoH events supports the role as TSG for PPP1R13B and

TP53BP2.

Table 4.2 Truncating mutations in PPP1R13B and TP53BP2 with loss of
heterozygosity. Copy number status retrieved from cBio v1.2.4.

Gene Tumour type Mutation ASPP1 CN Patient barcode
PPP1R13B Liver 1322fs ShallowDel TCGA-ED-A97K
PPP1R13B Liver X955 splice @ ShallowDel TCGA-G3-A25S
PPP1R13B  Lung R81. ShallowDel TCGA-55-1592
adenocarcinoma
PPP1R13B Lung squamous E64. ShallowDel TCGA-63-5131
TP53BP2 Bladder S769. ShallowDel TCGA-DK-A3X1
TP53BP2 Prostate K513fs ShallowDel TCGA-M7-A724
TP53BP2 Lung squamous P898fs ShallowDel TCGA-60-2711
Gene No. of truncating Tissue of origin
mutations with LoH
PPP1R13B 4 Lung, liver
TP53BP2 3 Lung, bladder, prostate
PPP1R13L 0 -

4.1.4 Mining mouse tumorigenesis transposon screens

An important problem in cancer genomics is distinguishing causal driver

genes from genes whose dysregulation merely reflects the molecular landscape
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shaped by the driver mutations. For example, many proteins are under-expressed
in tumour tissue over normal tissue but only some of them actively inhibit
tumorigenesis. Therefore, experimental models are needed to connect discrete
genetic events with direct effect on tumour growth. Retrotransposon insertion
screens in mice are one such model. In a mouse with a cancer-predisposing
mutation transposon insertions at genic sites can initiate and/or promote tumour
growth. Over-represented sites of insertion reliably identify known tumour

suppressor genes in the relevant tissue type.

We mined the Candidate Cancer Gene Database (http://ccqd-

starrlab.oit.umn.edu/) for screens in which insertions at any of the ASPP genes

were over-presented. Ppplrl3b was identified as a hit in 7 independent mouse
mutagenesis screens (Table 4.3). Interestingly, 3/7 screens were specific to
colorectal cancer. This suggests Ppp1rl3b is a tumour suppressor in colorectal

cancer and potentially other tissues.

Table 4.3. Hits from mouse transposon screens. Retrieved from papers indexed
through CCGD, last updated 5 Sept 2016.

Gene Cancer Carcinogenesis  Asppl Rank Reference
type induction insertions
/ tumours
Ppplrl3b Colorectal  AhCre ApcloX/fiox 40 329 (369)
Ppp1rl3b Colorectal VillinCre T2/Onc 6 61 (370)
Ppplrl3b Colorectal Smad4’ and (371)

Kras®'?P:SB
+Smad4k°:SB
+p53RI7H:SB

Ppp1ri3b Gastric Smad4*” 9 507 (372)
Ppplrl13b Liver HBV+ 28 1394 (373)
Ppp1rl3b Peripheral ~ Trp53R?"®" and/or 16 611 (374)
nerve Cnp-EGFR
sheath
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Ppp1rl3b Pancreatic Kras®!?P 20 1475 (375)

The observations of LoH alleles in human tumours suggest there is added
benefit to the loss of both alleles in some tissues. However, this does not imply
PPP1R13B and TP53BP2 must be purely recessive tumour suppressors. As
demonstrated in two independent studies in mice, single copy loss of Trp53bp2 is
sufficient to significantly increase the incidence of tumorigenesis. Therefore, it is
possible that the genes are haploinsufficient tumour suppressors which have to be
fully inactivated only under specific conditions, for example in specific tissues. This
is consistent with the observation that colon cancer, which shows the strongest
evidence of tumour suppressor status of ASPP1, shows truncating mutations of
PPP1R13B without loss of heterozygosity. This suggests single-copy loss is

sufficient to reduce tumour suppressive effects of ASPP1 in colon cancer.

Solimini et al demonstrated that hemizygous deletions that occur frequently
in cancer are enriched in genes with anti-proliferative effects (160). They suggest
these deletions help optimise the proliferative potential of cancer cells. Therefore,

monoallelic deletions of PPP1R13B could be acting as mini-drivers.

4.1.5 Analysing mRNA expression in tumour vs normal tissue

Tumour suppressor genes are genetically and/or epigenetically inactivated
in cancer whereas oncogenes are typically upregulated at the mRNA level. To
analyse whether a gene is more likely a TSG or an oncogene, or shows no
evidence of significant mMRNA dysregulation, we analysed mRNA levels in tumours

and associated normal tissue samples from TCGA and microarrays curated by
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Oncomine. Only tumour types with normal tissue samples available were included

in this analysis.

PPP1R13B was significantly differentially expressed in 10 TCGA tumour
studies and down-regulated in all 10 (Table 4.4, Figure 4.4). Across Oncomine
datasets, applying a p-value threshold for PPP1R13B differential expression of p <
1x10° and an absolute fold-change > 1.5 yielded 19 tumour-versus-normal
studies, all showing PPP1R13B downregulation in the tumours (Table 4.5). This
striking concordance suggests PPP1R13B acts as a TSG across a broad number

of tissues.

In contrast to PPP1R13B, TP53BP2 shows evidence of both over- and
under-expression in TCGA datasets: 7 studies with a significant difference (after
applying a multiple testing correction), out of which TP53BP2 was under-
expressed in 5 (Table 4.4, Appendix Figure S8). Oncomine studies meeting the
p < 1x10° and |FC| > 1.5 thresholds comprise 7 datasets with under-expression of
TP53BP2, and 7 with over-expression of the gene (Table 4.5). Therefore, mRNA
expression alone is not conclusive with respect to TP53BP2’s global classification
as a TSG or oncogene. It is possible that TP53BP2 has both tumour suppressive

and oncogenic effects whose relative dominance is lineage-dependent.

PPP1R13L shows a high degree of concordance among TCGA studies:
significantly up-regulated in 11 studies and downregulation in a single study
(Table 4.4, Appendix Figure S9); Oncomine studies show 12 vs 6 tumour studies
with over- vs under-expressed PPP1R13L, applying the same criteria as above
(Table 4.5). Based on the overall concordance of these studies, PPP1R13L

MRNA levels in tumours correspond to an oncogene rather than a TSG.
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Overall, published microarray and RNAseq datasets demonstrate uniform
down-regulation of PPP1R13B in tumour vs normal tissue, mainly upregulation of
PPP1R13L in tumours, and an ambiguous pattern for TP53BP2 with both over-

and under-expression in individual tumour types (Table 4.6, Figure 4.5).
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Figure 4.4 mRNA levels of PPP1R13B in TCGA primary tumours (TP) vs normal
tissue (NT) across 23 tissue types and 3 aggregated tissue types. Student’s two-
tailed t-test; BLCA, bladder carcinoma; BRCA, breast invasive carcinoma; CESC, cervical
squamous cell carcinoma; CHOL, cholangiocarcinoma; COAD, colon adenocarcinoma;
COADREAD, colon and rectal adenocarcinoma; ESCA, oesophageal carcinoma; GBM,
glioblastoma; GBMLGG, glioblastoma and lower-grade glioma; HNSC, head and neck
squamous cell carcinoma; KICH, kidney chromophobe carcinoma; KIPAN, pan-kidney
cancer; KIRC, kidney clear-cell carcinoma; KIRP, kidney papillary cell carcinoma; LIHC,
liver carcinoma; LUSC, lung squamous cell carcinoma; PAAD, pancreatic
adenocarcinoma; PCPG, pheochromocytoma and paraganglioma; PRAD, prostate
adenocarcinoma; READ, rectal adenocarcinoma; SARC, sarcoma; STAD, stomach
adenocarcinoma; THCA, thyroid carcinoma; THYM, thymoma; UCEC, endometrial
carcinoma.

Table 4.4 mRNA levels in primary tumour vs matched normal tissue across 23
TCGA studies and 3 tissue aggregates. mRNA quantified by RSEM and scaled by log2
transform; Student’s two-tailed t-test corrected for multiple hypothesis testing by
multiplying by the number of tests for each gene (n=26). Studies reaching significant
differential expression highlighted in red. Log2FC, log. of fold change; p(adj), adjusted p
value. Blue shading = significantly underexpressed; orange shading = significantly
overexpressed; red shading = statistically significant.

TCGA study PPP1R13B PPP1R13B TP53BP2 TP53BP2 PPP1R13L PPP1R13L
log2FC p log2FC p (raw) log2FC p (adj)
(adjusted)
BLCA -0.60 5.11E-03 -0.33 6.41E-01 1.51 1.26E-01
BRCA -0.08  1.32E+00 0.28 2.00E-09 0.24 7.20E-01
CESC 0.06 2.23E+01 0.28 4.38E-01 3.04 2.57E-01
CHOL 0.53 5.41E-02 0.36 6.20E+00 2.73 5.83E-13
COAD -0.60 5.43E-18 0.02 1.67E+01 1.04 5.44E-17
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COADREAD
ESCA
GBM
GBMLGG
HNSC
KICH
KIPAN
KIRC
KIRP
LIHC
LUAD
LUSC
PAAD
PCPG
PRAD
READ
SARC
STAD
THCA
THYM
UCEC

Significant DE
(pad)

No. significant
studies
over/under-
expressed

-0.51
-0.43
-2.09
-1.56
-0.35

0.21
-0.25
-0.38
-0.08
-0.05
-0.40
-0.59
-0.21

0.07

0.18
-0.17
-0.89
-0.29
-0.79

0.09

0.24

0/10

9.11E-15
1.75E-01
6.78E-02
2.16E-01
2.88E-03
1.48E+00
2.00E-10
2.51E-14
3.12E+00
9.06E+00
1.85E-06
3.87E-15
9.80E+00
2.12E+01
3.70E-01
4.74E+00
2.53E+00
1.53E-02
3.46E-20
2.39E+01
7.34E-02

10/26

0.01
0.03
-0.35
0.09
0.02
-0.63
-0.20
-0.31
0.12
0.54
-0.36
-0.57
-0.13
-0.16
0.04
-0.02
0.34
0.29
-0.11
-0.15
0.07

2/5

1.96E+01
2.06E+01
2.14E-01
8.63E+00
1.97E+01
9.83E-04
3.29E-05
1.43E-07
1.98E+00
5.37E-04
6.19E-05
1.02E-08
3.40E+00
7.31E+00
1.16E+01
2.24E+01
5.81E+00
8.93E-02
6.26E+00
1.49E+01
8.85E+00

7/26

1.16
1.41
1.23
1.07
0.02
-1.19
1.03
1.59
0.61
0.74
0.17
0.71
0.55
-2.30
-0.05
1.66
0.76
0.54
0.85
0.62
1.36

8.15E-19
6.12E-01
4.49E-01
7.55E-01
2.33E+01
2.08E-07
1.43E-32
1.81E-32
1.53E-04
3.57E-12
5.93E-01
3.06E-12
1.28E+01
4.51E-01
1.44E+01
6.90E-04
9.03E-01
2.30E+00
1.18E-23
2.33E+00
6.00E-13

12/26
11/1

Table 4.5. Tumour vs normal mRNA expression from Oncomine. Methodology: p
value threshold < 1e-5; TCGA studies excluded; cancer vs normal only; underexpression
listed first, overexpression next. Total datasets available for cancer vs normal: n=190
although this includes some mis-classified cancer vs cancer sets. FC, fold change (linear
scale; sign added for direction). Student’s t-test on log2expression (adopted from

Oncomine).
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Breast Ductal carcinoma Richardson PPP1R13L -2.159 4.76E-06 1036

Skin Melanoma Talantov PPP1R13L -4.781 5.47E-06 789

Table 4.6 Summary of tumour vs normal RNAseq and microarray data. TSG, tumour
suppressor gene.

Gene Source Threshold No. No. Concord Dominant
studies studies ance rate class
underexp overexpre
ressed ssed

PPP1R13B  Oncomine P<le-5; 19 0 100% TSG

abs(FC)>1.5

PPP1R13B TCGA Padj<0.05 10 0 100% TSG

TP53BP2 Oncomine P<le-5; 7 7 50% N/A

abs(FC)>1.5

TP53BP2 TCGA Padj<0.05 5 2 71% TSG

PPP1R13L Oncomine P<le-5; 6 12 67% Oncogene

abs(FC)>1.5

PPP1R13L TCGA Padj<0.05 1 11 92% Oncogene
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Figure 4.5 Volcano plots of TCGA (top) and Oncomine (bottom) mRNA data. AML,
acute myeloid leukaemia; CML, chronic myeloid leukaemia; T-ALL, T-cell acute
lymphoblastic leukaemia.

4.1.6 Mining genome-wide CRISPR sgRNA screen of cancer cell line viability

In addition to genetic studies in mice, human cell lines offer another
opportunity for investigating causal effects of individual genes on cancer growth.
Traditionally, knock-down techniques using short-interfering RNA (siRNA) or short-
hairpin RNA (shRNA) reagents have been used to assess the effect of gene loss
on cancer cell line growth. However, these techniques result in incomplete
reduction in gene expression, and frequent off-target effects. With the advent of
genome editing, genes can be removed at the DNA level, eliminating the

uncertainty over mRNA dosage effects (376, 377).
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A recent example of utilising the genome editing system CRISPR-Cas9 to
probe the functional genome in cancer cell lines is a study by project ACHILLES
which screened 33 cell lines with genome-wide sgRNA libraries (378). Mining this
publicly available data revealed little cell line dependence on PPP1R13B for most
cell lines in the panel (more positive values indicate less cell line gene-
dependence) (Figure 4.6). Surprisingly, some cell lines showed a more negative
response to the targeting of TP53BP2 — the tails of the gene’s distribution reaches
wider than the distribution of PPP1R13L’s sgRNA scores, suggesting a subset of
cell lines is more sensitive to the deletion of TP53BP2 than PPP1R13L, for
example the pancreatic cancer cell line PANC0327 (TP53BP2 score= -1.05). This
observation might help explain why TP53BP2 is upregulated in certain tumour
types. However, a higher number cell lines needs to be screened in order to

achieve a global survey of the ASPP genes’ effect on cancer cell line fitness.
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ACHILLES sgRNA screen
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Figure 4.6 Distribution of ASPP gene sgRNA scores in the ACHILLES CRISPR

screen: x-axis indicates sensitivity to sgRNA integration: positive values indicate less
sensitivity. Blue = PPP1R13B; red = TP53BP2; black = PPP1R13L.

4.1.7 Analysing the correlation between mRNA levels and cell line
chemosensitivity

An important hallmark of oncogenes is mediating resistance to cell death,
including cell death induced by anti-cancer drug treatment. Conversely, functional
tumour suppressor pathways enhance the efficiency of drug action by triggering
cell death or growth inhibition in response to drug treatment. Therefore, NClI’s

Cancer Target Discovery 2 Portal (https://ctd2.nci.nih.gov/dataPortal/) along with

an accompanying paper by Rees et al. (379) were mined for information on gene
correlation with drug sensitivity in cancer cell lines. First, the all-cancer-cell line
correlations were mined and data points reaching experiment-wide significance

were plotted (Figure 4.7). Strikingly, a large cluster of drugs correlates with poorer
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cell line sensitivity (high z-scores) as a function of increasing PPP1R13L
expression (Figure 4.7). In contrast, several drugs correlated with
chemosensitivity in cell lines expressing high PPP1R13B. These associations
reaffirm PPP1R13B’s profile as a candidate TSG whereas PPP1R13L’s as a

candidate oncogene in human cancer.
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Figure 4.7 Associations between ASPP mRNA levels and cell line chemosensitivity.
Only associations clearing the experiment-wide Bonferroni-corrected significance
threshold of |z| > 5.83. Positive association indicates correlation with resistance,
computed as area under the dose response curve. CCLs, cancer cell lines;
non_haem_lymph, non-haematopoietic and lymphoid cell lines. Data retrieved from Rees
et al, 2016 (379). 481 compounds were tested in this experiment.

Plotting z-scores for all drug associations shows that the distribution of
PPP1R13L z-scores is positively skewed (Figure 4.8), indicating an overall
positive correlation with drug resistance and negative correlation with
chemosensitivity in cancer cell lines. The z-scores of PPP1R13B are centred close
to 0, however notable outliers exist in the negative-z-score region as shown

above. Interestingly the z-scores for TP53BP2’s association form a narrow
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distribution centred just below 0, implying that mRNA levels of TP53BP2 in cancer

cell lines correlate poorly with chemosensitivity.

10

Z—score

T I I
PPP1R13B TP53BP2 PPP1R13L
Figure 4.8 All z-scores for Pearson correlation of ASPP gene mRNA levels with

chemosensitivity; for all CCLs. Data mined from the CTRP v2 portal. Boxplots shows
median, quartiles and whiskers show minimum and maximum values.

4.1.8 Lineage specificity of cancer genes

The TSG or oncogene function of some genes is restricted to one or more
cell lineage (e.g. MLL2); other multi-modal genes act as TSGs in one lineage and
oncogenes in another (e.g. NOTCH1). Therefore, to gain a full understanding of
the functional role of a given gene in cancer, the data on its dysregulation must be
de-convolved by tumour type. One challenge in performing such analysis is the
lack of comprehensive data on all tumour types — with the exception of TCGA,
most cancer studies were limited to a small number of analyses, such as whole-
exome sequencing. In addition, studies vary significantly in their scale, introducing

a bias in confidence as a function of sample size, e.g. the differential expression of
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a sarcoma driver gene may be more significant in lung cancer because more lung

tumours and matched tissue controls have been analysed to date.

Nevertheless, data may be parsed by tissue type and assessed for
concordance of evidence on gene function. As an example, data for PPP1R13B
and the mouse orthologue Ppplrl3b are presented in Table 4.7. The data reveal
a convincing role for ASPP1 as a TSG in colon cancer: in mice, 3 independent
transposon screen identified Ppp1rl3b as a hit; the gene is significantly
downregulated in human colon tumours vs normal tissue (p < 1014), and 14
truncating mutations in human colon tumours have been reported, making up 27%
of nonsynonymous mutations in this tissue, significantly higher than expected by
random chance. These highly concordant data demonstrate PPP1R13B is a TSG

in colon cancer.

Table 4.7 Evidence of gene cancer role by tissue type for PPP1R13B. LoH, loss of
heterozygosity.

Tumour type Hit in mouse Downregulated  Truncating Truncating Missense % of truncating
transposon in human mutations in muts with muts with  mutations of all
screen? tumours vs human LoH? LoH? nonsilent

normal tissue?  tumours? somatic

Colon Yes (3x) Takeda Yes, p=4.45E- Yesn=14 14/51=27%
2015; March 15
2011; Starr 2009

Liver Bard-Chapeau No, p=n.s. Yes Yes, n=2 Yes, n=2
2014 (HBV+)

Peripheral nerve  Rahrmann 2013  N/A N/A

sheath

(neurofibrosarco

ma)

Pancreas Perez Mancera Yes, p=0.092 Missense
2012 only

Stomach Takeda 2016 Yes, 7 Yes, n=2

carcinoma

Bladder Yes, 0.003 Missense

only

HNSC Yes, p=9.0E-4  Missense

only

Lung Yes, p=6.0E-4  Yes Yes Yes

adenocarcinoma

Lung squamous Yes, p=3.46E-  Yes Yes Yes, n=2

9

Leukemia Yamashita 2015  Yes
— p53-/-
potentiated

Prostate No, p=0.076 Yes
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Interestingly, loss of heterozygosity was not observed for nonsynonymous
PPP1R13B mutations in colon cancer. This, along with the data presented above,
suggests that PPP1R13B is not a recessive but dosage-dependent TSG in this
tissue. Partial loss of ASPP1 function is sufficient to enhance tumorigenesis in the
colon. In contrast, liver carcinomas are more likely to require full inactivation of
PPP1R13B: 2 truncating and 2 missense mutations with LoH were observed but
MRNA levels of PPP1R13B did not differ significantly between tumour and normal
tissue. In accordance with the recessive model, it is possible the subset of liver
tumours with biallelic inactivation of PPP1R13B benefit, while tumours carrying at
least one wild type copy of the gene do not experience selection on ASPP1 levels.
Taken together, these data suggest the classification of a TSG as strictly

recessive versus dosage-dependent can vary by lineage.

4.1.9 Towards genome-wide classification of cancer genes

The data presented in this chapter provide unbiased, multi-platform, multi-
source evidence that can be used to assess the likelihood of any gene being a
cancer gene, as well as the likelihood of being a TSG versus an oncogene, or
more broadly, being anti- or pro-tumorigenic. While each individual study has its
caveats, concordance across multiple data types from multiple independent

studies can provide conclusive evidence.

The ASPP genes represent a suitable example of the utility of this
approach. Although an extensive body of evidence exists of the ASPP genes’
involvement in cancer (see Chapter 1, section 1.4.6), none of the ASPP genes are
included on the Sanger Cancer Gene Census (cancer.sanger.ac.uk/census/),

Vogelstein et al.’s cancer gene list (151), the list of significantly mutated genes
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called by MutSig2CV (162), or the Network of Cancer Genes 5.0 (200). Therefore,
a significant gap exists between the experimental data supporting a causal role for
ASPPs in cancer, and curated cancer genomic data-derived lists of cancer drivers.
The analysis presented here aids in closing that gap. Table 4.8 shows an example
of how the different types of evidence can be interpreted. In this example, we
establish thresholds for the classification of each gene as a TSG, oncogene (OG),
or inconclusive (0). The number of TSG and OG points scored is tallied up and

their concordance evaluated.

For example, PPP1R13B scored 6 TSG points and 0 OG points, equivalent
to a 100% concordance rate. Given that this evidence includes multiple hits from
independent mouse mutagenesis screens, and in light of the experimental
evidence discussed in Chapter 1.4.6, there is little doubt that PPP1R13B is a
tumour suppressor gene in mice and humans. Its relatively low absolute somatic
mutation frequency suggests that PPP1R13B mutations might act as rare driver
mutations, mini-driver mutations, and/or that the major mode of action of
PPP1R13B in cancer is that of an Epi-driver gene, i.e. epigenetic dysregulation of
ASPP1 function is sufficient for inactivation in most tumours. This is consistent
with the observation of an extremely high concordance rate of PPP1R13B mRNA
under-expression across human cancers. Perhaps down-regulation of ASPP1
sufficiently reduces the threshold required for ASPP1-dependent activation of
apoptosis, and somatic mutation of PPP1R13B is required only in tumours where
ASPP1 experiences unusually high levels of activation and/or where pathways
downstream of ASPP1, such as the cell-intrinsic apoptosis pathway, are not

already inactivated by another mechanism.
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PPP1R13L, implicated as a candidate proto-oncogene by existing
experimental data, shows hallmarks of an oncogene such as consistent
upregulation in tumours vs normal tissue, and significant association of mRNA
levels with drug resistance in cancer cell lines (Table 4.8). However, a close
inspection reveals that PPP1R13L does not frequently experience copy number
gain or amplification in cancer, and few highly recurrent missense mutations have
been found in PPP1R13L. Taken together, PPP1R13L dysregulation fits the profile
of an Epi-driver oncogene, i.e. a pro-tumorigenic gene which can be sufficiently
co-opted to drive tumour growth in its wild-type state by epigenetic and post-

translational mechanisms.

Finally, TP53BP2 shows an ambiguous pattern of dysregulation in cancer,
with evidence of both TSG function (>20% truncating somatic mutations,
downregulation in some tumour types) and OG function (>25% somatic
amplification rate, upregulation in some tumour types). Given that TP53BP2 is
significantly mutated in human pancreatic cancer and shows truncating mutations
in this dataset (266); Trp53bp2 is a haploinsufficient tumour suppressor in mice
(104, 105); and ASPP2 is directly targeted by the oncoprotein CagA in the
stomach (243, 244), it is likely that TP53BP2 works as a TSG in some tissues and

an OG in others.

Table 4.8 Multi-variable assessment and classification of potential cancer genes.
ASPP genes used as an example. Threshold of 20% truncating mutations were used
(based on Vogelstein et al.); concordance threshold of 66% was required for expression
data. N/C, not conclusive; homdel, homozygous deletion; NT, normal tissue; TP, primary
tumour tissue; cBio, cBioPortal; hetloss, heterozygous deletion; CTRP, Cancer
Therapeutics Response Portal.
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TSG/Oncogene classification U= oo F - = o - F ©
Causal experimental evidence
ACHILLES2016: mean score
across all cell line 0.479 -0.039 0.089 cell line
ACHILLES: % of studies —ve
growth impact (with dependency) 4 19 17 cell line
No. of hits in mouse TSG
transposon screens 7 TSG 0 0 0 0 mouse
Patient genomic evidence
% truncating muts of all nonsilent
— of cBio (their summary) 20% 246 TSG 15.6 0 11.3 0 mutations
% truncating muts of all nonsilent
— curated 20% 20.3 TSG 19.0 0 11.2 0 mutations
No. of truncating muts with LoH >2 4  TSG 3 TSG 0 0 Mut+CNV
Mut+CNV
% of truncating muts with LoH 8.5 5.4 0.0 N/C
Mut+CNV
No. of missense muts with LoH 15 1 8 N/IC
Mut+CNV
% of missense muts with LoH 8.3 0.4 N/C 42 N/IC
No. of missense muts with Mut+CNV
gain/amp 11 39 13
% of missense muts with Mut+CNV
gain/amp 6.1 16.8 6.9
% homdel (overall, cBio) 0.8 0.2 0.3 CNV
% of hetloss/homdel (overall,
cBio) 18.3 4.9 13.7 CNV
% amp (overall, cBio) 0.8 0 25.7 oG 0.9 0 CNV
% of gain/amp 11.0 281 | OG 14.4 CNV
mRNA TP vs NT: no. of studies
sign underexpressed [TCGA] 10 5 1 mMRNA
% of studies sign
underexpressed [TCGA] >66 100 TSG 71  TSG 8 0 mRNA
mRNA TP vs NT: no. of studies
signif. Overexp. [TCGA] 0 2 11 mMRNA
% of studies sign
overerexpressed [TCGA] >66 0 0 29 0 92 oG mMRNA
mMRNA TP vs NT: no. of studies
sign underexpressed [Oncomine] 19 7 6 mMRNA
% of studies sign
underexpressed [Oncomine] >66 100 TSG mMRNA
mMRNA TP vs NT: no. of studies
signif. Overexp. [Oncomine] 0 7 12 oG mMRNA
% of studies signif. overexp.
[Oncomine] >66 0 0 50 0 67 oG mRNA
Correlational experimental
evidence
CTRPv2: median z-score of
Pearson corr z>1.95 0.9 0 -0.9 0 48 | 0OG cell line
CTRPV2: no. of drugs z>0 at
whole-exp signif threshold, i.e.
z>5.83 0 0 154 cell line
% of drugs z>0 at whole-exp
signif threshold, i.e. z> 5.83 >66 0% N/A 98% oG cell line
CTRPV2: no. of drugs z<0 at
whole-exp signif threshold, i.e.
z<-5.83 3 0 3 cell line
Concordance rate (%) 100 50 100
Score 6 2+2 5
Classification TSG N/C oG
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In order to discover all cancer genes, the approach described in this section
can be extended genome-wide. One possible strategy, demonstrated in Table 4.8,
involves a points-based system with classification gates established with a training
set of curated cancer genes. This approach is similar to clinical guidelines
directing treatment based on empirically scored observations of the patient’s
phenotype. The data for each gene can be parsed dynamically from public APIs to

ensure the classification can be updated as datasets grow.

The disadvantage of a points-based system is its limitation to the variables
examined and the analysis applied to calculate scores. Scoring relies on intelligent
decisions regarding the relative importance of different types of biological
evidence. However, our understanding of the biology of cancer is incomplete.
Therefore, a more powerful approach will utilise machine learning applied to a
wide range of variables. The limitations of the machine learning approach are 1)
the bias introduced by a specific class of curated cancer genes, and 2) the degree
to which tumour data of different types and sources can be synchronised.
However, we envisage that with the emergence of platforms such as the NCI
Genomic Data Commons, the degree of harmonisation of cancer genomic and
clinical data in the public domain will keep increasing. Future work will investigate
the genome-wide application of this integrative approach to cancer gene

classification.
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Results section 4.2: Dissecting the mechanism of action of driver
missense mutations
4.2.1 Genetic interaction between TP53 and PPP1R13B mutations

In order to fully understand the biology of cancer, molecular mechanisms
underlying tumorigenesis must be mapped. Two major challenges in the analysis
of function of missense mutations in cancer are separating driver from passenger
mutations, and deconvolving individual functions of a pleiotropic gene. PPP1R13B
is an example of a pleiotropic gene: its protein product ASPP1 has multiple
binding partners across distinct pathways, such as p53, p63, p73, YAP and PP1. It

is unclear which, if any, of these interactions are targeted by missense mutations

in cancer.
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Figure 4.9 Frequency distribution of missense ASPP1 somatic mutations in wt TP53
(top) and mutant TP53 tumours (bottom) along ASPP1 protein sequence. Horizontal
axis is the residue number at the centre of each bin. Mutations in the 640-720 region
occur almost exclusively in wt-p53 tumours; Fisher’'s 2-tailed exact test comparing number
of mutations in 640-720 bin vs total in other bins.

Because genetic interactions between somatic mutations can be lost in the
background of passenger mutations, we analysed the domain distribution of
missense mutations in ASPP1 in p53-wild type vs mutant tumours (Figure 4.9).
Only mutations detected in tumours (not cell lines) were included in this analysis.
Interestingly, we found one 80-residue region of ASPP1 that is mutated almost
exclusively in wild-type p53 tumours (p = 1.1x10*%, Fisher’s exact two-tailed test).
This demonstrates there is a genetic interaction between somatic mutations in
PPP1R13B and TP53. This sequence region, residues 640-720, is also the most
frequently mutated region of ASPP1 in wild type-p53 tumours. It includes residues
in the N-terminal part of the proline-rich (Pro-rich) region and the preceding
residues (Figure 4.9). These data suggest the Pro-rich region of ASPP1 directly or
indirectly modulates ASPP1’s interaction with p53 and that this mechanism is

targeted by missense mutations in human cancer.
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Fig. 4.10 Missense mutations in Pro-rich region of ASPP1 are enriched in tumours
with loss of PPP1R13B heterozygosity (hetloss). Tumours carrying missense
PPP1R13B mutations with loss of heterozygosity and wt TP53 (top, green) vs mutant
TP53 (bottom, red).

We also observed that mutations in and preceding the Pro-rich region are
enriched in tumours with loss of PPP1R13B heterozygosity (Figure 4.10).
Missense mutations accompanied by LoH are a frequent mechanism of recessive
TSG inactivation. This supports the hypothesis that the Pro-rich region and pre-
Pro-rich-region sequence mutations have undergone positive selection in tumours

and suggests they have an inactivating rather than activating role.

205



Chapter 4

0 6
c
=]
®
5
g 4
[re
(e}
| .
o
g 2
=
=
0_
RSN S RS e L E S e S S R A AR S A G R A O P S G e
n
26
[=]
2
]
5
£ 4
—
(=]
F
8
2
£
E
=
0
R A e e R R S G A L R S e A Tl
_Ubi - [ ] ? [ ]
Aspp2 > Coiled coil a Pro . a SH3 1128
L S — — [ —

Figure 4.11 Somatic missense TP53BP2 mutations in wt-p53 (top) and mutant-p53
tumours (bottom). The top mutated bin in wt-p53 tumours centred at residue 730 is not
mutated in any mutant-p53 tumours. Data source: manually curated mutations from
COSMIC v78, cBio v1.2.4 and ICGC r22. * p<0.05, Fisher’s exact two-tailed test
comparing bin size with sum of other bins in wt-p53 vs mutant-p53 tumours.

Mutations in TP53BP2 show a similar and statistically significant, but more
narrowly defined relationship with TP53 status in the Pro-rich region (Figure 4.11).
The specificity of missense mutations to wild type-p53 tumours is limited to the
ASPP2 residues 720-740, whereas in the more C-terminal part of the Pro-rich
region (abbreviated C-Pro), mutations are more frequent in mutant-p53 tumours.
This suggests the more N-terminal part of the Pro-rich region (abbreviated N-Pro
below) in ASPP1 and ASPP2 plays a role in controlling the interaction of each

protein with p53. However, as in ASPP1, the N-Pro region of ASPP2 is also the
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most frequently mutated region of ASPP2 sequence in wt-p53 tumours (Figure
4.11), highlighting an important role for this autoregulatory region of ASPP1 and

ASPP2 in cancer.

4.2.2 Proline-rich region mutations in PPP1R13B and TP53BP2 correlate
with tumour BAX mRNA levels

ASPP1 and ASPP2 enhance p53’s transcriptional activity in a promoter-
specific manner, thereby increasing the transcription of pro-apoptotic genes BAX,
TP53I3 and BBC3 at the expense of other p53-target genes such as CDKN1A.
Therefore, we asked whether missense mutations interacting with TP53 mutation
status correlated with altered BAX mRNA levels in each tumour. Because absolute
levels of BAX are tissue-dependent, we used mRNA z-scores comparing the BAX
MRNA level in each tumour to the expression level of BAX in other tumours of that
tissue type. To visualise the distribution of BAX levels as a function of ASPP1
mutations, we plotted the density of tumours with negative vs positive BAX z-

scores along the ASPP1 sequence (Figures 4.12 and 4.13).
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Figure 4.12 BAX z-scores vs PPP1R13B missense mutations using different density
bandwidths.

As expected, tumours with mutations in the N-Pro and preceding region
had lower levels of BAX than other tumours of the same tissue type. Tumours with
negative BAX z-scores also clustered within the ubiquitin-like fold, suggesting a
role for this domain in regulating ASPP1’s interaction with p53 (Figures 4.12 and
4.13). Similar results were observed for N-Pro mutations in ASPP2 (Figure 4.13)
with all ASPP2 N-Pro-mutant tumours showing negative z-scores of BAX. This
result was encouraging because there was no overlap between patients with N-
Pro mutations in ASPP1 and ASPP2, suggesting this correlation is shared by the

two proteins and can be replicated.
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Figure 4.13 Density plot of tumours with above-average BAX mRNA levels (red) vs
below-average (blue) within the tumour type, in mutant-ASPP1 (top) and mutant-
ASPP2 (bottom) tumours, as a function of ASPP protein sequence. Pro, proline-rich
region; SB, SH3-binding domain; SH3, SH3 domain; a, predicted a-helical sequence.
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4.2.3 Dipolar correlation of Pro-rich region mutations with BAX levels

The distribution of PPP1R13B-mutant tumours with above-average BAX

levels (z > 0) vs below-average levels (z < 0) shows a clear pattern within the
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proline-rich region (Figure 4.14). Whereas in most domains tumours with positive
and negative z-scores are mixed together, in the Pro-rich region a cluster of z< 0
tumours is adjacent to a cluster of z > 0 tumours with no visible overlap.
Strikingly, this region shows a more significant degree of differentiation by BAX
levels than the C-terminus of ASPP1 which binds p53 family members directly.
Unexpectedly however, not all Pro-rich region mutant tumours have negative z-
scores, instead, mutations in the C-Pro region are associated with increased

levels of BAX for both ASPP1 and ASPP2-mutant tumours (Figure 4.14).

This result is surprising for two reasons. Firstly, ASPP1 Pro-rich region
mutations came exclusively from wild-type-TP53 tumours, whereas ASPP2 Pro-
rich mutations were observed in both wild type-TP53 and mutant-TP53 tumours.
Secondly, it is unclear why somatic mutations linked with increased mRNA levels
of a pro-apoptotic gene such as BAX would be positively selected. Indeed, the
observation of negative selection of co-occurrence of mutations in the Pro-region
of ASPP1, and in TP53 within the same tumour suggests ASPP1 protein with
Pro-rich-region mutations can exhibit enhanced pro-apoptotic activity in mutant-
TP53 tumours. Therefore, why are these ASPP1 and ASPP2 mutations not

selected out?

One possibility is that mutant ASPP1 and ASPP2 with C-Pro mutations
(somatic mutations in the proline-rich region closer to the C-terminus) exhibit both
pro- and anti-tumour effects, of which the pro-tumour effect becomes dominant to
allow positive selection (limited to wt-p53 tumours for ASPP1). In a mutant-p53
tumour, the anti-tumour effect becomes dominant and the mutation is selected
out. To investigate this possibility, we surveyed the relationship between ASPP1,

ASPP2 mutations and mRNA levels of other p53 target genes. Interestingly,
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levels of CDKN1A which encodes the cell cycle inhibitor p21 were reduced in
tumours carrying C-Pro mutations in TP53BP2 and PPP1R13B (Figure 4.14). A
cluster or below-average-p21-level tumours was observed in the C-Pro region of
both genes. This is unexpected as BAX and CDKN1A levels are generally
positively correlated in tumours and indeed in the N-Pro-mutant tumours, both

BAX and CDKN1A levels are below average.
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Figure 4.14 CDKN1A mRNA levels as a function of position of mutant PPP1R13B
(top) and TP53BP2 (bottom) residues with a focus on the Pro-rich region. Blue =z <
0; red = z > 0; left panels show the entire sequence of the proteins; right panels zoomed
in on Pro-rich region. Only mutations indexed by cBio were included on this plot.
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424 ASPP1 and ASPP2 mutations might redirect p53 family transcription
factors to the BAX promoter to inhibit CDKN1A transcription

The observations that ASPP1 C-Pro missense mutations are negatively
selected in mutant-TP53 tumours but positively selected in wild-type-TP53
tumours, and that these C-Pro tumours express above-average levels of BAX yet
below-average levels of CDKN1A, present the interesting possibility that C-Pro
ASPP1/2 mutations are positively selected based on their ability to divert the p53-
family proteins from the CDKNZ1A promoter. If so, the levels of BAX in C-Pro
ASPP mutation tumours would be increased at the expense of transcriptional
activity at the CDKN1A promoter, thus decreasing CDKN1A mRNA levels. The
relationship between CKDN1A and BAX z-scores in Pro-mutant tumours in both
ASPP1 and ASPP2 support this hypothesis (Figures 4.15 and 4.16). There is an
overall differentiation between N-Pro (blue) and C-Pro (green) mutant tumours
with C-Pro mutations clustering in the BAX-positive CDKN1A-negative quadrant.
The levels of BAX are significantly higher in C-Pro vs N-Pro mutant tumours

(Figure 4.16) whereas CDKN1A levels are lower.

1.5

CDKN1A z-score

0.5
o BAX z-score
o
e ,
3 2 ® -1 1 2 3 4
@
-0.5
@
-1
@

213



Chapter 4

CDKN1A z-score

0.5

©

BAX Z-5coTe:
-1.2 -0.7 50.2 03 8

-05

-1.5

Figure 4.15 CDKN1A vs BAX z-scores in PPP1R13B (top) and TP53BP2 (bottom)

Pro-rich-region mutant tumours. Blue points = mutations in more N-terminal Pro-rich
region (600-710 for ASPP1; 650-730 for ASPP2); green points = mutations in more C-
terminal Pro-rich region (710-800 for ASPP1; 731-850 for ASPP2).
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Figure 4.16 BAX and CDKN1A mRNA z-scores in PPP1R13B-mutant (left) and
TP53BP2-mutant (right) tumours, focused on Pro-rich region mutants. Blue =
proline rich segment closer to the N-terminus (N-Pro); green = Pro-rich segment closer to
the C-terminus (C-Pro). Student’s two-tailed t-test; ** p < 0.01.

An outstanding question is why do both N-Pro and C-Pro mutations in
ASPP1 occur exclusively in wild type p53 tumours whereas C-Pro mutations in

ASPP2 are associated with mutant p53? ASPP1 and ASPP2 both enhance p53-,
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p63- and p73-dependent transcription of BAX. However, ASPP2 is able to amplify
p53-dependent BAX transcription to significantly higher fold increases than ASPP1
(Figure 4.17) (107). The effect of ASPP1 and ASPP2 on p63- and p73-dependent
BAX transcription is equivalent within the margin of error. This suggests that there
Is stronger negative selection against ASPP2 C-Pro mutations in wild type-p53
tumours because the resulting BAX levels would be higher than in ASPP1 C-Pro
tumours. This is consistent with the fact that ASPP1 C-Pro mutant tumours show a
more dramatic increase in BAX with a mean z-score of approx. 1 compared with
0.3 for ASPP2 C-Pro mutant tumours (Figure 4.16), suggesting the presence of
wild type p53 in ASPP1 C-Pro mutant tumours results in a higher magnitude of
BAX transactivation. Therefore, the net balance between an unfavourable BAX
increase versus favourable p21 decrease is overall tumorigenic in wild-type p53
tumours with ASPP1 C-Pro mutations, whereas likely to be overall anti-
tumorigenic in wild-type p53 tumours with ASPP2 C-Pro mutations that are able to

activate p53-BAX more robustly (Figure 4.17).
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Figure 4.17 ASPP1 and ASPP2 enhance p53-family-dependent transcription of pro-
apoptotic target genes. Reproduced from Bergamaschi et al (107) with permission.
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Altogether, the results suggest that ASPP1 and ASPP2’s ability to
selectively recruit the p53-family proteins to pro-apoptotic promoters is hijacked
by somatic mutations in order to maintain low levels of the cell cycle inhibitor p21

(C-Pro mutants), or inhibited in order to lower the levels of BAX (N-Pro mutants).

4.2.5 Pro-rich region is the top PTM regulatory domain in ASPP1

The observation of selection for missense mutations at the Pro-rich region
in both ASPP1 and ASPP2 argues for an important role of this domain in
regulating ASPP activity. An important way of regulating protein activity are post-
translational modifications (PTMs). We asked whether the Pro-rich region played
a role in regulating ASPP function by post-translational modifications. PTM data
were retrieved from Phosphosite and the density of post-translationally modified

sites plotted as a function of ASPP1 sequence (Figure 4.18).
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Figure 4.18 Density of distinct post-translational modification sites in ASPP1,
ASPP2 and iASPP (top, middle, and bottom, respectively).

The pattern of PTM site distribution among the 3 ASPPs offers an

explanation as to the enrichment of candidate driver mutations around and within
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the Pro-rich region of ASPP1.: this region is the most widely used PTM regulatory
domain in the ASPP1 sequence, in contrast to ASPP2 and iIASPP that show a
broader distribution of PTM sites and a heavily N-terminus-skewed distribution,
respectively. These results suggest the Pro-rich region is the dominant regulatory
domain of ASPP1 and therefore is preferentially targeted by oncogenic missense

mutations to modulate, rather than completely inactivate, ASPP1’s function.

The distribution of PTM sites across the Pro-rich region is uneven. In
ASPP1 and ASPP2, the N-Pro segment and the preceding less conserved
sequence have significantly more PTM sites than the more C-terminal side (C-
Pro). Moreover, some of these C-Pro phosphorylation sites are conserved
between human and mouse, and widely phosphorylated across multiple tissues,

such as ASPP2 S737.
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Figure 4.19 Alignment of Pro-rich region in ASPP family genes and the associated
missense cancer mutations. Horizontal lines separate TP53BP2 mutations (inside line)
and PPP1R13B mutations (outside line). Green points indicate mutations in wild-type
TP53 tumours; red lines mark mutations in mutant-TP53 tumours. Blue region marks the
peptide interacting with Ank-SH3 domain in ASPP2: less transparent blue marks a
stronger interaction, more transparent a weaker interaction. Yellow circles mark top 3
phosphorylation sites detected within the region in each protein, in human or mouse
samples. The circles indicate the most frequently observed phosphosites in each protein,
not an absolute frequency of phosphorylation.
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Rotem et al. showed that the Pro-rich region of ASPP2 contains peptides
which bind the C-terminus (Ank-SH3 domain) (253). 5 different peptides were able
to bind the C-terminus, falling into 2 groups: 1) residues between 693-752 and 2)
residues 893-912 (Figure 4.19). The strongest signal came from a peptide
spanning residues 693-712. In turn, the Ank-SH3 peptides which interacted with
the Pro region spanned residues 931-960 and 1083-1096. Interestingly, missense
mutations in all of these regions, both in the Pro and Ank-SH3 regions, are
uniformly associated with decreased tumour BAX levels (Figure 4.20). This
suggests tumour missense mutations hijack ASPP2’s autoregulatory interaction to
decrease BAX transcription by inhibiting ASPP2’s ability to enhance promoter

activity of p53-family TFs.

Peptides shown to interact with the Ank-SH3 domain of ASPP2 end at
L752. Interestingly, the most N-terminal Pro-rich region residue whose mutation is
associated with increased BAX levels (C-Pro domain) is Y766. Therefore, the
boundary between N-Pro and C-Pro based on the mutants’ effects on BAX levels
coincides with the boundary between the Ank-SH3-interacting domain (N-Pro) and
the domain that does not interact (C-Pro) (Figure 4.19). This suggests ASPP2 N-
Pro mutations modulate the directly interacting residues of N-Pro with Ank-SH3,

whereas C-Pro mutations influence this binding indirectly.

219



Chapter 4

TP53BP2 missense muts: BAX z<0(blue) vs z>0

[o0]
o
% -
o
2
= |
&
o 3 {
S -
o
b=t \
o \
2
o T T T T T T
0 200 400 600 800 1000
693-752 1083-1096
893-920

Figure 4.20 Cancer mutations of residues involved in self-binding are associated
with decreased BAX levels in human tumours. Sequence regions involves in self-
interaction in ASPP2 are marked and shaded in blue.

4.2.6 C-terminal mutations in PPP1R13L disrupt iASPP’s autoregulatory
interactions

IASPP is an inhibitor of p53 and contains autoregulatory sequences which
are dysregulated by CDK1 phosphorylation in melanoma (257). Therefore we
asked whether this autoregulatory mechanism might also be disrupted by
missense mutations in cancer. The domain distribution of missense mutations
does not show a clear domain-specific interaction with p53 status, however
multiple regions are mutated more frequently in wild-type p53 tumours than in p53-
mutant tumours (Figure 4.21). These regions include residues 80-120, 440-480,
600-640 and 760-818. Interestingly, regions 80-120 and 600-640 contain an
identical peptide sequence, SPRKA, that binds the Ank-SH3 domain in the C-
terminus and residues 760-818 are involved in this interaction (Figure 4.21).

Moreover, multiple residues in these regions have been mutated recurrently in
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human cancer: R86 (2 counts); G92 (3 counts); H107 (2 counts); S120 (2 counts);
A623 (4 counts); G761 (2 counts); R812 (4 counts).
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Figure 4.21 iASPP residues preferentially mutated in wild type-p53 tumours are
involved in autoregulatory interaction. (a) Distribution of missense mutations in human
wild type-p53 (green) vs mutant-p53 (red) tumours; position of the Ank-SH3-interacting
peptides shown; (c) IASPP peptide binding Ank-SH3 domain in the C-terminus;
reproduced from Robinson et al (224) with permission. Residues marked with red circles
are mutated in cancer; dots mark the number of times each residue has been mutated,;
yellow-filled mutations are mutations in the N-terminal SPRKA region; red-filled mutations
mark direct mutations in the residues depicted in the crystal structure.

To investigate the effect of the C-terminal mutation on the interaction with
IASPP’s N-terminus, we recombinantly expressed C-terminal IASPP fragments
and tested their binding to an N-terminal IASPP fragment. Strikingly, each C-
terminal mutant showed decreased binding to the wild type-N-terminal fragment of
IASPP (Figure 4.22). We also observed that most of the mutant residues cluster
around the cleft between the ankyrin repeats and the SH3 domain, a site involved

in the interaction with the Pro-rich region, with no mutations targeting residues on
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the opposite face (Figure 4.22). Taken together, the data show missense IASPP
mutations enriched in wild type-p53 tumours disrupt iIASPP’s autoregulatory
interaction. The probable function of these mutations is to increase iIASPP’s
inhibition of p53 by making the C-terminus available for binding, which is known to
occur in wild type IASPP in melanoma by excessive CDK1 phosphorylation of the

N-terminus.
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Figure 4.22 iASPP mutations in the C-terminus disrupt interaction with the N-
terminus. (a) Immunoprecipitation of recombinantly expressed C-terminal iIASPP mutants
with N-terminal wild type iASPP fragment (N-GST) and PP1 (middle lane); bottom lane =
loading control for C-terminal iIASPP. (b) location of C-terminal mutants within the tertiary
structure.

The mutation of distinct Pro-rich regions in iASPP, including the SPRKA
motifs, alongside the domain conserved between all ASPPs, points to a differential

regulation of IASPP function. While most PTM sites in ASPP1 are concentrated in
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and prior to the Pro-rich region, in IASPP the majority of sites are located in the N-
terminal Pro-rich sequence unique to IASPP (Figure 4.18). Therefore, the
distribution of driver missense mutations in iIASPP reflects the usage of distinct
regulatory sequences which are not shared by ASPP1 and ASPP2. However,
despite differences in usage of specific domains, the basic paradigm of an
autoregulatory intrinsically disordered domain modulating the protein-protein
interactions of the ordered C-terminus by self-binding or dimerisation is shared
between all 3 ASPPs, and based on the data presented in this chapter, is also

targeted by missense mutations in cancer in all 3 ASPP genes.

Discussion

The data presented in section 4.2 demonstrate that ASPP’s control of
p53/p63/p73 activity is not only observed in vitro, but that this interaction shapes
cancer genomes in sporadic human tumours. Specifically, we identified a genetic
interaction between mutations in the Pro-rich regions of ASPP1, ASPP2 and
IASPP with mutations in TP53 and showed that these missense mutations act by
perturbing the autoregulatory interaction between Pro-rich regions and the Ank-
SH3 C-terminal domain, to modulate p53/p63/p73-dependent transcription at the
pro-apoptotic versus cell cycle inhibitor gene promoters. These mutations seem to
be mini-drivers, with evidence of positive selection in cancer but unlikely to have
cell-transforming abilities in isolation. Although the absolute number of mutations
detected that are likely to act by this mechanism is low, this is only a subset of the
ASPP Pro-rich mutations observed in human tumours, limited by the number of

tumour samples for which both exome sequencing and RNA sequencing data
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were available. Thus, the total number of mutations of this class is higher than the
number of dots plotted in Figure 4.15 (see Appendix Tables S4-S6 for all

manually curated mutations).

Importantly, this methodology can be generalised to discover other mini-
driver mutations. The code used to analyse genetic interactions between domain-
specific missense mutations in different genes, as well as code used for mutations
versus mRNA level analysis, take advantage of public APIs and can be applied to
any pair of genes with non-zero mutation rate in cancer. As proof of principle, we
queried the interaction between TP53BP2 and KRAS mutations, which revealed a
significant bias for TP53BP2 mutations in the ubiquitin-like domain and N-Pro
region of ASPP2 (Figure 4.23). This figure was obtained using cBioPortal public
API data, demonstrating the sufficient power of the current database release
(v1.2.4) to detect low-frequency mutation interactions. This figure provides further
insight into the mechanism of action of N-Pro missense mutations in ASPP2.
Oncogenic Ras has been shown to cooperate with ASPP2 to promote p53-
dependent transcription of pro-apoptotic genes (247). S698A mutation targeting a
key conserved residue in the N-Pro region of ASPP2 enhances the efficiency of
this process (255). Therefore, N-Pro mutations in wild type-p53 and mutant-KRAS
tumours are likely to limit p53’s pro-apoptotic activity by dysregulating the N-Pro
region of ASPP2, perhaps by strengthening the autoregulatory interaction of N-Pro
with Ank-SH3, thereby increasing the relative abundance of the closed form of

ASPP2 and preventing it from binding p53.

Application of similar methodology will aid in the discovery and functional

annotation of rare driver and mini-driver mutations in human cancer.
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Figure 4.23 Missense TP53BP2 mutations in wild type- (green) versus
mutant-KRAS (red) tumours.
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Materials and Methods

The results presented in this chapter are in part based upon data generated by the

TCGA Research Network: http://cancergenome.nih.gov/.

Mining somatic mutations in cancer

For manual curation of somatic mutations in ASPP genes, data were
aggregated from COSMIC, cBioPortal, ICGC Data Portal and NCI Genomic Data
Commons (GDC). The database versions used for final thesis figures were
COSMIC v78; cBioPortal v1.2.4; ICGC r22 and GDC data release 2.0. Mutation
data were parsed to synchronise classification with respect to mutation class,
reference transcript, patient identifier, tissue source (primary tumour, metastasis,
cell line etc), number of nonsynonymous mutations in sequenced sample, date
mutation added and version of source database. Subsequently, duplicate
mutations were deleted: double-indexed mutations, mutations from multiple
biopsies of the same patient, mutations from different version of the same cell line
etc. To control for contamination with legacy mutations that were have been
removed from public databases, analyses were performed with all mutations and

repeated with a set of mutations currently indexed by the source databases.

Copy number variants

Sample-level copy number data were retrieved from cBioPortal. The origin

of TCGA data in cBioPortal is the Broad Firehose (https://gdac.broadinstitute.org/).
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Mouse transposon screens

Data on mouse cancer transposon screens (insertional mutagenesis
experiments) were mined from the Candidate Cancer Gene Database (http://ccgd-

starrlab.oit.umn.edu/about.php) (380).

MRNA levels in tumour vs normal tissue

Sample-level TCGA data on mRNA levels derived from RNAseq were

retrieved from the Firebrowse API (http://firebrowse.org/api-docs/) using scripts in

the R programming language (352). Log2-transformed gene expression values
were used to compare the normal vs tumour samples using a two-tailed Student’s
t-test. Multiple hypothesis correction was carried out by multiplying the raw p-value
by the number of cancer studies tested. The R script is available in the Appendix
and was tested in R version 3.3.1. Published microarray studies on tumour vs
normal mMRNA expression were retrieved from Oncomine

(https://www.oncomine.org/) using the online graphical user interface (381). P

values and fold changes reported by Oncomine were adopted.

SgRNA screen data

Gene-level data from the ACHILLES CRISPR screen were retrieved from

the ACHILLES Data Portal (https://portals.broadinstitute.org/achilles). Following

gene search in the Achilles v3.3.8 dataset, file entitled ‘sgRNA level scores for
[genename] was downloaded. R programming language was used to plot density

of the sgRNA level scores.
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Chemosensitivity cell line data

Data on mRNA level correlations with drug sensitivity across cancer cell
lines was retrieved from Rees et al (379). Data not included in the Supplementary
information was mined through the Cancer Therapeutics Response Portal

(http://portals.broadinstitute.org/ctrp/) or through the Cancer Target Discovery and

Development (CTD2) Data Portal (https://ctd2.nci.nih.gov/dataPortal/). GraphPad

Prism was used to produce some figures.

Genetic interaction between somatic mutations

Sample-level mutation data for a specific gene were retrieved from cBio

using the R package CGDSR (https://cran.r-

project.org/web/packages/cgdsr/index.html). The mutations were de-duplicated

prior to plotting. The associated R script is available in the Appendix.

MRNA levels in mutation-carrying tumours

Sample-level mMRNA z-scores were retrieved from cBio using the CGDSR
package (see above). The density plots were produced using core function in R

v3.3.1. The associated R script is given in the Appendix.

Post-translational modifications
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PTM data were retrieved from PhosphoSite (http://www.phosphosite.org/)

(382). The density plots were produced using core functions in R.

Cloning and protein expression

Site-directed mutagenesis was performed as described in Chapter 2. To
recombinantly express C-terminal iIASPP-His fragment protein (wild type and
mutants), bacteria were transformed with the expression plasmid, incubated at
37°C for 16h, then protein expression induced with IPTG and the cultures
incubated at ambient temperature at 250 rpm for 16 h. Resulting cultures were
spun, supernatant discarded and the cell pellet sonicated on ice for 10-15 min until
homogeneous. N-terminal IASPP-GST fusion protein was expressed following the

same protocol.

Crystal structure visualisation

Mutated IASPP residues were visualised using Molsoft ICM Browser

(Molsoft; San Diego, CA).
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CHAPTER 5: OVERCOMING T-CELL EXHAUSTION BY
SELECTIVE EXPANSION OF FOLLICULAR CYTOTOXIC T
CELLS
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RESULTS AND DISCUSSION

5.1 Exhausted effector phenotype of virus-specific CD8+ T cells in

chronic LCMV infection
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Figure 5.1 Sample similarity matrix for P14 cells based on gene expression
Hierarchical clustering follows similarity coefficients based on rld-transformed counts
using DESeq2 package.

The signalling circuitry underlying dysfunctional T cell responses is still
incompletely understood. Wherry et al. described the transcriptional profile of
virus-specific CD8+ and CD4+ T cells in chronic LCMV infection (383, 384).
However, these studies used microarrays as a means to determine gene
expression levels, limiting the detection of certain genes. Moreover, tetramer
reagent was used to isolate endogenous virus-specific T cells which might lead to

minor contamination because tetramer staining often shows limited separation of
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positive from negative cell populations. In order to gain a deeper understanding of
the transcriptome of T cells specific for the immunodominant epitope, we used
CD8+ T cells with a transgenic TCR specific for the gp33 epitope, which gives rise
to the most abundant pool of LCMV-specific CD8+ T cells in B6 mice. A mouse
line with a transgenic TCR specific gp33 was used as a source of antigen-specific
CD8+ T cells (385). These mice, known as P14, were crossed with Thyl.1+ mice
to allow for the specific identification and sorting of P14* Thy1.1* cells following
adoptive transfer, as wild type C57BL/6 mice lack Thyl.1. Thyl.1+ P14 cells can
be readily identified by flow cytometry and show a large separation from Thy1.1-

populations, minimising contamination with other cell types.

To obtain 4 sample groups of P14 cells in uninfected, acutely infected (Arm
8 d. p. i.) and chronically infected (cl13 15 and 30 d. p. i.), wild type C57BL/6 mice
were injected with 2,000 P14 Thy1.1+ cells and infected with vehicle, LCMV
Armstrong or clone 13 the following day. At day 8 post infection for Armstrong and
days 15 and 30 for clone 13, splenocytes were harvested, stimulated with gp33
peptide for 2 h, and then subjected to total T cell isolation and cell sorting to
isolate P14 Thyl.1+ cells. RNA was isolated from these cells and duplicated from
each sample group were subjected to next-generation sequencing. The sample
groups were abbreviated P14 naive (uninfected mice), P14_Arm_d8 (mice
infected with Armstrong, 8 d. p. i.), P14 cl13 d15 and P14 cl13_d30 (mice

infected with clone 13, 15 and 30 d. p. i., respectively).

Transcriptomes of all 8 samples were first compared for similarity using
DESeq2. Replicates of three of the four sample groups clustered together but
replicates for P14 _Arm_d8 clustered independently of each other, suggesting a

biological difference in the course of infection (Figure 5.1). One likely source of

232



Chapter 5

this variability is incomplete T cell priming by LCMV Armstrong in some
individuals. Therefore, additional replicates will be required to increase the
robustness of this study and work is in progress to expand the sample number for

both groups.

Differential expression analysis of P14 in chronic vs acute infection showed
extensive overlap with the earlier study by Wherry et al. (Figure 5.2) (383). Pdcdl,
which encodes the inhibitory receptor PD1, was the most prominently upregulated
gene on P14 cells at d30 of chronic cl13 infection (Figure 5.2), along with
inhibitory receptors Lag3 and Havcr2 (Tim3), but also chemokines Ccl3, Ccl4,
Ccl9; and the cytokine Ifng. These data are consistent with the notion that
exhausted CD8+ T cells first undergo priming and effector differentiation before
losing cytokine production and upregulating very high levels of inhibitory receptors,

hallmarks of the T cell exhaustion state.
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Figure 5.2 Differential expression analysis of P14 cells in mice infected with cl13 for
30 days vs uninfected mice. Left: heatmap of top differentially expressed genes by
variance; right: log2fold change vs mean expression level for all non-zero expressed
genes; significantly expressed genes marked in red.

5.2 Reduced absolute and relative numbers of terminally differentiated
effector CD8+ T cells in chronically infected mice

To determine the phenotypic composition of the splenic CD8+ cell
population in chronic vs acute infection, CD8+ cells from uninfected mice, mice
infected with LCMV Arm for 8 days, and mice infected with LCMV cl13 for 30 days
were sorted, stimulated with peptide of the 3 major immunodominant MHC class |

epitopes (gp33, gp276 and np396), and their RNA isolated and sequenced. We
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used deep sequencing (ca. 60 million reads per sample) to detect both major and

minor populations of CD8+ cells.

As expected, the spleens of acutely infected mice contained significantly
higher numbers of cells including CD8+ cells than uninfected or chronically
infected spleens. RNA sequencing revealed that effector-associated genes
dominated the transcriptional landscape of CD8+ cells in acute infection, with
interferon gamma (Ifng) being the second most highly expressed gene by absolute
level (the first one being Eeflal). High levels of chemokines and effector
molecules such as Gzma and Gzmb were also observed, consistent with an
activated effector phenotype dominating the CD8+ population during acute

infection.

Table 5.1 Sequencing reads obtained and mapping efficiency for total CD8+ cell
samples (sequenced using paired-end 2x150 bp reads).

Sample No. of reads % mapped uniquely
(mm10)
N1 57,282,531 86,68
N2 56,760,138 87.51
Arml 64,322,597 89.79
Arm2 63,714,021 89.81
Cl13-1 71,119,014 89.83
Cl13-2 63,096,875 83.75
Mean 62,715,863 88.14

Similar to the antigen-specific P14 cells during chronic infection, differential
expression analysis of CD8+ cells in chronically infected vs uninfected mice
identified Pdcdl, as the most significantly upregulated gene in chronic infection
(adjusted p<10-2%9), This is consistent with the fact that although PD1 levels
increase upon T cell activation, very high sustained levels of PD1 are a hallmark of

T cell exhaustion (Figure 5.3). Other upregulated genes include interferon-
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induced GTPases ligpl, Gbp2b, Gbp2, Gbp3, Igtp, ligpl and others, which are
known to dominate the transcriptome of cells stimulated with interferon gamma;
chemokines Cxcl10, Ccl4; effector molecules Gzma, Gzmb, Gzmk; inhibitory
receptor Tigit; inhibitory ligand Cd274 (encodes PD-L1); enzyme Odcl (ornithine
decarboxylase, a gene associated with cell transformation); pro-apoptotic genes
Bcl2l11, Fasl and transcription factors Ar, Plagll, Irf4, Zhx2 and Zebl. These
results show that CD8+ cells in chronically infected mice contain effector-
differentiated T cells but that those cells express inhibitory receptors and pro-

apoptotic genes, indicative of T cell exhaustion.
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Figure 5.3 Pdcd1l mRNA levels across CD8+ total, virus-specific and CD8+ CD44low
cells in uninfected, acutely infected and chronically infected mice.

To compare the CD8+ cell compartments between chronically and acutely
infected mice, we calculated differential gene expression between cl13 d30 and
Arm d8 samples. Surprisingly, Pdcd1 was not differentially expressed between

these two groups (Figure 5.3). Given that virus-specific exhausted CD8+ T cells
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express very high levels of Pdcd1l, this result suggests the relative concentration
of effector CD8+ T cells in the chronically infected spleen is significantly reduced
compared with the acutely infected mice. Indeed, the second most significantly
upregulated gene in chronically vs acutely infected mouse-derived CD8+ cells was
Sell, encoding L-selectin, a marker of naive and memory CD8+ T cells. Therefore,
chronically infected mice not only possess reduced numbers of splenocytes
compared to acutely infected and uninfected mice, but they also show a lower
percentage of effector-differentiated CD8+ T cells within the splenic CD8+

compartment.

Significantly downregulated genes in chronic vs acute infection include
chemokines Ccll, Ccl4; effector molecules Gzma, Gzmb, Gzmc; cytokines Ifng,
[12; regulators of T-cell activation Cd44, Cd5, Cd80, Cd52, Ctla4. This is consistent
with a decrease in the percentage of effector CD8+ T cells in chronic infection and

the onset of exhaustion.

5.3 Distinct transcriptional response to IFN-y in effector vs naive CD8+ T
cells

The observed increase in interferon-induced GTPases in chronic infection
despite the lower levels of Ifng presents a potential paradox. In mice, cell-
autonomous defence GTPases of the GBP and IRG subfamilies dominate the
transcriptional response to IFN-y, accounting for over 30% of the genes induced
by IFN-y in mouse primary cells (386). IFN-y response is mediated by the IFNGR
receptors 1 and 2, encoded by Ifngrl and Ifngr2 in mice. Whereas most
mammalian cell lineages express these receptors, effector-differentiated CD8+ T

cells lack Ifngr2 transcripts (Figure 5.4). This suggests IFN-y cannot signal
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through the canonical heterodimer of IFNGR1 and IFNGR2 which is classically
required for response to IFN-y (387). IFNGR2, sometimes called IFNGR-B, is also
absent in Tul-polarised CD4+ T cells which are insensitive to the anti-proliferative
effect of IFN-y on Tu2-polarised CD4+ T cells (388). Therefore, the lack of robust
transcription of IFN-y-induced GTPases in effector and exhausted CD8+ T cells
might reflect the low-to-no levels of IFNGR2 in these cells. In contrast, naive
CD8+ T cells express Ifngrl and Ifngr2 and upregulated IFN-y-induced GTPases
upon viral infection. Given that spleens in chronically infected mice contain a
higher percentage of naive CD8+ T cells than spleens of acutely infected mice,
the observed IFN-y target gene transcripts might originate from the naive CD8+ T
cells exposed to IFN-y which is being secreted by the remaining population of
incompletely exhausted effector T cells. Alternatively, the observation of these
interferon stimulated genes might reflect a shift in STAT signalling in the process
of T cell exhaustion. In CD4+ T cells, absence of transcription factor T-bet causes
an aberrant overlap between genes induced by type | IFN and IFN-y (389).
Indeed, GTPase genes including Gbp2 and ligpl can also be induced by IFN-3
and mRNA levels of T-bet were reduced in cl13-infected versus Arm-infected mice
(Figure 5.4). It is possible that the lack of a repressor such as T-bet in exhausted
CD8+ T cells leads to the expression of type | IFN targets through activation of

IFNGR.
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Figure 5.4 Lack of Ifngr2 mRNA expression in antigen-experienced CD8+ T cells
and reduced expression of Tbx21 in CD8+ T cells from chronically infected mice.

5.4 Non-coding transcription at the immunoglobulin locus in a subtype of
CD8+ cells enriched in chronic infection

Following the transcriptomic characterisation of LCMV gp33-specific (P14)
and total CD8+ T cells in uninfected, acutely infected and chronically infected
mice, we asked how the transcriptional landscape of naive CD44'°% CD8+ T cells
differed between chronic and acute infection. Sample clustering produced 4
distinct clusters with all CD8+ CD44'%" cells forming one cluster, infected CD8+
total samples forming another cluster, all but one P14 sample from infected mice
forming a third cluster, and naive P14 with P14 Arm_d8_2 forming a small cluster
between the other P14 samples and CD8+ total samples. This is consistent with
the fact that CD8+ total samples contain both CD8+ CD44'°" cells and effector

cells which are almost invariably CD44-high.
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Figure 5.5 Transcriptomes of CD44low cells, P14 cells and CD8total samples cluster
by group (CD8tot naive not shown). Sample distance matrix computed from gene
counts in DESeq2.

Hierarchical clustering of samples based on the 50 top-variance genes
surprisingly revealed a cluster of immunoglobulin genes as those that differentiate
CD8+ total cells in chronically infected mice (cl13 d30) from P14 cells and CD8+
CD44'¥ cells regardless of infection status (Figure 5.6). These immunoglobulin
genes feature both constant and variable fragments of the heavy chain with some

minor contribution from the kappa light chain.
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It is known that sterile transcription from non-coding loci can occur within
the immunoglobulin cluster in mice but this is thought to be limited to B cells prior
to undergoing recombination in the bone marrow (390, 391). Mature B cells carry
recombined Ig loci and express protein-coding antibody genes. Therefore, one
way to rule out B-cell contamination as the source of these transcripts is to
determine the presence of sterile transcripts including transcription from intergenic

regions that are removed in the process of recombination.
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Figure 5.7 Presence of sterile heavy chain immunoglobulin transcripts in CD8+
splenocytes. Top: mapped reads in naive (top track) and cl13_d30 CD8+ cells; view of
the constant mu exons, constant delta exons, J segments and several D segments.
Bottom: close-up view of the J segments and the surrounding non-coding regions. The
region distal to the J1 segment is lost during somatic recombination in B cells.

Examining mapped reads surrounding the J segments of the heavy chain
locus revealed extensive transcription in the distal region prior to the J1 segment.
This non-coding region is lost during D to J recombination in B cell development
which occurs on both alleles. Therefore, splenic B cells cannot express transcripts
originating in this region and the observed reads serve as a marker of sterile
transcription on un-recombined heavy chain immunoglobulin locus. Whether
transcripts originating from recombined Igh loci exist in CD8+ T cells remains to be
determined and will require more stringent negative controls as protein-coding Igh
transcripts can originate from splenic B cells. These results demonstrate that
CD8+ splenic cells exhibit sterile transcription at the heavy chain locus and the
relative abundance of these reads within the CD8+ pool increases in chronic
infection. Whether the observed sterile transcription of immunoglobulin intron

sequence plays a functional role in T cells remains to be determined.

5.5 Follicular cytotoxic T cells (Trc) selectively expand following IFNAR
blockade

In conjunction with the presence of sterile immunoglobulin transcripts, we
observed an upregulation of genes traditionally associated with follicular helper
CDA4+ T cells (TrH) and germinal centre responses such as Bcl6 and Zeb1 (Figure

5.8). Interestingly, a novel subtype of CD8+ T cells characterised by the
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expression of Tru-associated markers Tcf7, Cxcr5 and Bcl6 has recently been
discovered and named follicular cytotoxic T cells (Trc) (214, 392, 393).
Examination of our data revealed that genes which distinguish the CXCR5* Trc
population from CXCR5" CD8+ T cells are all upregulated in CD8+ T cells in
chronically infected mice when compared to acutely infected mice (Figure 5.8).
This suggests chronic LCMV infection is associated with an increase in the relative

number of Trc within the CD8+ compartment.
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Figure 5.8 Upregulation of Tec-associated genes in CD8+ T cells from chronically
infected mice.

Given that antibody-mediated IFNAR blockade significantly accelerates
clearance of LCMV clone 13 and is associated with increased germinal centre
responses (394, 395), we wondered how Trc are affected by IFNAR blockade.
Wild type mice were treated with anti-IFNAR1 antibody or isotype control, followed
by clone 13 infection and adoptive transfer of 2,000 virus-specific Thyl.1* P14
cells. At day 10 post infection, Thyl.1+ P14 cells were sorted, and their RNA
subjected to RNA-sequencing. In a principal component analysis the top two

principal components separated naive, isotype-treated and anti-IFNARL1 treated

244



Chapter 5

cells into distinct clusters (Figure 5.9A). Interestingly, the variance separating
naive P14s from the two infected groups largely followed principal component 1
(PC1), a component orthogonal to the bulk of variance separating isotype and
anti-IFNAR1-treated cells (parallel to PC2). Consistently, marker genes of T cell
activation such as Cd44 were comparably expressed in the infected P14 groups
compared to naive (Figure 5.10). This suggests P14 cells were activated in both
anti-IFNAR1 and vehicle treated mice but developed distinct gene expression

patterns.
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Figure 5.9 Blockade of IFNAR significantly perturbs the transcriptome of virus-
specific CD8+ T cells toward the Trc phenotype. P14 cells were transferred into
isotype or alFNARL1 treated mice, followed by LCMV CL-13 infection the next day. P14
cells were then sorted at day 10 post infection and subjected to RNA-seq analysis. (A)
Principal components analysis of naive, isotype-treated, or alFNAR1-treated P14 cells
separates P14 cells by treatment group. (B) Relative gene expression of top 25 genes
with the highest variance between isotype- or alFNAR1-treated P14 cells. (C) Volcano
plot showing statistical significance (p value) versus fold increase of gene expression
comparing alFNAR1-treated P14 cells to isotype-treated control. Left half: downregulated
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with alFNAR1 treatment; Right half: upregulated with alFNAR1 treatment. Genes with
important function in T cells were highlighted. (D) Heat map of differentially expressed
genes with key functions in CD8 T cells separated by functional class. (E) Normalized
counts of Cxcrb, Tcf7, 1d3, and Havcr2 in P14 cells from uninfected, and LCMV CI-13
infected plus isotype control- or alFNAR1-treated groups. (F) Gene set enrichment
analysis demonstrating a significant enrichment of Tec gene signature within P14 of the
alFNAR1-treated group but not the isotype-treated controls. Tec gene set was constructed
from publicly available dataset (GSE84105) by taking top 100 genes most significantly
upregulated in CXCR5* Tim3- CD8+ cells versus CXCR5 Tim3* CD8+ T cells. Statistical
significance was determined using DESeq2 and GSEA (see Materials and Methods).
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Figure 5.10 Increased Tgc transcriptional signature in P14 cells from alFNAR1-
treated mice. (A) Normalized gene count of Cd44 in P14 cells from uninfected, LCMV-
infected isotype-treated and LCMV-infected alFNAR1-treated mice. (B) Heatmap of genes
with important functions in T cells in alFNAR1 versus isotype control-treated mice infected

with LCMV CI-13. Gene panel was adapted from Im et al. (214).
Differential expression analysis of P14s in anti-IFNAR1 versus isotype
control-treated mice revealed 3565 differentially expressed genes (FDR<0.05).

P14 cells in anti-IFNAR1 treated mice expressed increased relative levels of

surface markers Sell, Fas and 1I7r, molecules associated with naive and memory
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CD8+ T cells, while expressing lower levels of effector molecules such as Ccl3,
Ccl4, Ccl5 and Gzmb (Figure 5.9C,D). Strikingly, previously identified Trc marker
genes Cxcr5, Tcf7 and 1d3 were among the 15 most significantly upregulated
genes in P14 cells from anti-IFNAR treated versus isotype-treated mice (Figure

5.9C-E).

Quantifying the effect of anti-IFNAR1 versus isotype control treatment on
the Trc expression signature, the top 100 genes most significantly upregulated in
virus-specific CXCR5* Tim3- cells compared to CXCR5" Tim3* cells were
significantly enriched in the anti-IFNAR1 treated group (Figure 5.9F). Leong et al.
recently reported the transcriptomes of CXCR5* and CXCR5" P14 cells from mice
infected with the Docile clone of LCMV (396). Remapping the raw data together
with our P14 RNA-seq data using a common pipeline and subsequent principal
component analysis revealed that the majority of transcriptional variance
separating CXCR5* from CXCR5 P14 cells is identical to the variance separating
anti-IFNAR1 from isotype control-treated mice-derived P14 cells (Figure 5.9G).
FACS experiments confirmed that Trc are indeed significantly expanded during
cl13 infection following IFNAR1 blockade (Huang, Zak and Pratumchai et al.,
manuscript in preparation). Taken together, these data show that Trc cells share a
characteristic transcriptome signature that can be readily identified across
independent studies, and that IFNAR1 blockade during LCMV infection
significantly increases the relative number of Trc cells within the virus-specific

CD8+ pool.
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5.6 Unexpected upregulation of type | Interferon-stimulated genes in P14
cells following IFNAR1 blockade

Type | interferon is known to induce a gene expression programme relying
on the STAT and IRF family transcription factors (397, 398). Intriguingly, we
observed a significant upregulation of type | interferon stimulated genes (ISGs) in
mice treated with anti-IFNAR1 compared with the isotype-treated controls (Figure
5.11). Gene set enrichment analysis demonstrated a strong upregulation of the
Gene Ontology set Response to Type | Interferon after anti-IFNAR1 blockade
versus isotype controls whereas no enrichment of this set was observed in genes
upregulated in isotype controls versus anti-IFNARL1 treated mice (Figure 5.11A).
This is unlikely to be caused by resurgence of IFNAR activity following antibody
treatment because virus-specific CD4+ T cells expressed significantly lower levels
of ISGs in anti-IFNARL1 treated mice compared to controls as expected (Figure

5.12).

IFNAR is not the only receptor able to activate the JAK-STAT pathway;
cytokine receptors can also signal through JAK-STAT (399). Therefore, it is
possible that alternative signals converging on the JAK-STAT axis give rise to the
observed transcription of genes that are also induced by IFNAR activation. For
example, IFN-y receptor (IFNGR) activation induces IFN-B-stimulated genes in
CD4+ T cells in the absence of T-bet (389). We asked whether T-bet deficiency in
the presence of IFN-y might be responsible for the observed ISG expression.
Although levels Thx21, the gene encoding T-bet, were significantly reduced in P14
cells from anti-IFNAR versus isotype-treated mice, the gene is still expressed at
moderate levels (Figure 5.12). Moreover, expression of Ifngrl in P14 cells was

reduced even more significantly than expression of Tbx21 (Figure 5.12).
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Therefore, IFNGR activity is unlikely to be solely responsible for the upregulation

of ISGs following INFAR blockade.

It is possible that the upregulation of type | IFN target genes is partly
caused by the increased ratio of TFC to effector CD8+ T cells. Indeed, we
observed that CXCR5+ TIM3- CD8+ T cells express higher levels of type | IFN
stimulated genes than CXCR5- TIM3+ CD8+ T cells (Figure 5.11C). This effect
was replicated in CXCR5+ vs CXCR5- P14 cells (Figure 5.11D-E). However, the
entire P14 cell compartment is not composed merely of CXCR5+ cells. Moreover,
the mice were treated with anti-IFNAR antibody, suggesting type | IFN signalling
should be attenuated. Therefore, other factors are likely to contribute to the

observed upregulation of type | IFN stimulated genes.
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Figure 5.11. Tec phenotype is associated with increased expression of type 1 IFN
stimulated genes. (A) Significant enrichment of type 1 IFN response genes in P14 cells
from alFNAR1-treated mice versus isotype-treated controls. Analysis was performed
using GSEA. (B) Gene expression heatmap of Gene Ontology ‘Response to type 1
interferon’ gene set in P14 cells from alFNAR1 versus isotype control treated mice. (C)
Fold change of genes in the Gene Ontology ‘Response to type 1 interferon’ gene set in
CXCR5* Tim3  CD8+ versus CXCR5 Tim3* CD8+ T cells (GSE84105) calculated using
GEOZ2R. (D) Gene expression heatmap of Gene Ontology ‘Response to type 1 interferon’
gene set in CXCR5+ versus CXCR5- P14 cells from mice infected with LCMV Docile
(GSE76279). (E) Normalized gene counts of type 1 IFN receptor chains (Ifnarl, Ifnar2)
and example type 1 IFN stimulated genes (lIfitl, Irf7) in CXCR5* P14, CXCR5 P14
(GSE76279) and P14 cells from alFNAR1-treated and isotype control treated mice. Read
counts were normalized using a single pipeline containing both datasets.
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Figure 5.12. Reduced expression of type | IFN stimulated genes in virus-specific
CD4+ T cells during cl13 infection following IFNAR blockade (left). Tbx21 and Ifngrl
levels in P14 cells following IFNAR blockade (right).

5.7 IL-27 induces transcription of canonical type | interferon target genes
via STAT1

Two other cytokines are also known to activate the JAK-STAT pathway: IL-
6 and IL-27. These cytokines bind distinct receptors which however share a
common subunit, gp130 (400). IL-6 levels in serum of cl13-infected mice are

significantly increased by IFNAR1 blockade (394). It is unknown how levels of IL-
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27 are affected by IFNAR1 blockade. We set out to investigate whether IL-6
and/or IL-27 signalling on virus-specific CD8+ T cells after IFNAR blockade might

contribute to the observed upregulation of ISGs.

The distinct transcriptional responses elicited by IL-6 versus IL-27, and their
utilisation of STAT1 versus STAT3, were extensively characterised by Hirahara et
al. (401). Making use of their publicly available RNA-seq data, we compared
genes upregulated by IL-6 and/or IL-27 treatment with genes upregulated in mice
treated with anti-IFNAR versus isotype-treated controls. To ensure uniformity, raw
sequencing reads were remapped and differential expression analysis performed
using a common pipeline for all datasets. 39% of genes induced by both IL-27 and
IL-6 at 6 h post-treatment were also significantly upregulated by anti-IFNAR
versus isotype. These genes included the cytokine I121 and transcription factor
Maf, which are both important for Ten function (402), but overall no Gene Ontology
terms were enriched at a statistically significant level. Strikingly, a strong bias was
observed in the overlap between IL-6-only-induced versus IL-27-only-induced
genes with anti-IFNAR-upregulated genes: 20% of IL-6-only-induced genes at 6 h
post-treatment were also significantly upregulated after anti-IFNAR versus isotype
whereas the overlap was 50% for IL-27-only-induced genes and anti-IFNAR
upregulated genes (p = 4.0x107, Fisher’'s exact two-tailed test) (Figure 5.13). This
bias towards IL-27- versus IL6-induced genes was also observed for genes
upregulated at 24 h after treatment (p = 4.0x10, Fisher’s exact two-tailed test)
(Figure 5.13). Therefore, although genes induced by both IL-6 and IL-27 were
upregulated in anti-IFNAR- versus isotype-treated mice, IL-27-specific target
genes were significantly enriched in the anti-IFNAR-induced transcriptome

compared to IL6-specific targets.
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Figure 5.13. Comparison or the overlap between IL-6 and IL-27-induced genes with
genes upregulated by anti-IFNAR vs isotype treatment. Publicly available data
(GSE65621) were used to obtain genes induced by IL-6 and/or IL-27 compared to
vehicle-treated cells, and compared to differentially expressed genes from anti-IFNAR vs
isotype-treated mice.

Enrichment analysis of genes induced by both IL-27 and anti-IFNAR
treatment showed a highly significant overlap with type | IFN target genes: the top
enriched GO term was ‘cellular response to interferon-beta (Bonferroni-corrected p
= 8.4x1029). The enrichment of these type | IFN target genes remained highly
significant for genes induced at 24 h post-IL-27-treatment (Figure 5.13). In
addition, mRNA levels of the IL-27 receptor subunit WSX1 that is not shared with
the IL-6 receptor and is encoded by the 1127ra gene, were significantly increased

following IFNAR blockade (Figure 5.14). Expression of ll6ra was also increased

but remained at much lower absolute levels than I127ra. The striking overlap
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between IL-27 and type | IFN induced genes stems from their activation of STAT1.
Whereas IL-6 preferentially induces STAT3 phosphorylation, the response to IL-27
is skewed towards STATL, a transcription factor also activated by IFNAR (401).
These results lend credence to the hypothesis that IL-27R activation in the
presence of anti-IFNAR antibody results in the transcription of canonical type I IFN

stimulated genes, offering to resolve the apparent paradox.
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Figure 5.14. mRNA levels of IL-27 and IL-6 receptors are increased following IFNAR
blockade. Normalised counts shown, mean +- s.d. p-values were calculated using
DESeq2 package, differential expression analysis function and adjusted for multiple
hypothesis testing.

5.8 IL-27Ris essential for the selective expansion of Trc following IFNAR
blockade

Having determined IL-27R as a candidate receptor that is over-activated on
P14 cells following IFNAR blockade, we wondered whether this activation had
functional significance during LCMV cl13 infection. Wild-type and IL-27R-deficient

mice (l127ra”) were treated with anti-IFNAR1 antibody or IgG1 isotype control and
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infected with LCMV cl13. At day 9 post infection, virus-specific splenic T cells were
examined using a tetramer stain and FACS. The percentage of CD4+ Tru cells of
total CD4+ T cells increased in a similar manner in both wild type and 1127ra” mice
after anti-IFNAR treatment (Figure 5.15A-C). Consistently with previous studies,
germinal centre B cells also exhibited a relative increase following IFNAR
blockade and this effect was replicated in 1127ra” mice (Figure 5.15D-F).
Remarkably, although the percentage of virus-specific Trc increased in wild type
mice following IFNAR blockade, this increase was completely abolished in 1127ra”-
mice (Figure 5.15G-I). Taken together, these data demonstrate that IL-27R is
required for the selective expansion of virus-specific Trc and this requirement
holds even in the presence of expanded germinal centres and Trx cells.
(Experiments in Section 5.8 were performed in collaboration with Isaraphorn
Pratumchai and Zhe Huang; Huang, Zak and Pratumchai et al., manuscript in

preparation).
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Figure 5.15 l127ra” mice do not exhibit expansion of Tec following IFNAR blockade.
Panels A, D, G show the number of Try, GCB and Tec cells in the spleen; panels B, E, H
show the percentage of Try, GCB and Trc cells of their parent population as specified.
Experiments performed in collaboration with Isaraphorn Pratumchai.
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Discussion

The introduction of checkpoint inhibitors in cancer therapy brought
unprecedented clinical responses. These therapies, including antibodies targeting
PD-1, PD-L1 and CTLA-4, rely in part on the ability to reactivate tumour-specific
CD8+ T cells that had lapsed into the hypofunctional state of T cell exhaustion.
Two factors that still limit checkpoint inhibitor responses are epigenetically-
imprinted durability of T cell exhaustion, and scarcity of tumour-specific T cell
clones which may not have the ability to self-renew (403, 404). The recent
identification of Trc as the cell type responsible for the proliferative burst of CD8+
effector cells following anti-PD-1 treatment (214) opened doors to strategies

towards improving the efficacy of checkpoint inhibitors.

Here we examined the transcriptional landscape of total and virus-specific
CD8+ T cells during the exhaustion-associated phase of persistent viral infection.
Previously identified markers of exhaustion were upregulated on virus-specific P14
cells during chronic verses acute infection. However, we also observed
upregulation of Trc markers such as Bcl6 in total CD8+ T cells, suggesting the
percentage of Trc of total CD8+ T cells increases during persistent versus acute
infection. Treatment with anti-IFNAR1 antibody prior to LCMV cl13 infection
significantly increased the expression of Trc markers in virus-specific P14 cells
and FACS experiments confirmed the selective expansion of both the total number
and percentage of TFC among virus-specific CD8+ T cells. Intriguingly, type | IFN
stimulated genes were also upregulated following IFNAR blockade. We found a
combination of factors as the likely cause: increased Ifnarl, Ifnar2 and type | IFN
target genes on CXCR5+ versus CXCR5- P14 T cells; reduced levels of T-bet

following IFNAR blockade enabling activation of type | IFN targets by IFN-y, and
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induction of STAT1 by IL-27. Given that type | IFN and IL-27 both activate STAT1
and share a significant number of downstream target genes, blockade of IFNAR
likely acts to amplify the magnitude of IL-27 downstream signalling even in the

presence of a stable amount of IL-27 ligand.

Experiments with IL-27R-deficient mice demonstrated the essential role of
IL-27R in the selective expansion of Trc following IFNAR blockade. Wu et al.
previously showed that IFNAR”- P14 cells form a higher percentage of Trc during
LCMV infection (405). Therefore, it is possible that IFNAR blockade leads to
prioritisation of IL-27-dependent STAT1 target genes which positively regulated
Trc proliferation and/or survival. If so, activation of IL-27 signalling in the presence
of attenuated IFN signalling might potentiate the efficacy of anti-PD-1 by
expanding the Trc population, thereby increasing the tumour-specific CD8+ T cell
pool. Future experiments are warranted to address whether modulation of the IL-

27/1FN balance can enhance anti-PD-1 responses.

259



Chapter 5

Materials and Methods

LCMV virus stocks
LCMV Armstrong and LCMV clone 13 (406) were propagated in BHK cells.

BHK cells were infected with virus and incubated for 60 h, then virus harvested

from the medium. Viral stocks were aliquoted and kept at -80 C.

Antibody treatments

Mice were treated with 1 mg of anti-IFNAR1 antibody intraperitoneally (clone
MAR1-5A3) or a mouse IgG1 isotype control (clone MOPC21) one day prior to virus
infection. For PD-L1 blockade, isotype or alFNAR1 treated LCMV CI-13 infected
mice received 200 mg isotype or anti-PD-L1 antibody every 3 days starting on day
15 post infection with a total of 5 treatments, then T cells and viral titers were

analyzed at day 35.

Mouse LCMYV infections

Wild-type C57BL/6 mice were injected intraperitoneally with LCMV
Armstrong 200 pl at 108 pfu/ml, or intravenously using the tail vein with LCMV

clone 13 at 2x10° pfu/ml in a total volume of 200 ul.

Splenocyte isolation and counting

Mice were sacrificed using a lethal dose of isoflurane and mouse spleens

dissected. The spleens were injected with collagenase and incubated at 37°C for
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30 min, then mechanically disrupted using a cell strainer, RPMI and a syringe. The
resulting cell suspension was subjected to red blood cell (RBC) lysis, spun at 1500
rpm for 10 min and the supernatant removed. The RBC-free splenocytes were

resuspended in RPMI and counted using the BioRad automated TC20 cell counter

and slides.

T cell stimulation and isolation

Splenocytes were seeded in a 96-well plate at a concentration of 1 million
per well in 200 pl of T cell stimulation medium. Gp33 peptide was added at a final
concentration of 20 yuM in medium to each well and the cells incubated at 37°C for
2 h. Subsequently the cells were pooled, spun at 1,500 rpm for 10 min and the
supernatant discarded. The cell pellet was subjected to total T cell isolation using
the Mouse Total T cell Isolation kit (Stem Cell Technologies) following the

manufacturer’s instructions.

Cell staining and sorting

Total mouse T cells were resuspended in stain buffer (PBS with 1% FBS)
and appropriate antibodies added. The suspension was incubated at 4°C for 30
min, spun at 1,500 rpm for 10 min, supernatant discarded and cells resuspended
in sorting buffer (PBS, 1% FBS, 1 mM EDTA). The cells were subjected to sorting

at the Flow Cytometry Core Facility and collected in sort buffer.

RNA isolation
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RNA from total CD8+ cells was isolated using the RNeasy Mini Kit (Qiagen;
Hilden, Germany) with a DNase digest step using the RNase-Free DNase Set
(Qiagen; Hilden, Germany) according to the manufacturer’s instructions. RNA from
P14 cells was isolated using the PicoPure RNA Isolation Kit (Thermo Fisher;
Waltham, MA) with a DNase digest step using the RNase-Free Dnase Set
(Qiagen; Hilden, Germany) according to the manufacturer’s instructions. The RNA

integrity was assessed by the Bioanalyzer (Agilent; Santa Clara, CA, USA).

RNA sequencing

For RNA from total CD8+ cells with satisfactory RIN scores (>8.5), libraries
were constructed using the polyA-capture kit (NEB) and subjected to 2x150 bp
sequencing on the NextSeq 500 sequencer (lllumina; San Diego, CA) at a mean
depth of ca. 62.7 million reads per sample. For RNA from P14 cells with satisfactory
RIN scores, libraries were constructed using the SMARTer v2 Universal Low Input
RNA kit (Clontech; Mountain View, CA) and subjected to 2x150 bp sequencing on
the NextSeq 500 sequencer (lllumina; San Diego, CA) at a mean depth of 25 M. For
RNA from P14 cells with anti-IFNAR1 or isotype treatment amplified cDNA was
prepared using SMART-Seq v4 Ultra Low Input RNA Kit (Clontech, Mountain View,
CA), sheared using Covaris tubes (Covaris, Woburn, MA) and lllumina libraries
constructed using the NEBNext Ultra DNA Library Prep Kit (NEB, Ipswich, MA) and
sequenced using the NextSeq 500 system (lllumina, San Diego, CA) at a depth of
20-25 million single-end 75 bp reads per sample. lllumina’s bcl2fastq Conversion
Software (version 2.17.1.14) was used to de-multiplex reads and convert BCL files

generated by the Illlumina NextSeq 500 to FASTQ.
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Read mapping and differential expression analysis

Quality of raw RNA-sequencing reads was checked using FastQC version
0.11.3 (Barbaham Institute, Cambridge, UK;
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were mapped
to the mouse genome (GRCm38 assembly with Ensembl v87 transcriptome
annotations) and gene counts calculated using STAR version 2.5.2a (407) using
the following parameters: --quantMode GeneCounts —outSAMtype None —
sjdbGTfile /Ensembl/Mus_musculus.GRCm38.87.gtf —sjdbOverhand 74. Statistical
normalization and differential expression analysis were performed using the R

package DESeq2 version 1.14.1 (408).

Principal component analysis and expression data visualisation

Principal component analysis was performed using R function prcomp, and
the top 500 genes with the highest variance between samples were used. R
version 3.3.2 was used for statistical analyses (352). Heatmaps were generated
using R package pheatmap version 1.0.8 (409). Volcano plots were generated
using custom code in the R language. GSEA version 2.2.3 was used for gene set
enrichment analysis (410). Gene expression signature for CXCR5+ Tim3- CD8+
versus CXCR5- Tim3+ CD8+ T cells was retrieved from the publicly available
dataset (GSE84105) by comparing CXCR5+ Tim3- to CXCR5- Tim3+ samples
with GEO2R and calculating top 100 CXCR5+ specific genes by statistical
significance (411). Raw RNA-sequencing data for CXCR5+ and CXCR5- P14 cells

(GSE76279) were re-analyzed using the pipeline described above.
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THESIS CONCLUSIONS

The goal of this thesis was to identify and functionally assess candidate

pathogenic variants in cancer and congenital disorders. We have identified novel

pathogenic deletions causing the 1941942 microdeletion syndrome; a candidate

pathogenic 1941942 deletion in encephalocele; candidate pathogenic 1g41942

microduplications, de novo single-nucleotide variants in childhood-onset

schizophrenia and autism spectrum disorder; missense variants in neural tube

defects, and candidate driver somatic mutations in cancer. The candidate

pathogenic variants identified in this thesis are summarised in Table 6.1.

Table 6.1 Summary of disease-associated variants identified. Where appropriate,
ACMG evidence codes and classification are given.

Variant Phenotype Denovo/ ACMG ACMG Notes
inherited evidence classification
codes (congenital
(SNV) disorders)
1g41q42 1941942 Most de - Pathogenic  Brain MRI
deletions microdeletion novo consistent with
syndrome; TP53BP2
encephalocele dosage effect
1941942 Microcephaly; Inherited - Uncertain Brain MRI
duplication developmental (maternal) significance  consistent with
1:223820857- delay, seizures, TP53BP2
224076362dup  vision problems dosage effect
1941942 Microcephaly, Inherited - Uncertain Distal breakpoint
duplication developmental (maternal) significance  within TP53BP2
1:222694279- delay,
224034322dup craniofacial,
dental
abnormalities,
abnormal
behaviour
PPP1R13B Childhood-onset De novo PS2, PM2  Likely
R72Q schizophrenia pathogenic
PPP1R13B ASD De novo PS2, PM2 Likely
14:104216291 pathogenic
AC>A
PPP1R13B ASD De novo PS2, PP3  Uncertain
G881R significance
TP53 G279E Spina bifida Inherited PS3, Likely
PM2, PP3  pathogenic
TP53 E358V Spina bifida Inherited / PS4, PM2  Likely Co-segregation
n/a pathogenic with disease; 2
unrelated cases
TP73 V190F Craniorachischis  N/A PS3, Likely
is PM2, PP3  pathogenic
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PARD3 D783G  Craniorachischis N/A PM2, Likely Enrichment of
is PS3? pathogenic aPKCBD
(? variants in cases
PARD3 P913Q Craniorachischis N/A PM2, Likely Enrichment of
is PP3, pathogenic aPKCBD
PS3? (?) variants in cases
PPP1R13B Liver carcinoma  Somatic - Likely Ppp1rl3b
1322fs + LoH,; pathogenic implicated in
X955 splice + mouse liver
LoH carcinoma
screen
PPP1R13B Non-small cell Somatic - Likely
R81. + LoH,; lung carcinoma pathogenic
E64. + LoH
TP53BP2 Bladder Somatic - Likely
S769. + LoH carcinoma pathogenic
PPP1R13B
significantly
downregulated in
colon cancer;
Ppp1rl3b
implicated in 3
PPP1R13B independent
truncating Colorectal colorectal cancer
mutations carcinoma Somatic - Pathogenic  screens in mice
TP53BP2 Prostate Likely
K513fs + LoH carcinoma Somatic - pathogenic
ASPP2-deficient
mice get
TP53BP2 Lung squamous Likely spontaneous
P898fs + LoH cell carcinoma Somatic - pathogenic lung carcinomas
Enriched in wild-
type-p53
PPP1R13B tumours,
Pro-rich region associated with
missense Likely BAX and p21
mutations Solid tumours Somatic - pathogenic levels
TP53BP2 Pro-
rich region Associated with
missense Likely BAX and p21
mutations Solid tumours Somatic - pathogenic levels
PPP1R13L
autoregulatory Mutations disrupt
domains self-binding;
missense Likely associated with
mutations Solid tumours Somatic - pathogenic BAX levels

Using a mouse model of ASPP2 deficiency, we showed that TP53BP2

haploinsufficiency is likely to be responsible for structural brain abnormalities, and

potentially encephalocele risk in 1g41942 microdeletion patients, and that other

phenotypes such as ventricular septal defect, cleft palate, and urogenital

abnormalities also overlap between ASPP2-deficient mice and humans. Our
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observation of microcephaly, developmental delay and seizures associated with
1941942 microduplications suggests TP53BP2 is also triplosensitive in humans,
albeit with incomplete penetrance. Analyses of spatiotemporal gene expression in
human brain development, brain MRIs of TP53BP2 CNV patients, and phenotypes
of ASPP2-deficient mice suggest a function for ASPP2 in promoting the
differentiation of striatum from the ganglionic eminences. TP53BP2 deletion,
diploid and duplication patients show an association between TP53BP2 copy
number, and caudate nucleus and lateral ventricle volumes. Dosage sensitivity of
TP53BP2 may also lead to abnormalities in ganglionic eminence-derived
GABAergic interneuron populations in the cortex, which might underlie the

observed epilepsy in 2/3 TP53BP2 duplication patients.

Future studies will pinpoint the most critical developmental processes which
are sensitive to TP53BP2 dosage. Given that ASPP2 plays a role in multiple steps
of CNS development and ASPP2 deficiency is associated with multiple distinct
CNS phenotypes in mice, it is possible TP53BP2 deletions confer both NTD risk
and brain abnormality risk. Larger sample sizes are needed to deconvolve the
contributions of haploinsufficiencies of individual genes towards the 1q41942
microdeletion syndrome; current evidence supports a role for DISP1, TP53BP2,
FBX028, but other genes such as CAPN2 might also a play a role. Importantly,
our approach can be generalised to discover other dosage-sensitive genes in
brain development. By integrating patient CNV and MRI data with population
genomic statistics (such as EXAC), and patterns of spatiotemporal gene
expression in brain development, it is possible to identify dosage-sensitive gene

candidates and link them to the most critical stages in brain development.
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Three de novo PPP1R13B mutations have been identified in childhood-
onset schizophrenia and autism spectrum disorder. Based on the absence of 2/3
mutations from public databases, PPP1R13B’s pattern of expression in neurons,
its spatiotemporal co-expression with synaptic genes, and the observation of
ASPP1 protein in synaptic fractions, these mutations are biologically plausible
candidate pathogenic variants. The newly generated ASPP1-deficient mice will
provide a useful experimental system in which to assess the role of ASPP1 in

brain development.

In a cohort of 340 neural tube defect cases, we identified a burden of rare
missense variants in the apoptotic regulators TP53 and TP73, including two loss-
of-function variants (p53 G279E; p73 V190F) and one recurrent variant in TP53
significantly enriched over the general population at a single-variant level (p53
E358V). This study also found a case-specific enrichment of missense variants in
the aPKC-binding domain of PARD3, which were experimentally shown to disrupt
Par3’s binding to aPKC. The collective burden of these rare variants might point to
a single step in neural tube closure: apical constriction. Par3 is known to control
this process via aPKC-dependent control of ROCK. Recently, apoptotic cells have
been shown to drive apical constriction by pulling myosin Il cables (412). If this
process also controls apical constriction in neural tube closure, the enrichment of
both PARD3 and TP53 pathway missense variants in NTD cases might point to
genetic disruption of apical constriction as a risk factor for human NTDs. This
hypothesis is consistent with the implication of PARD3 CNVs in NTD risk, and the
discovery of 2 independent de novo truncating mutations in SHROOMS3, another

regulator of ROCK-dependent apical constriction.
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An unbiased integrative analysis of cancer clarified the role of ASPP genes
in human tumorigenesis. PPP1R13B shows highly concordant hallmarks of a
tumour suppressor gene, with a causal role supported by multiple mouse
mutagenesis screens and the recurrence of truncating variants in multiple cancer
types, most prominently colorectal cancer. Based on the unequivocal multi-source
evidence for ASPP1’s tumour suppressive role in colorectal cancer, truncating
PPP1R13B mutations can be considered pathogenic. PPP1R13L shows hallmarks
of an Epi-driver oncogene, being broadly upregulated across cancer types, and
high IASPP levels correlating with cancer drug resistance. TP53BP2 has context-
dependent behaviour suggesting pleiotropic function which may be pro- or anti-
tumorigenic depending on the tissue type and molecular makeup of each tumour.
This bipolar nature of TP53BP2’s role is in contrast to the molecular functions
uncovered for ASPP2 so far, which are virtually all tumour suppressive. The
genomic data suggest ASPP2 can play tumour promoting roles, or at least be
compatible with tumour growth in certain tissues. Investigating these oncogenic
modes of ASPP2’s action at the molecular level will help bridge the gap between
the current mechanistic understanding of ASPP2 and the genomic view of

TP53BP2 in human tumours.

Our mechanistic analysis of missense mutations in cancer uncovered a
common theme of dysregulation: mutation of the autoregulatory Pro-rich regions in
order to modulate p53 family-dependent transcriptional activity. This example
serves as proof of principle that rare somatic mutations can be positively selected,
and the methodology employed in discovering them can be scaled up to a

genome-wide search. With the rise of harmonised cancer genomic data
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repositories, cloud computing and public APIs, such analyses can be applied to
discover a class of rare driver and mini-driver mutations which are otherwise

overlooked by gene-level burden-type tests such as MutSig2CV.

Overall, the data presented in this thesis expand the genomic catalogue of
human disease, and inform our understanding of the genetic architectures of
congenital diseases and cancer. High-penetrance CNVs identified in syndromic
developmental delay cases are consistent with a known role for de novo and rare
CNVs in these disorders. In contrast, the diverse polygenic burden of rare
missense variants found in our NTD cohort highlights the complex genetic makeup
of this disease and suggests many incompletely penetrant rare variants, both
SNVs and CNVs, may comprise the genetic risk of NTDs. In cancer, our results
support a role for rare somatic mutations that are likely to be highly context-
dependent, for example ASPP2 N-Pro mutations observed in KRAS-mutant wild
type-TP53 tumours. Such context-dependent mutations shift the view of somatic
cancer genomes from Mendelian-like, with dominant oncogenic alleles and
recessive tumour suppressor mutations in a sea of passengers, to a more
complex architecture which includes a significant contribution from rare alleles of

moderate to small effect.
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APPENDIX

Code

Code 1. Differential expression between tumour and normal tissue.

# Script to compute tumour vs normal expression for a given gene from Firebrowse
RSEM log2 expression data

# Done in batches of 12 to enable pages of boxplots to be exported in PDF

# NB: script has not been configured to handle missing values in certain datasets,
requires manual override.

genename <- readline(prompt="Enter official gene symbol:")
print(paste("Plotting tumour vs normal expression for", genename, sep=""))

FC <- list()

log2fc <- list()

tcga_names <- c("BLCA", "BRCA", "CESC", "CHOL", "COAD", "COADREAD", "ESCA",
"GBM", "GBMLGG", "HNSC", "KICH", "KIPAN", "KIRC", "KIRP", "LIHC",
"LUAD", "LUSC", "PAAD", "PCPG", "PRAD", "READ", "SARC", "STAD",
"THCA", "THYM", "UCEC")

pdf(paste(genename, "plot TPvsNT_1.pdf", sep="_"), width=6, heigh=12)

par(mfrow=c(4,3))

for (iin 1:12){

mrna_NT <-
read.csv(url(paste("http://firebrowse.org/api/vl/Samples/mRNASeq?format
=csv&gene=", genename, "&cohort=", tcga_names][i]],
"&sample_type=NT&protocol=RSEM&page=1&page_size=2000&sort_by=
cohort", sep=""))

mrna_TP <-
read.csv(url(paste("http://firebrowse.org/api/vl/Samples/mRNASeq?format
=csv&gene=", genename, "&cohort=", tcga_namesi[i]],
"&sample_type=TP&protocol=RSEM&page=1&page_size=2000&sort_by=
cohort", sep=""))

boxplot(mrna_NT[,3], mrna_TP[,3], names=c("NT", "TP"), col=c("blue", "red"),
main=tcga_names|[i]], ylab=paste(genename, "expression_log2 (RSEM)"),
sub=paste("p =",format(t.test(mrna_NT[,3], mrna_TP[,3])$p.value,
scientific=TRUE), sep=""))

print(paste(tcga_names[[i]],"p =",format(t.test(mrna_NT][,3], mrna_TP][,3])$p.value,
scientific=TRUE), sep=""))

FC[[i]] <- mean(mrna_TP[mrna_TP$cohort==tcga_names][[i]],3]) -
mean(mrna_NT[mrna_NT$cohort==tcga_names[i]],3])

print(FCI[i]])

}

dev.off()

pdf(paste(genename, "plot_ TPvsNT_2.pdf", sep="_"), width=6, heigh=12)
par(mfrow=c(4,3))
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for (i in 13:24){
mrna_NT <-
read.csv(url(paste("http://ffirebrowse.org/api/vl/Samples/smRNASeq?format
=csv&gene=", genename, "&cohort=", tcga_namesi[i]],
"&sample_type=NT&protocol=RSEM&page=1&page_size=2000&sort_by=
cohort", sep="")))
mrna_TP <-
read.csv(url(paste("http://ffirebrowse.org/api/vl/SamplessmRNASeq?format
=csv&gene=", genename, "&cohort=", tcga_names[][i]],
"&sample_type=TP&protocol=RSEM&page=1&page_size=2000&sort_by=
boxplot(mrna_NT[,3], mrna_TP[,3], names=c("NT", "TP"), col=c("blue", "red"),
main=tcga_names|[i]], ylab=paste(genename, "expression_log2 (RSEM)"),
sub=paste("p =",format(t.test(mrna_NT[,3], mrna_TP[,3])$p.value,
scientific=TRUE), sep=""))
print(paste(tcga_names[[i]],"p =",format(t.test(mrna_NT[,3], mrna_TP[,3])$p.value,
scientific=TRUE), sep=""))
FC[[i]] <- mean(mrna_TP[mrna_TP$cohort==tcga_names[[i]],3]) -
mean(mrna_NT[mrna_NT$cohort==tcga_namesi[i]],3])
print(FCI[il])
}
dev.off()

pdf(paste(genename, "plot TPvsNT_3.pdf", sep="_"), width=6, heigh=12)
par(mfrow=c(4,3))

for (iin 26:26){
mrna_NT <-
read.csv(url(paste("http://firebrowse.org/api/vl/Samples/mRNASeq?format
=csv&gene=", genename, "&cohort=", tcga_namesi[i]],
"&sample_type=NT&protocol=RSEM&page=1&page_size=2000&sort_by=
cohort", sep="")))
mrna_TP <-
read.csv(url(paste("http://ffirebrowse.org/api/vl/SamplessmRNASeq?format
=csv&gene=", genename, "&cohort=", tcga_namesi[i]],
"&sample_type=TP&protocol=RSEM&page=1&page_size=2000&sort_by=
cohort", sep=""))
boxplot(mrna_NT[,3], mrna_TP[,3], names=c("NT", "TP"), col=c("blue", "red"),
main=tcga_names|[i]], ylab=paste(genename, "expression_log2 (RSEM)"),
sub=paste("p =",format(t.test(mrna_NT[,3], mrna_TP[,3])$p.value,
scientific=TRUE), sep=""))
print(paste(tcga_names[[i]],"p =",format(t.test(mrna_NT][,3], mrna_TP[,3])$p.value,
scientific=TRUE), sep=""))
FC[[i]] <- mean(mrna_TP[mrna_TP$cohort==tcga_names][[i]],3]) -
mean(mrna_NT[mrna_NT$cohort==tcga_namesi[i]],3])
print(FCI[i])
}
dev.off()

272



Appendix

Code 2. Plotting the distribution of missense mutations in tumours wild type
vs mutant for a given gene.
#Script for genetic interaction testing on cBio data only

library("cgdsr")

# Start the clock

ptm <- proc.time()

genename <- readline(prompt="Enter official gene symbol:")

print(paste("Extracting cBio mutations for", genename, sep=""))

genename? <- readline(prompt="Which gene to test mutation interaction with? Enter
symbol:")

print(paste("Extracting mutational status for", genename2, sep=""))

cgds_studies <- getCancerStudies(mycgds)

#This _mutations names are called genetic_profile_id by cBio

cancer_studies_mutations <- lapply(1:nrow(cgds_studies),
function(i){paste(cgds_studies]i,1], "mutations", sep="_")})

#This _sequenced names are called case_list_id by cBio

cancer_studies_sequenced <- lapply(1:nrow(cgds_studies),
function(i){paste(cgds_studies]i,1], "sequenced", sep="_")})

# To-do: Modify script to run analysis for a list of 'gene2s'

mutations_genel <- lapply(1:nrow(cgds_studies), function(i){getMutationData(mycgds,
cancer_studies_sequenced][i]], cancer_studies_mutations][[i]], genename)})

mutations_genel df <- do.call(rbind, lapply(mutations_genel, data.frame,
stringsAsFactors=FALSE))

print(paste("Mutations for", genename, "extracted", sep =" "))

mutations_gene2 <- lapply(1:nrow(cgds_studies), function(i){getMutationData(mycgds,
cancer_studies_sequenced][[i]], cancer_studies_mutations][[i]], genename?2)})
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mutations_gene2_df <- do.call(rbind, lapply(mutations_gene2, data.frame,
stringsAsFactors=FALSE))

print(paste("Mutations for", genename2, "extracted", sep =" "))

# Calculate how many genel-mutant samples are mutant for gene2 and how many wt
comut_list <- mutations_genel_df$case_id %in% mutations_gene2_df$case_id

a <- table(comut_list)

print(paste(genename, "-mutant but ", genename2, "-wt samples: ", a[[1]], sep=""))
print(paste(genename, "-mutant and ", genename2, "-mutant samples: ", a[[2]], sep=""))

print("Warning: does include duplicates")

#This expression returns a vector of logical values

# mutations_genel_df$case_id %in% mutations_gene2_df$case_id

dataframe_status <- do.call(rbind, lapply(mutations_genel_df$case_id %in%
mutations_gene2_df$case_id, data.frame, stringsAsFactors=FALSE))

colnames(dataframe_status) <- "gene2_mutated"

mutations_genel df <- chind(mutations_genel df, dataframe_status)

#This command extracts a number from a string. Then add the residue number as a
column to the mutation list

Residue <- matrix(gsub("["0-9]", "",mutations_genel_ dff,8]),
nrow=nrow(mutations_genel_df))

Residue <- as.numeric(Residue)

mutations_genel df <- chind(mutations_genel_df, Residue, deparse.level=0)

#Plotting the frequency distribution for gene2-wt vs mutant tumours.

par(mfrow=c(2,1))

hist(mutations_genel_df[mutations_genel_ df$mutation_type=="Missense_Mutation"&mu
tations_genel_df$gene2_mutated==FALSE,24], breaks=40, xlab="Residue",
main=paste(genename, " missense mutations in “, genenamez2, "-wt tumours (cBio)",
sep=""), col="green", cex.main=0.9, cex.lab=0.9)

hist(mutations_genel_df[mutations_genel_df$mutation_type=="Missense_Mutation"&mu
tations_genel_df$gene2_mutated!=FALSE,24], breaks=40, xlab="Residue",
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main=paste(genename, " missense mutations in ", genenamez2, "-mutant tumours (cBio)",
sep=""), col="red", cex.main=0.9, cex.lab=0.9)

# Plotting the same thing after de-duplicating all case IDs (warning: some samples have
more than 1 mutation in the same gene)

mutations_genel_dedup <-
mutations_genel_df[!duplicated(mutations_genel_df$case_id),]

mutations_gene2_dedup <-
mutations_gene2_df[!duplicated(mutations_gene2_df$case_id),]

hist(mutations_genel_dedup[mutations_genel dedup$mutation_type=="Missense_Mutat
ion"&mutations_genel_dedup$gene2_mutated==FALSE,24], breaks=40, xlab="Residue",
main=paste(genename, " missense mutations in ", genenamez2, "-wt tumours (cBio,
dedup)", sep=""), col="green", cex.main=0.9, cex.lab=0.9)

hist(mutations_genel_dedup[mutations_genel_dedup$mutation_type=="Missense_Mutat
ion"&mutations_genel_dedup$gene2_mutated!=FALSE,24], breaks=40, xlab="Residue",
main=paste(genename, " missense mutations in ", genenamez2, "-mutant tumours (cBio,
dedup)", sep=""), col="red", cex.main=0.9, cex.lab=0.9)

# Density plots to compare distributions

plot(density(mutations_genel_df[mutations_genel_df$mutation_type=="Missense_Mutati
on"&mutations_genel_df$gene2_mutated==FALSE,"Residue"], width=25), col="green",
main=paste(genename, "mutations in ", genenamez2, "-wt vs -mut tumours"))

lines(density(mutations_genel_df[mutations_genel_df$mutation_type=="Missense_Muta
tion"&mutations_genel_df$gene2_mutated==TRUE,"Residue"], width=25), col="red",
main=paste(genename, "mutations in ", genename2, "-wt vs -mut tumours"))

# Density plots of de-duplicated data
par(mfrow=c(2,2))
for (i in ¢(25,50,75,100)){

plot(density(mutations_genel dedup[mutations_genel_dedup$mutation_type=="Missens
e_Mutation"&mutations_genel dedup$gene2_mutated==FALSE,"Residue"], width=i),
col="green", main=paste(genename, "mutations in ", genenamez2, "-wt vs -mut tumours

(dedup)”))

lines(density(mutations_genel_dedup[mutations_genel_dedup$mutation_type=="Missen
se_Mutation"&mutations_genel_dedup$gene2_mutated==TRUE,"Residue"], width=i),
col="red", main=paste(genename, "mutations in ", genenamez2, "-wt vs -mut tumours"))

}
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#Now we change the column name so that the final data frame has a record of which
gene is gene2

colnames(dataframe_status) <- paste(genename2, "mutated"”, sep="_")
mutations_genel_df <- chind(mutations_genel_df, dataframe_status)

mutations_genel_df <- mutations_genel_df[,-23]

write.csv(as.data.frame(mutations_genel df), file=paste(genename,
"mutations_cBio.csv", sep="_"))

#Try to assign bins using cut

#mutations_genel_df$bins <- with(mutations_genel_df, cut(residue, breaks = seq(from
= 0, to = 1200, by=50)))

# We want to identify the top bin in the gene2-mutated set and calculate a Fisher test of
bin vs other bins combined in co-mut vs not

# One tool for this is the hist$breaks function:

hist(mutations_genel_df[mutations_genel_df$mutation_type=="Missense_Mutation","Re
sidue"], breaks=seq(from = 0, to = 1150, by=50))$counts

# Find the maximum mutation count in the top bin in the co-mut subset

count_mut <-
hist(mutations_genel_df[mutations_genel_df$mutation_type=="Missense_Mutation"&mu
tations_genel_df$gene2_mutated==TRUE,"Residue"], breaks=seq(from = 0, to = 1150,
by=50))$counts

count_genelmut <-
hist(mutations_genel_df[mutations_genel_df$mutation_type=="Missense_Mutation"&mu
tations_genel_df$gene2_mutated==FALSE,"Residue"], breaks=seq(from = 0, to = 1150,
by=50))$counts

print(paste("Number of mutations in top co-mutated bin:", max(count_mut)))
print(paste("Index of top co-mutated bin:", which.max(count_mut)))
index_of_top_bin <- which.max(count_mut)

sum_comut <- sum(count_mut)

sum_genelmut <- sum(count_genelmut)

# Fisher test to compare top bin vs all other bins

fisher.test(matrix(c(count_mut[index_of_top_bin], sum_comut -
count_mut[index_of_top_bin], count_genelmut[index_of_top_bin], sum_genelmut -
count_genelmut[index_of_top_bin]), nrow=2))
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print(paste("Fisher test p-value for top bin count vs other bins: ",
fisher.test(matrix(c(count_mut[index_of top_bin], sum_comut -
count_mut[index_of top_bin], count_genelmut[index_of top_bin], sum_genelmut -
count_genelmutfindex_of_top_bin]), nrow=2))$p))

Code 3. mRNA z-scores for a given gene in a list of samples, e.g. tumours
with a mutation in a specific gene.

# Computing z-scores for a subset of samples across multiple cancer based on e.g.
mutation status

# First we need to make a large data frame of z-scores collated from multiple tumour
types using chind()

# For example an individual study df can be queried by z_rna_df[which(rownames(z_rna)
=="TP53"),"TCGA-QG-A5YW"]

# Generalised to z_rna_df[which(rownames(z_rna_df) == genename), samples[[i]]] to
iterate over i

# Download the z-scores for TP only from cBio, bind them for a specific gene
library("cgdsr")

#define mycgds

mycgds = CGDS("http://www.cbioportal.org/public-portal/")

#Select gene to plot data for
zgenename <- readline(prompt="Enter official gene symbol:")

print(zgenename)

#creating a matrix of TCGA study names and the associated RNASeq v2 sets

tcga_names <- matrix(c("acc", "blca", "brca", "cesc", "chol", "coadread", "dlbc", "esca",

"gbm", "hnsc", "kich", "kirc", "kirp", "lihc", "luad", "lusc", "meso", "ov", "paad", "prad",
"pcpg", "sarc”, "skem”, "stad”, "tgct”, "thym", "thca", "ucs", "ucec”, "uvm"), nrow=30)

tcga_names_v2 <- matrix(paste(tcga_names, "tcga_rna_seq_v2_mrna", sep="_"))

tcga_names_v2 z <- matrix(paste(tcga_names,

"tcga_rna_seq_v2_mrna_median_Zscores", sep="_"))

tcga_v2_names <- chind(tcga_names, tcga_names_v2, tcga_names_v2_z,
deparse.level=0)

tcga_v2_names_df <- data.frame(tcga_v2_names)

#Loop through all TCGA studies to extract RNASeq V2 z-score data from cBio
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for (i in c(1:nrow(tcga_names))){

rpkm <- getProfileData(mycgds, zgenename, tcga_v2_names_dfi,3],
tcga_v2 names_dffi,2])

rpkm <- cbind(rpkm, matrix(tcga_v2_names_df[i,1], nrow=nrow(rpkm)))
colnames(rpkm) <- c("mRNA_TP_Zscore", "study")
assign(paste(i,"RPKM_v2", sep="_"), rpkm)

}

#combine individual studies' dataframes into one

z_rbind <- rbind("1_RPKM_v2', "2_ RPKM_v2°, '3 RPKM_v2', "4 _RPKM_v2’,
'5 RPKM_v2', '6_RPKM_v2', '7_RPKM_v2', '8 RPKM_v2', "9 _RPKM_v2’,
"10_RPKM_v2', 11 RPKM_v2', 12 RPKM_v2', "13_RPKM_v2’, "14 RPKM_v2’,
"15 RPKM_v2', "16_RPKM_v2', 17 _RPKM_v2', '18 RPKM_v2’, "19 RPKM_v2,
"20_RPKM_v2°, "21 RPKM_v2', '22_ RPKM_v2", '23_RPKM_v2’, 24 RPKM_v2,
25 _RPKM_v2, "26_RPKM_v2', '27_RPKM_v2', 28 RPKM_v2’, 29 RPKM_v2,
"30_RPKM_v2°, deparse.level=0)

plot_list <- lapply(1:nrow(tcga_names),
function(i){z_rbind[z_rbind$study==tcga_names]i],1]})

rownames(z_rbind) <- gsub("\\.", "-", rownames(z_rbind))

print("gene expression z-scores retrieved")

#To search a list of names from a cBio-downloaded list of mutations and print z-scores
corresponding to custom gene

#3rd column of mutations_genel df is the patient barcode

mutations_genel df[3,3] %in% rownames(z_rbind)

listl <- matrix(nrow=nrow(mutations_genel_df), ncol=5)
for (i in 1:nrow(mutations_genel_df)){
if (mutations_genel df[i,3] %in% rownames(z_rbind) == "TRUE")}{

print(paste("Mutation:", mutations_genel_dfi,8], zgenename, "z-score: ",
z_rbind[mutations_genel dfi,3],1]))

listl[i,1] <- paste(mutations_genel_dffi,8])
list1[i,2] <- mutations_genel_df[i,24]
listl[i,3] <- paste(mutations_genel_ dffi,6])
list1[i,4] <- zgenename

list1[i,5] <- paste(z_rbind[mutations_genel_dfi,3],1])
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colnames(listl) <- c("Mutation”, "Mutation_type", "Residue", zgenename,
paste(zgenename, "z-score"))

}
}

write.csv(listl, file=paste(zgenename, "z_scores_nodedup”, genename, ".csv"))

#Retrieving z-scores for de-duplicated samples only
listl <- matrix(nrow=nrow(mutations_genel dedup), ncol=5)
for (i in 1:nrow(mutations_genel_dedup)®
if (mutations_genel_dedup]i,3] %in% rownames(z_rbind) == "TRUE")}{

print(paste("Mutation:", mutations_genel dedupi,8], zgenename, "z-score: ",
z_rbind[mutations_genel_dedupli,3],1]))

listl[i,1] <- paste(mutations_genel dedupli,8])

listl[i,2] <- mutations_genel dedupi,24]

list1[i,3] <- paste(mutations_genel_dedupli,6])

list1[i,4] <- zgenename

list1[i,5] <- paste(z_rbind[mutations_genel_ dedupli,3],1])

colnames(listl) <- c("Mutation", "Residue", "Mutation_type", zgenename,
paste(zgenename, "z-score"))

}
}

write.csv(listl, file=paste(zgenename, "z_scores_dedup”, genename, "_muts.csv"))

#Converting the dataframe to numeric for plotting. Include missense only - nonsense
mutations mess up residue number.

listl df <- as.data.frame(listl)

listl_df <- listl_dfflistl_df$Mutation_type=="Missense_Mutation",]
listl df3 <- listl_df[complete.cases(listl_df),c(2,5)]

listl_numeric <- matrix(nrow=nrow(list1_df3), ncol=2)
listl_numeric[,1] <- as.numeric(levels(listl_df3[,1]))[list1_df3[,1]]
listl_numeric[,2] <- as.numeric(levels(listl_df3[,2]))[list1_df3[,2]]
listl_numericdf <- as.data.frame(listl_numeric)

colnames(listl_numericdf) <- c("residue", "z")
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library("ggplot2")
library("plyr")

listl_numericdf$bins <- with(listl_numericdf, cut(residue, breaks = seq(from = 0, to =
1200, by=50)))

df.plot <- ddply(listl_numericdf[!duplicated(listl_numericdf),], .(bins), summarise,
avg.z = mean(z))

gplot(bins, avg.z, data = df.plot, ylab = paste(zgenename, "avg z-score"), xlab =
"PPP1R13B sequence bin")

# Plotting density for different bin widths
par(mfrow=c(2,2))
for (iin c¢(0.1,10,25,75))1{

plot(density(listl_numericdf[listl_numericdf$z>0,1], width=i), col="red",
main=paste(genename, "missense muts: ", zgenename, "z<0(blue) vs z>0"),
xlim=c(0,1135))

lines(density(listl_numericdf[listl_numericdf$z<0,1], width=i), col="blue",
main=paste(genename, "missense muts: ", zgenename, "z<0(blue) vs z>0"))

}
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ACMG Guidelines on variant classification

Appendix Table S1. ACMG Guideline criteria for classifying pathogenic

variants.

Reproduced from Richards et al. (65) with permission.

Evidence of pathogenicity Category
Very strong PVS1 null variant (nonsense, frameshift, canonical £1 or 2 splice sites, initiation codon, single or multiexon
deletion) in a gene where LOF is a known mechanism of disease
Caveats:
* Beware of genes where LOF is not a known disease mechanism (e.g., GFAP, MYH7)
* Use caution interpreting LOF variants at the extreme 3’ end of a gene
* Use caution with splice variants that are predicted to lead to exon skipping but leave the remainder of the
protein intact
¢ Use caution in the presence of multiple transcripts
Strong PS1 Same amino acid change as a previously established pathogenic variant regardless of nucleotide change
Example: Val-sLeu caused by either G>C or G>T in the same codon
Caveat: Beware of changes that impact splicing rather than at the amino acid/protein level
PS2 De novo (both maternity and paternity confirmed) in a patient with the disease and no family history
Note: Confirmation of paternity only is insufficient. Egg donation, surrogate motherhood, errors in embryo
transfer, and so on, can contribute to nonmaternity.
PS3 Well-established in vitro or in vivo functional studies supportive of a damaging effect on the gene or gene
product
Note; Functional studies that have been validated and shown to be reproducible and robust in a clinical
diagnostic laboratory setting are considered the most well established.
PS4 The prevalence of the variant in affected individuals is significantly increased compared with the prevalence
in controls
Note 1: Relative risk or OR, as obtained from case—control studies, is >5.0, and the confidence interval around
the estimate of relative risk or OR does not include 1.0. See the article for detailed guidance.
Note 2: In instances of very rare variants where case-control studies may not reach statistical significance, the
prior observation of the variant in multiple unrelated patients with the same phenotype, and its absence in
controls, may be used as moderate level of evidence.
Moderate PM1 Located in a mutational hot spot and/or critical and well-established functional domain (e.g., active site of
an enzyme) without benign variation
PM2 Absent from controls (or at extremely low frequency if recessive) (Table 6) in Exome Sequencing Project,
1000 Genomes Project, or Exome Aggregation Consortium
Caveat: Population data for insertions/deletions may be poorly called by next-generation sequencing.
PM3 For recessive disorders, detected in trans with a pathogenic variant
Note: This requires testing of parents (or offspring) to determine phase.
PM4 Protein length changes as a result of in-frame deletions/insertions in a nonrepeat region or stop-loss variants
PMS Novel missense change at an amino acid residue where a different missense change determined to be
pathogenic has been seen before
Example: Arg156His is pathogenic; now you observe Arg156Cys
Caveat: Beware of changes that impact splicing rather than at the amino acid/protein level.
PM6 Assumed de novo, but without confirmation of paternity and maternity
Supporting PP1 Cosegregation with disease in multiple affected family members in a gene definitively known to cause the

disease
Note: May be used as stronger evidence with increasing segregation data

PP2 Missense variant in a gene that has a low rate of benign missense variation and in which missense variants
are acommon mechanism of disease

PP3 Multiple lines of computational evidence support a deleterious effect on the gene or gene product
(conservation, evolutionary, splicing impact, etc.)

Caveat: Because many in silico algorithms use the same or very similar input for their predictions, each
algorithm should not be counted as an independent criterion. PP3 can be used only once in any evaluation of
avariant.

PP4 Patient’s phenotype or family history is highly specific for a disease with a single genetic etiology

PPS Reputable source recently reports variant as pathogenic, but the evidence is not available to the laboratory
to perform an independent evaluation

LOF, loss of function; OR, odds ratio.
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Appendix Table S2. ACMG Guideline criteria for classifying benign variants.
Reproduced from Richards et al. (65) with permission.

Evidence of benign
impact Category
Stand-alone BA1 Allele frequency is >5% in Exome Sequencing Project, 1000 Genomes Project, or Exome Aggregation Consortium
Strong BS1 Allele frequency is greater than expected for disorder (see Table 6)
BS2 Observed in a healthy adult individual for a recessive (homozygous), dominant (heterozygous), or X-linked
(hemizygous) disorder, with full penetrance expected at an early age
BS3 Well-established in vitro or in vivo functional studies show no damaging effect on protein function or splicing
BS4 Lack of segregation in affected members of a family
Caveat: The presence of phenocopies for common phenotypes (i.e., cancer, epilepsy) can mimic lack of segregation
among affected individuals. Also, families may have more than one pathogenic variant contributing to an autosomal
dominant disorder, further confounding an apparent lack of segregation.
Supporting BP1 Missense variant in a gene for which primarily truncating variants are known to cause disease

BP2 Observed in trans with a pathogenic variant for a fully penetrant dominant gene/disorder or observed in cis with a
pathogenic variant in any inheritance pattern

BP3 In-frame deletions/insertions in a repetitive region without a known function

BP4 Multiple lines of computational evidence suggest no impact on gene or gene product (conservation, evolutionary,
splicing impact, etc.)

Caveat: Because many in silico algorithms use the same or very similar input for their predictions, each algorithm
cannot be counted as an independent criterion. BP4 can be used only once in any evaluation of a variant.

BPS Variant found in a case with an alternate molecular basis for disease

BP6 Reputable source recently reports variant as benign, but the evidence is not available to the laboratory to perform an
independent evaluation

BP7 A synonymous (silent) variant for which splicing prediction algorithms predict no impact to the splice consensus
sequence nor the creation of a new splice site AND the nucleotide is not highly conserved

Appendix Table S3. ACMG Guideline rules for combining criteria to classify
sequence variants.
Reproduced from Richards et al. (65) with permission.
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Pathogenic

Likely pathogenic

Benign

Likely benign

Uncertain
significance

(i) 1Verystrong (PVS1) AND
(a) =1 Strong (PS1-PS4) OR
(b) =2 Moderate (PM1-PM6) OR

(c) 1 Moderate (PM1-PM6) and 1 supporting
(PP1-PP5) OR

(d) =2 Supporting (PP1-PP5)
(i) =22 Strong (PS1-PS4) OR
(iii) 1 Strong (PS1-PS4) AND

(a)=3 Moderate (PM1-PM6) OR

(b)2 Moderate (PM1-PM6) AND =2
Supporting (PP1-PP5) OR

(c)1 Moderate (PM1-PM6) AND >4
supporting (PP1-PP5)

(i) 1Very strong (PVS1) AND 1 moderate (PM1~
PM6) OR

(ii) 1 Strong (PS1-PS4) AND 1-2 moderate
(PM1-PM6) OR

(i) 1 Strong (PS1-PS4) AND =2 supporting
(PP1-PPS) OR

(iv) =3 Moderate (PM1-PM6) OR

(v) 2 Moderate (PM1-PM6) AND =2 supporting
(PP1-PPS) OR

(vi) 1 Moderate (PM1-PM6) AND 24 supporting
(PP1-PP5)

(i) 1 Stand-alone (BA1) OR
(i) =2 Strong (BS1-854)

(i) 1 Strong (BS1-BS4) and 1 supporting (BP1-
BP7) OR

(ii) 22 Supporting (BP1-BP7)
(i) Other criteria shown above are not met OR

(i) the criteria for benign and pathogenic are
contradictory

Supplementary data
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Appendix Table S4 Manually curated somatic mutations in PPP1R13B.

Version snapshot 5 September 2016, updated to cBio v1.2.4, COSMIC v78, ICGC r23
plus legacy mutations.

Tum
ASPP1 our/
Resi Patient/sample copy cell TP53
Mutation due  Cancer type number number line  status
M4L 4 Breastinvasive carcinoma  TCGA-A7-A26H Diploid T wt
E19K 19 Lung adenocarcinoma TCGA-93-8067-01 Gain T E285K
P21S 21 Cutaneous melanoma TCGA-HR-A20H N/A T wit
P21S 21 Cutaneous melanoma IPC-298 [CL] CL R213.
P24L 24 Stomach adenocarcinoma PGM38 N/A T wit
coadread_dfci_2016_
T27A 27 Colorectal carcinoma 115875 N/A T wt
R29. 29 Colon adenocarcinoma 587336 N/A T R175H
Bladder urothelial
G39E 39 carcinoma TCGA-FD-A3B3 Gain T wit
H44R 44 Colon adenocarcinoma TCGA-A6-3809-01 T wit
N52splic
e 52 Melanoma TCGA-BF-ASEQ-01 N/A T wit
coadread_dfci_2016_
R54H 54 Colorectal carcinoma 2379 N/A T wt
P55 H65 55-
del 65 Stomach adenocarcinoma  TCGA-CG-4304 Diploid T wit
Lung squamous cell
M61l 61 carcinoma TCGA-18-3414 Diploid T R273L
Colorectal carcinoma coadread_dfci_2016_
E64G 64 3451 N/A T wt
E64K 64 Cutaneous melanoma TCGA-BF-A3DM N/A T wt
Colorectal carcinoma coadread_dfci_2016_
E64K 64 3611 N/A T wt
Lung squamous cell
E64. 64 carcinoma TCGA-63-5131 ShallowDel T R158L
E74K 74  Liver cancer HCC15T T wt
E75K 75 Colon carcinoma SNU-407 [CL] CL  wt
Lung adenocarcinoma F341Ef
F79L 79 9 TCGA-86-8672 ShallowDel T s*7
G266R,
L8OF go ©SCC CSCC-40-T T s362fs
R81. g1 Lungadenocarcinoma TCGA-55-1592-01A ShallowDel T G244C
Esophageal
R81. 81 adenocarcinoma TCGA-L5-A40P Diploid T S240C
E83K 83 Lymphoid 4166706 T wt
Q92H 92 Colon carcinoma HCC2998 [CL] Gain CL  R213.
93splice 93 Cutaneous melanoma SK-MEL-30 [CL] CL  T284fs
Q96. 96 Endometrial carcinoma TCGA-D1-A177 T wt
E90. 99 Lungsmallcell carcinoma  CcOR-L311 [CL] CL
R101Q 101 Liver carcinoma 9210 T T wt
R101Q 101 Endometrial carcinoma TCGA-BS-A0TC T wit
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Colon adenocarcinoma

R101. 101 TCGA-AA-3973 Diploid T wt
Lung adenocarcinoma
R101. 101 (LUAD-S00488) LUAD-S00488 Diploid T wt
R101Q 101 Colon adenocarcinoma TCGA-AA-A010 Diploid T R175C
Q103H 103 Esophageal carcinoma ESCC_55 N/A T wt
R104 104 Rectum adenocarcinoma  TCGA-EI-6917 T R213.
R104T 104 Head and neck SCC TCGA-CV-6961 Diploid T wt
E116A 116 Melanoma TCGA-D9-AGEC Gain T R213.
E116K 116 breast ductal carcinoma PD24209a T wt
188splic Neuroblastoma
e 118 CHP-134 [CL] CL wt
P122Q 122 Invasive breast cancer TCGA-A2-AOEM Diploid T wt
Prostate cancer P82L,
P123H 123 TCGA-XK-AAIW-01 T AT4T
T127I 127 Melanoma MELA-0019 T P278F
S129. 129 Cervical TCGA-EK-A2RK-01 __ Diploid T wt
D133N/D _
130N 133 Pediatric medulloblastoma ICGC MB240 T wt
M134V 134 Thyroid carcinoma TCGA-DJ-A1QE Diploid T wt
Q145. 145 Cutaneous SCC CSCC-16-T N/A T Y236N
I2L-P7-Tumor-
Q146R 146 Colon carcinoma Organoid
E153- Lung adenocarcinoma
splice 153 g9 TCGA-05-4424 Gain T L194R
Q154. 154 Desmoplastic melanoma 40M N/A T A86fs
R155C 155 Ovarian carcinoma 0C-314 [CL] CL  R273H
R155H 155 B-cell lymphoma WSU-NHL [CL] CL R248Q
R155H 155 Colon adenocarcinoma 587228 N/A T R280K
R165C 165 Esophageal carcinoma TCGA-JY-A6FG-01 Gain T R273H
R165C 165 Renal carcinoma BK0073 T wt
R165H 165 Myeloma SK-MM-2 [CL] CL K132N
Colorectal carcinoma coadread_dfci_2016_
E174K 174 365383 N/A T wt
R182Q 182 Endometrial carcinoma TCGA-AP-AOLM Diploid CL wit
E184. 184 Endometrial carcinoma TCGA-BS-AOUF Diploid T R213.
N188lI 188 Mantle cell lymphoma JEKO-1 [CL] CL P58fs
E258K,
R194C 194 Cutaneous melanoma Mewo [CL] CL Q317.
F270l,
R194C 194 Skin SCC CSCC-37-T T E286K
R194C 194 Rectum adenocarcinoma TCGA-EI-6917 T R213.
D201N 201 Colon carcinoma TCGA-AY-A54L-01 T C242fs
T231de
1205V 205 Lung adenocarcinoma HF-23896, 1946219 T I
N209Y 209 Melanoma Mel-BRAFi-03 N/A T wt
G208D 208 Lower grade glioma TCGA-DU-5874 T wit
X211 _spl
ice 211 Prostate adenocarcinoma 1115161 Diploid T wit
A219V 219 Skin melanoma IPC-298 [CL] CL R213.
F221L 221 Stomach adenocarcinoma  TCGA-CG-4466 Diploid T P152fs
Q222R 222 Melanoma MELA-0169 T wit
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X187_s
L233del 233 Lung SCC TCGA-63-A5MT Diploid T plice
L233fs 233 Colon adenocarcinoma TCGA-A6-5665 T D207G
R234fs 234 Papillary thyroid carcinoma D0223895 T D21fs
Q237. 237 Cervical TCGA-EK-A3GK-01 Diploid T wt
Q240K 240 Papillary RCC TCGA-5P-A9JZ Diploid T wit
R213.,
K246N 246 Colon carcinoma SNU-81 [CL] CL K132T
G248R 248 CSCC CSCC-38-T T R248W
T261M 261 Renal clear cell carcinoma  TCGA-A3-3365 T wt
HPV- squamous cell
carcinoma from
hypopharynx of patient
HN_62421 vs_ matched
R270T 270 normal DNA SM HN 62421 N/A T wit
R278C 278 Cutaneous melanoma TCGA-D9-A6EC-06 Gain T R213.
Q285H 285 Colon adenocarcinoma TCGA-AA-A010 Diploid T R175C
Neuroendocrine prostate
L289F 289 cancer WCMC10362 N/A T R110L
R299H 299 Colon adenocarcinoma TCGA-D5-6928 N/A T wt
M301T 301 Endometrial carcinoma EN [CL] CL wt
R309. 309 Esophageal carcinoma ESCC_BICR_041T T wt
R300. 309 Colorectal carcinoma T469 T wt
R314C 314 Lymphoblastic leukemia MOLT-4 [CL] Diploid CL  R306.
Colon adenocarcinoma R213,,
R314C 314 587338 N/A T T125M
Oral cancer -
R316H 316 Gingivobuccal OSCC-GB_011601 T wt
K321E 321 Breastinvasive carcinoma  MRK-nu-1 [CL] CL wt
1322fs 322 Ovarian carcinoma 0C-314 [CL] CL R273H
1322fs 322 Stomach adenocarcinoma  TCGA-BR-8081 Diploid T P301fs
1322fs 322 Liver carcinoma TCGA-ED-A97K ShallowDel T wt
Q323. 323 CSCC CSCC-52-T T P278S
P333T 333 Mouth carcinoma OSCC-GB_00660111
L337M 337 Liver carcinoma H080217 Diploid T L145P
S340L 340 Melanoma MELA-0193 T R175H
. coadread_dfci_ 2016
S340L 340 Colorectal carcinoma 3321 N/A T wt
S340L 340 Cervical SCC SW756 [CL] CL  wt
Y205C,
Rhabdomyosarcoma R273C,
A344T 344 SJRH30 [CL] CL R280S
V346M 346 CLL 1179 N/A T wt
Q351. 351 Cutaneous melanoma TCGA-EE-A20H Gain T wt
G356R 356 Stomach adenocarcinoma  TCGA-CG-4462 Diploid T wt
G356R 356 Rectum adenocarcinoma  TCGA-F5-6863 T R248W
P364T 364 Liver carcinoma H090156 Diploid T wt
P367S 367 Colon adenocarcinoma 587332 N/A T L257Q
S369C 369 Cervical carcinoma SW756 [CL] CL  wt
S369P 369 Endometrial carcinoma TCGA-AP-AOLM Diploid T wit
R175H,
1372V 372 Lymphoblastic leukemia KARPAS-45 [CL] CL R273C
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S374L 374 Esophageal carcinoma 399 T Q331H
G-292 Clone A141B1
A376G 376 Osteosarcoma [CL]
Pancreas endocrine
G379R 379 tumour ITNET_0797_T T wit
G379R 379 Melanoma Co67 T
S383spli
ce 383 Endometrial carcinoma TCGA-B5-A11U-01 Diploid T wit
Lung squamous cell
G387A 387 carcinoma TCGA-66-2785 Diploid T wit
Q394H 394 Colon adenocarcinoma TCGA-AA-3864 Diploid T wt
Anaplastic large cell
V400L 400 lymphoma SU-DHL-1 [CL] CL R273H
A406T 406 _Colon carcinoma TCGA-CK-4951-01 T wt
W410R 410 Stomach adenocarcinoma  pgM63 N/A T wt
W410. 410 Colorectal carcinoma T1772 T R273C
V415M 415 Colon adenocarcinoma 587220 N/A T wt
Prostate carcinoma P82L,
E416D 416 TCGA-XK-AAIW-01 Diploid T A74T
S432A 432  Liver carcinoma TCGA-ED-A7PZ-01  ShallowDel T R248fs
G279E,
S478F 478 CSCC CSCC-15-T T R280K
E480K 480 Desmoplastic melanoma Aul N/A T wt
E484K 484 Melanoma MELA-0035 T wit
E484K 484 Cutaneous melanoma TCGA-EE-A2M5 Gain T wt
S486T 486 Colon carcinoma LIM2405 [CL] CL wt
S496| 496 Lung adenocarcinoma LUAD-E01217 Diploid T wt
S496! 496  Thyroid cancer PTC-14C T wt
R497Q 497 Prostate carcinoma PCA78-1 T wit
Lung squamous cell
P500T 500 carcinoma TCGA-66-2777 ShallowDel T R248L
Colorectal carcinoma coadread_dfci_2016_
T5011 501 354 N/A T wt
P504L 504 Lung adenocarcinoma LC C9 T R248L
P504S 504 Stomach adenocarcinoma  TCGA-BR-4261 T wt
Pancreatic ductal
T509P 509 carcinoma ICGC_0503 N/A T wt
Colorectal carcinoma coadread_dfci_2016_
Q511fs 511 3446 N/A T wt
Q511fs 511 Colon adenocarcinoma LS174T [CL] CL  wt
Q511fs 511 Colon adenocarcinoma GP5d [CL] CL wt
Q511fs 511 Colon adenocarcinoma LS-180 [CL] CL wt
Q511fs 511 Colon adenocarcinoma GP2D [CL] CL wt
Q511fs 511 Colon adenocarcinoma SNU-1040 [CL] CL  R248W
Q511fs 511 Colon adenocarcinoma T3446 T wt
Q511fs 511 Colon adenocarcinoma T464 T wt
Q511fs 511 Stomach adenocarcinoma  TCGA-HF-7132 Diploid T splice
Q511fs 511 Stomach adenocarcinoma  TCGA-CG-5723 Diploid T M169T
Q511fs 511 Stomach adenocarcinoma  TCGA-BR-6852 Diploid T R273C
Q511fs 511 Stomach adenocarcinoma  TCGA-BR-8487 Diploid T R248W
Q511fs 511 Colon adenocarcinoma TCGA-AA-3877 Diploid T wt
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Colorectal carcinoma

coadread_dfci_2016_

V524 524 50 N/A T 1162N
Colorectal carcinoma coadread_dfci_2016_
P525L 525 92 N/A T wt
P525Q 525 Lung SCC TCGA-18-3419 Gain T D259F
Ovarian
Y530S 530 cystadenocarcinoma AOCS-093 T Y220C
P531L 531 Rectum adenocarcinoma  TCGA-DC-6154 T R196.
G534R 534 Cutaneous melanoma TCGA-EE-A2A2 ShallowDel T Q317.
Uterine carcinosarcoma R273C,
D542N 542 MM18T N/A T R213.
Colorectal carcinoma coadread_dfci_2016_
S543G 543 1222 N/A T wt
P555T 555 AML CN-AML-NR-08-Dx T wt
A558V 558 Colon adenocarcinoma 587224 N/A T wt
A558V 558 Renal clear cell carcinoma  TCGA-BP-5176 Diploid T wt
G561V 561 Breastinvasive carcinoma  TCGA-AR-A24Q ShallowDel T R175H
G561A 561 Glioma KNS-42 [CL] CL  R342.
G561A 561 Liver cancer JHH-2 [CL] CL  wt
L111Q,
S562. 52 -ung SCC TCGA-33-6737 Diploid T T284P
S562fs 562 Lung adenocarcinoma TCGA-83-5908 Gain T C275F
P564S 564 Lymphoblastic leukemia GR-ST[CL] CL  M246T
Q565H 565 Lung small cell carcinoma  NCI-H1105 [CL] CL  R249S
R65Efs
S566F 566 U9 SCC TCGA-98-8021 Diploid T *58
Kidney Renal Clear Cell
S577fs 576 Carcinoma TCGA-A3-3322 Diploid T wit
K591N 591 Endometrial carcinoma TCGA-B5-A0JY Diploid T wt
P595Q 595 Prostate adenocarcinoma MO 1020 ShallowDel T V173L
G629W 629 Lung adenocarcinoma LUAD-NYU315- Diploid T R248P
R65Efs
S632F 632 Lung SCC TCGA-98-8021 Diploid T *58
S632P 632 Liver carcinoma TCGA-CC-A3MA-01 ShallowDel T F113C
coadread_dfci_ 2016
T633fs 633 Colorectal carcinoma 140903
coadread_dfci_2016
T633M 633 Colorectal carcinoma 391 N/A T wt
G634R 634 Esophageal carcinoma ES0-0133 N/A T R306.
Germinal center B-cell
S644N 644 derived 4150895 T wt
coadread_dfci_2016_
Q651H 651 Colorectal carcinoma 354 N/A T wit
Adult T cell lymphoma-
G653D 653 leukaemia (HTLV+) ATLO12 T V157G
A655F 655 Lung adenocarcinoma LUAD-2GUGK Diploid T wt
coadread_dfci_2016_
AB55V 655 Colorectal carcinoma 546 N/A T wt
P657S 657 Endometrial carcinoma TCGA-AP-AOLT Diploid T wit
coadread_dfci_2016_ R110C,
A658fs 658 Colorectal carcinoma 60 N/A T R175C
T662I 662 Cutaneous melanoma TCGA-EE-A2GO Gain T wit
R668W 668 Lung adenocarcinoma LC_C23 N/A T wit
P672S 672 Liver carcinoma TCGA-LG-A6GG-01 Diploid T wt
L675F 675 Cutaneous melanoma TCGA-EE-A29R Diploid T wit
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AG89T 689 Stomach adenocarcinoma  TCGA-BR-6709 ShallowbDel T wit
A701V 701 Invasive breast cancer TCGA-BH-AOH3 Diploid T wt
. coadread_dfci_2016_
A701V 701 Colorectal carcinoma 407 N/A T wt
A701T 701 Lung adenocarcinoma TCGA-78-7161 Amp/gain T wt
R708C 708 Breastinvasive carcinoma CGP_donor_ 1964513 N/A
S710F 710 Melanoma TCGA-ER-A3PL ShallowDel T wt
E713K 713 Colon adenocarcinoma TCGA-AD-6964 T wt
G719R 719 Stomach adenocarcinoma  TCGA-D7-A74A-01 ShallowDel T wt
N721T 721 B-cell lymphoma HT [CL] CL  V216M
Y727F 727 Papillary RCC TCGA-4A-A93W Diploid T wt
R729C 729 Prostate adenocarcinoma MO 1176 Gain T WO1fs
T740A 740 Colon carcinoma RKO [CL] CL  wt
F742L 742 Testicular germ cell tumor  TCGA-XE-A8H5-01 ShallowDel T wt
P745S 745 Esophageal carcinoma ESCC BICR 041T T wt
P747L 747 CSCC CSCC-38-T T R248W
T7541 754 Melanoma TCGA-EB-A6QZ N/A T wt
R342.,
Melanoma G245S,
G761R 761 MELA-0247 T C275S
N762K 762 Mouth SCC 0OSCC-GB 00770111
N766S 766 Head and neck SCC PCI-15A [CL] CL
N766fs 766 Renal clear cell carcinoma  TCGA-A3-3385 Diploid T wt
Colorectal carcinoma coadread_dfci_2016_
P774fs 774 3181 N/A T V10l
P774fs 774 Colorectal carcinoma TCGA-G4-6302-01 T R267Q
P774fs 774 Stomach adenocarcinoma  TCGA-CG-5721 Diploid T R273C
P774fs 774 Stomach adenocarcinoma  TCGA-BR-4370 Diploid T wt
P780S 780 Esophageal carcinoma ESCC 37 T C141fs
Bladder urothelial C176F,
A786S 786 carcinoma TCGA-G2-A3IB Diploid T Q331.
melanoma Y103fs*
D790N 790 Pat 45 B T 1
S798Y 798 Malignant melanoma YUMOKI T R280K
E800fs 800 Colon carcinoma HCT-116 [CL] Diploid CL  wt
E800K 800 Synovial sarcoma SW982 [CL] CL  wt
. ZZUFHECRKL-
E803K 803 Esophageal carcinoma GO71T
Q808K 8og Stomach adenocarcinoma  TCGA-F1-A448-01 Diploid T wt
P27s,
Q812. 812 Melanoma MELA-0176 T P151F
Esophageal carcinoma V197L,
P816L 816 phag TCGA-L5-ABNK Diploid T R273C
_ S94.,
D819E g1g Esophageal carcinoma TCGA-VR-AA4G-01  ShallowDel T G154fs
V824M 824 Endometrial carcinoma TCGA-D1-A17D Diploid T wt
T826M 826 Liver carcinoma 182T T M246V
S835T 835 B-cell lymphoma SLVL [CL] CL
E846D 846 Colorectal carcinoma TCGA-AZ-4315 T wt
P849S 849 Desmoplastic melanoma 46M N/A T wt
P855F 855 Head and neck SCC CSCC-38-T T R248W
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P142S,
Head and neck SCC V216G,
P855S 855 CSCC-49-T T E286K
R2480Q,
P860S geo Head and neck SCC CSCC-20-T T V272G
P875L 875 Lung SCC TCGA-85-8350 ShallowDel T D207fs
S875L 875 Colon adenocarcinoma TCGA-CM-6162 T R290S
DLBC DLBCL-
R877W 877 MAYO_DLBCL_234 N/A T wt
T878M 878 Lung adenocarcinoma SW1573 [CL] CL  wt
H880Y 880 _ Stomach adenocarcinoma  TCGA-BR-8059 Diploid T wt
G881E gg1 Melanoma MELA-0247 T C275S
G881R 881 Ewing's sarcoma ES5 [CL] CL R248Q
R883K 883 Head and neck SCC TCGA-CV-ABK2 Diploid T M246l
Colorectal carcinoma coadread_dfci_2016_
R885Q 885 1208 N/A T R248Q
Colorectal carcinoma coadread_dfci_2016_
R885W 885 437 N/A T V157F
R885W 885 Sarcoma TCGA-3B-A9HT-01 Diploid T Wol.
Bladder urothelial
P888H 888 carcinoma B105 N/A T wit
. coadread_dfci_2016_
L889fs 889 Colorectal carcinoma 2564 N/A T wt
S896del 896 Prostate adenocarcinoma TCGA-G9-6496 Diploid T wit
E898K 898 Lung adenocarcinoma TCGA-17-7049-01 T P250L
R213.,
D902N 902 Uterine carcinosarcoma MM18T N/A T R273C
P914H 914 Endometrial carcinoma TCGA-D1-Al16F N/A T wt
E920K 920 melanoma Pat 16 B T wit
coadread_dfci_2016_
P924fs 924 Colorectal carcinoma 2624 N/A T wt
H926Y 926 Liver R308 CO01 T R273C
A928S 928 Lung adenocarcinoma TCGA-95-8039 Diploid T G105D
V29I 929 Liver carcinoma TCGA-MI-A75G-01 Diploid T H193R
coadread_dfci_2016_ P36Afs
1936T 936 Colorectal carcinoma 207430 N/A T *7
Vo47M 947 Kidney Chromophobe TCGA-KO-8409 Gain T wit
X955_spl
ice 955 Liver TCGA-G3-A25S-01 ShallowDel T wt
A961S 961 SCLC 502242 N/A T H168L
Q972H 972 Rectum adenocarcinoma TCGA-AG-A002 Diploid T wt
S983A 983 Stomach adenocarcinoma  TCGA-CG-5726 Diploid T R306.
Colorectal carcinoma coadread_dfci_2016_
K994T 994 352566 N/A T wit
12003N 1003 T-cell leukemia Jurkat [CL] CL  R196.
Q1004H 1004 Lungadenocarcinoma H522 [CL] Gain CL  wt
Stomach adenocarcinoma H179R,
C1005Y 1005 TCGA-FP-A9TM-01 ShallowDel T R248W
K1015Q 1015 Lung SCC TCGA-92-7341 Gain T wt
M10191 1019 Cervical SCC TCGA-C5-A1BL T wt
Colorectal carcinoma coadread_dfci_2016_ H178fs,
A1024V 1024 2448 N/A T E294fs
A1024T 1024 Colon DLD1 [CL] CL  wt
F1040V 1040 Stomach adenocarcinoma pfg043T N/A T wt
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D1044E 1044 Cholangiocarcinoma TCGA-ZH-A8Y4-01 ShallowDel T wt

A1045T 1045 Colon carcinoma sysucc-783T T wt
Colorectal carcinoma coadread_dfci_2016_

R1051C 1051 116 N/A T D49N

F109fs,

G1065E 1065 Headandneck SCC BICR 22 [CL] CL  A307V

G1065E 1065 Melanoma 14T T

P1084L 1084 Pancreas 8013014 N/A T C124.
Bladder urothelial

R1085Q 1085 carcinoma TCGA-DK-A3X1 Amp T E271K

R1087Q 1087 Cutaneous melanoma TCGA-D3-A1Q6 Diploid T wt
Pancreatic ductal

A1090T 1090 carcinoma Capan-2 [CL] CL wit

A1090T 1090 Stomach adenocarcinoma  TCGA-BR-4370 Diploid T wt

Appendix Table S5. Manually curated somatic mutations in TP53BP2.
Version snapshot 5 September 2016, updated to cBio v1.2.4, COSMIC v78, ICGC r23

plus legacy mutations.

Mutation Actu Repor Cancer Sample number ASPP2  Tumour TP53
al ted copy [cell status
resid resid numbe line
ue ue r

translation Colorectal TCGA-AA-3672 T wit

start site adenocarcino

ma

chrl:9.223988 melanoma MELA-0180 T wt

401C>T

L12P 6 12 stomach TCGA-BR-8382 Diploid T wit

adenocarcino
ma

T13I 7 13 cutaneous TCGA-EE-A29E T L330R

melanoma

V14L 8 14 Lung small 631076 T wit

cell
carcinoma

V14L 14 lung SCC TCGA-39-5021 Gain T C141wW

Y15C 15 Head and TCGA-QK-A8ZA-01 Gain T H193L

neck SCC

N19K 13 19 Liver TCGA-DD-A73D-01 Gain T wt

carcinoma

133fs 27 33 malignant YUMOBER T R209fs

melanoma

T23I 23 29 melanoma 2492729 T P191S

T23P 23 29 melanoma MEL-UKRV-Mel-6 N/A T wt

C34y 28 34 endometrial TCGA-D1-A174-01  Diploid T wit

carcinoma

C41R 35 41 colorectal Gp2D [CL] CL wt

carcinoma

E43. 37 43 endometrial TCGA-B5-A0JY-01  Diploid T wit

carcinoma

P44L 38 44 cutaneous TCGA-EE-A3J7 T S241F

melanoma

G45S 39 45 T-cell Jurkat [CL] CL R196.

leukemia
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R60C 54 60 neuroblastom  MHH-NB-11 [CL] CL wt
a

R60C 54 60 Thymoma TCGA-ZB-A96E-01 Diploid T wit

R60C 54 60 colon TCGA-AA-3994 Gain T wit
adenocarcino
ma

A63V 57 63 colorectal coadread_dfci_201 T R283H
carcinoma 6 335135

N65K 59 65 colon GP2d [CL] CL wit
adenocarcino
ma

N65K 59 65 colon GP5d [CL] CL wit
adenocarcino
ma

R67Q 61 67 thyroid TT2609-C02 [CL] CL
cancer

R67Q 61 67 endometrial TCGA-D1-A17Q-01 Diploid T wt
carcinoma

R67. 61 67 Liver TCGA-BC-A216-01 AMP T R248W
carcinoma

R68. 68 74 colon TCGA-D5-6930 T wt
adenocarcino
ma

R74. 68 74 esophageal ESCC_86 T wt
carcinoma

D70H 64 70 Lung SCC TCGA-56-8624-01 Diploid T N268Tfs*

77

L72F 66 72 cutaneous TCGA-EE-A3AF T wt
melanoma

R74Q 68 74 breast cancer TCGA-AN-A046 AMP T E11K

R74Q 68 74 colorectal coadread_dfci_201  N/A T wit
carcinoma 6 2227

R74Q 68 74 colorectal coadread_dfci_201  N/A T wt
carcinoma 6 3451

E81K 75 81 colorectal coadread_dfci_ 201  N/A T R175H
carcinoma 6 2674

F84L 78 84 B-cell HT [CL] CL V216M,
lymphoma R273H

R87L 81 87 esophageal TCGA-LN-A9FP Gain T E294.,
carcinoma splice

R90H 84 90 Marginal 12D T wit
zone
lymphoma

P85fs 85 91 stomach TCGA-B7-5816 T wit
adenocarcino
ma

P86fs 86 92 stomach TCGA-HF-A5NB Gain T wit
adenocarcino
ma

P86fs, Q103fs 86 92 stomach TCGA-CG-5728 Diploid T wit
adenocarcino
ma

P86fs 86 92 pancreatic ICGC_0548 N/A T S215N
adenocarcino
ma

P86fs 86 92 Head and TCGA-F7-A624 Diploid T N239D,
neck SCC T256I

P86fs 86 92 breast cancer TCGA-D8-A1XQ T L252fs

P86fs 86 92 colon C135 T wt
adenocarcino
ma

P86fs 86 92 colon TCGA-AZ-6598 T fs

adenocarcino
ma
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P86fs 86 92 cervical C-33-A[CL] CL R273C
cancer

P86fs 86 92 stomach TGBC11TKB [CL] CL R273C
adenocarcino
ma

P87fs 87 93 endometrial EN [CL] CL R273H
carcinoma

VI7M 91 97 Lung SCC TCGA-56-8624-01 Diploid T N268Tfs*

77

P100A 94 100 breast lobular CGP_donor_14514  Missen
carcinoma 22 se

R109I 103 109 endometrial TCGA-B5-A0JY-01 Diploid T wt
carcinoma

Y118. 112 118 pancreatic 8058178, 8068579 N/A T H179Y
carcinoma

G124R 118 124 lung non- NCI-H2172 [CL] CL wt
small cell
cancer

L134P 128 134 liver HCCO079T T R249S
carcinoma

A135S 129 135 colon TCGA-CM-6674 T wit
adenocarcino
ma

E133Q 133 139 lung TCGA-MP-A4SW Gain T wit
adenocarcino
ma

Q138. 132 138 bladder TCGA-K4-A3WS- Gain T wt
urothelial 01
carcinoma

S142F 136 142 sarcoma TCGA-DX-AB2E-01 Diploid T R342.

S142Y 136 142 colorectal coadread_dfci_201  N/A T wt
carcinoma 6 92

S142T 136 142 colorectal 2476 _PT T G244D
carcinoma

S142Y 136 142 endometrial TCGA-AX-A05Z-01 Gain T wt
carcinoma

R143H 137 143 glioblastoma  TCGA-28-2506 wit

G145. 139 145 lung non- NCI-H2228 [CL] CL Q331.
small cell
cancer

Q151R 145 151 neuroblastom  LAN-6 [CL] CL wt
a

K157Q 157 34 Colon 12L-P26-Tumor- Missen
carcinoma Organoid se

E159. 153 159 breast ductal PD24194a T C176W
carcinoma

F164C 158 164 B-cell BC-1 [CL] CL wt
lymphoma

L165F 159 165 lung non- LU-65 [CL] CL E11Q
small cell
cancer

K166fs 160 166 renal non- 9266826 N/A T wit
clear cell
carcinoma

Q167L 161 167 lung H2810 [CL] CL R273L
mesotheliom
a

R171Q 165 171 endometrial HEC-1 [CL] CL R248Q
carcinoma

AL177V 171 177 stomach STC252 T wit
adenocarcino
ma

A189V 183 189 DLBC TCGA-G8-6914-01  Diploid T wt
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E190. 184 190 cutaneous TCGA-EE-A2A6 wt
melanoma

Q186. 186 192 lung TCGA-49-AARE-01  Gain T R273G
adenocarcino
ma

K192fs 192 198 stomach TCGA-BR-4298 mut
adenocarcino
ma

K195E 189 195 colon KM12 [CL] CL R72fs
adenocarcino
ma

V199fs 193 199 melanoma Pat_06_A T wt

V199fs 193 199 melanoma Pat_53 B T wit

V199fs 193 199 breast cancer TCGA-EW-A1lZ-01 T wt

V199fs 193 199 colon TCGA-AA-3811-01 T H178fs
adenocarcino
ma

V199fs 193 199 Ewing's 07-P1079 N/A T wit
sarcoma

V199fs 193 199 colon TCGA-A6-6781-01 T wit
adenocarcino
ma

V199fs 193 199 colon TCGA-AA-A01P-01 T wit
adenocarcino
ma

V199. 193 199 colon coadread_dfci_201  N/A T wt
adenocarcino  6_4500
ma

V199. 193 199 breast cancer CGP_donor_19645 Nonse
ER+ Her2- 13 nse

V199. 193 199 stomach TCGA-FP-A4BE N/A T R158H,
adenocarcino R273C
ma

V199. 193 199 stomach TCGA-BR-8078-01 Diploid T wt
adenocarcino
ma

V199. 193 199 stomach TCGA-BR-8368 Diploid T wt
adenocarcino
ma

V199. 193 199 stomach TCGA-BR-8382 Diploid T wt
adenocarcino
ma

V199. 193 199 stomach pfgl81T N/A T wit
adenocarcino
ma

A201S 195 201 endometrial TCGA-AP-A051-01 Gain T wt
carcinoma

V206M 200 206 Prostate TCGA-XK-AAIW Diploid T P82L
carcinoma

G214R 208 214 cutaneous TCGA-EE-A3AG Diploid T R213.
melanoma

Q216H 216 216 small cell DMS-79 [CL] CL wt
lung
carcinoma

M217I 217 217 tongue SCC SCC-25 [CL] CL R209fs

Q229K 223 229 DLBC TCGA-G8-6914-01  Diploid wt

Q229K 223 229 colon TCGA-AM-5821
adenocarcino
ma

A237D 231 237 endometrial TCGA-D1-A17F-01 T wt
carcinoma

A237T 231 237 glioblastoma  TCGA-06-5416 R213.
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E243. 237 243 endometrial TCGA-BS-AQUF-01 Diploid T R213.
carcinoma

E249D 243 249 invasive TCGA-A8-A07I AMP T wt
breast cancer

K252E 246 252 lung M4945 N/A T wt
adenocarcino
ma

S258N 252 258 endometrial MFE-319 [CL] CL Y220C,
carcinoma R273C

H260R 254 260 lymphoid JVM-3 [CL] CL wt
neoplasm

A267T 261 267 Hodgkin SUP-HD1 [CL] CL wt
lymphoma

E268K 262 268 breast cancer HCC202 [CL] CL T284fs

D270A 264 270 esophageal ESCC_11 T P152Q,
carcinoma V274L

D270N 264 270 breast cancer TCGA-D8-A1JA Gain T wt

R271C 265 271 melanoma Pat 24 A T wit

R271C 265 271 colon C13 T wit
adenocarcino
ma

R271H 265 271 colon TCGA-A6-6141 T wit
adenocarcino
ma

Q385E 379 385 breast cancer TCGA-A8-A08R-01 Gain N239.

P292S 286 292 CLL Missense

L297W 291 297 Prostate 05-165M1_LN, 05- Diploid T wit
cancer (met) 165K5 LUNG

S302L 296 302 melanoma COLO-792 [CL] CL wt

E303G 297 303 ovarian TCGA-23-2649 T Y234.
cystadenocar
cinoma

R310H 304 310 Acute CN-AML-CR-33-Dx T wt
myeloid
leukaemia

V311l 305 311 Head and WSU-HNS8 [CL] CL R196.
neck SCC

K316del 316 316 lower grade TCGA-HT-7481 wit
glioma

R317W 311 317 pancreatic 8 T wt
carcinoma

W319G 313 319 renal TCGA-B9-4117-01 Diploid T wt
papillary
carcinoma

W319fs 313 319 melanoma 2492709, 2492710 T wit

K321N 315 321 oesophageal  KYSE-520 [CL] CL wt
carcinoma

K328E 322 328 melanoma YUWAND N/A T H233fs,

Q317.

A324V 318 324 Melanoma TCGA-FS-A4F0-06  Diploid T wt

D336N 330 336 Head and TCGA-CR-6481 Diploid T wit
neck SCC

N338S 332 338 esophageal ESCC_142 T V274F
carcinoma

P340S 334 340 stomach TCGA-D7-A4YX-01 Diploid T wt
adenocarcino
ma

A340T 340 346 colon TCGA-AY-6197 T R175H
adenocarcino
ma

A344V 338 344 Ewing's ES8 [CL] CL C135F
sarcoma
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A344V 338 344 colon SNU-1040 [CL] CL R248W,
adenocarcino V73fs,
ma D48N

S354F 354 231 malignant MEOQ9T N/A T wit
melanoma

Y356C 350 356 ovarian OV-56 [CL] CL K101fs
cancer

Q358L 352 358 liver 041T T wt
carcinoma

P363L 357 363 melanoma MELA-0054 T wit

P363L 357 363 pancreatic 8065126, N/A T F134C
carcinoma ICGC_0217

S367. 360 367 Bladder DFCI-04_R N/A T D207.
cancer

P360S 360 237 melanoma Cco084 T wit

K374fs 368 374 papillary TCGA-A4-A772-01  Diploid T wit
renal
carcinoma

P375S 369 375 colon 61 R110C
adenoma

D379G 373 379 endometrial TCGA-D1-A17Q-01 Diploid T wt
carcinoma

1384T 378 384 Liver CHC304 T in-frame
carcinoma ins

1384V 378 384 stomach TCGA-HU-A4GU- Diploid T P191del
adenocarcino 01
ma

Q385E 379 385 invasive TCGA-A8-A08R Gain T N239.
breast cancer

P390S 384 390 T-cell Jurkat [CL] CL R196.
leukemia

N398K 392 398 malignant YUMOBER T R209fs
melanoma

A403V 397 403 melanoma Pat_ 53 B T wt

S410Y 404 410 stomach TCGA-BR-8680 Gain T wit
adenocarcino
ma

G409D 403 409 Mouth SCC 201, OSCIM-PT43- N/A T Y126.

201-T

X409_splice 403 409 melanoma TCGA-D3-A51F-06  Diploid T wit

P414L 408 414 Melanoma TCGA-D9-A4Z3-01 N/A T wt

P422Q 422 428 liver H081665 Diploid T wit
carcinoma

P428L 422 428 Head and CSCC-41-T T Q317.
neck SCC

P428S 422 428 Neuroendocri WCMC139 1 C Gain T wt
ne prostate
tumour

A442T 436 442 esophageal OCCAMS-SH-020 T wt
carcinoma

D447N 441 447 Cervical SCC TCGA-EK-A3GM- Gain T wt

01

P452S 446 452 cutaneous MELA-0165 T wt
melanoma

E455D 449 455 Lung SCC TCGA-34-A51X-01 Gain T A159V

K459N 453 459 Head and TCGA-CV-7089 Diploid T Y163C
neck SCC

R461C 455 461 Colon coadread_dfci 201  N/A T R283H
carcinoma 6 335135

R455C 455 332 esophageal ESO-717 wt
carcinoma

R461C 455 461 liver HuH-7 [CL] CL Y220C
carcinoma
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R461C 455 461 colon TCGA-AA-3949 Diploid T R273H
adenocarcino
ma

R461H 455 461 melanoma Pat_66_A T wit

R461H 455 461 stomach TCGA-BR-4361 Diploid T R273H,
adenocarcino H168R
ma

P462L 456 462 Colon TCGA-AG-3728-01 T H193N
carcinoma

P456Q 456 462 liver H081665 Diploid T wt
carcinoma

FA57L 457 334 T-cell PF-382 [CL] CL R248Q,
leukemia R273C

S464L 458 464 breast cancer TCGA-AC-A23H Gain T wit

D467H 461 467 Colon 12L-P11-Tumor- Missen
carcinoma Biopsy se

A468T 462 468 endometrial TCGA-D1-A176-01 T wit
carcinoma

N473S 467 473 kidney RCC-MF [CL] CL wit
carcinoma

SA77F 471 477 sarcoma TCGA-DX-A8BP-01 Diploid T C135R

R482S 476 482 gall bladder TGBC24TKB [CL] CL C242fs
carcinoma

G479D 473 479 Head and TCGA-BA-A6DJ Diploid T wt
neck SCC

S486G 482 486 Colon coadread_dfci_201  N/A T wit
carcinoma 6 1221

L491F 485 491 bladder MSKCC-0741_R N/A T Y236C,
cancer R282W

R492Q 486 492 skin TCGA-EE-A20B Gain T wt
cutaneous
melanoma

D493A 487 493 lymphoblastic KARPAS-45 [CL] CL R175H,
leukemia T125M,

R272C

D493E 487 493 skin TCGA-EE-A3J3 Gain T wit
cutaneous
melanoma

V504A 498 504 colon TCGA-AA-3815-01 T R158H,
adenocarcino G245S
ma

P507H 501 507 pancreatic ACINAROQ9 n/a T wt
acinar cell
carcinoma

P509S 503 509 melanoma TCGA-FR-A726-01 N/A T wt

T510R 504 510 lymphoblastic  P12-ICHIKAWA Missen
T-cell [CL] se
leukemia

K513fs 513 513 prostate TCGA-M7-A724-01  Shallo T wit
adenocarcino wDel
ma

D523H 523 523 NS STS-0421 [CL] CL wit

P526S 520 526 esophageal TCGA-L5-A8NV-01  Gain T R175H,
carcinoma R196.

P527fs 521 527 thyroid PTC 14 N/A T D21fs
cancer

P527L 521 527 Prostate EOPC-01_tumor T wit
carcinoma

P527R 521 527 cutaneous ML_24 T wt
melanoma

S540L 534 540 prostate TCGA-HC-7233 Diploid T wit

adenocarcino
ma
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A553T 547 553 liver HCCO005 T wt
carcinoma
HBV+

A553T 547 553 stomach TCGA-CG-4305 Diploid T wit
adenocarcino
ma

R558K 552 558 cutaneous TCGA-FS-A1ZD Gain T wt
melanoma

S561L 561 567 small cell 2334188 N/A T X331_spli
lung ce
carcinoma

S567L 561 567 Desmoplastic 11M N/A T wt
melanoma

Q570K 564 570 renal clear TCGA-AK-3460 Diploid T wt
cell
carcinoma

A586V 580 586 Prostate MO_1263 Diploid T V157F
carcinoma

A587del 571 587 Head and CSCC-49-T T P142S,
neck SCC V216G,

E286K

V588 582 588 colorectal coadread_dfci_201  N/A T wit
carcinoma 6 3319

R589W 583 589 esophageal ESCC-123T N/A T 1255S
carcinoma

S596F 590 596 pancreatic ASHPC_0029 Pa_ T WO1l.
carcinoma P

D598Y 592 598 breast cancer CGP_donor_14785 Missen

43 se

V610M 604 610 B-cell Acute TARGET-10- Missen
Lymphoblasti PAPNNX-04A-01D  se
¢ Leukemia

V610M 604 610 Pancreatic TCGA-HZ-A9TJ-01 Gain T R175H
cancer

S617F 611 617 melanoma ML_92 T wit

T620M 614 620 colon SK-CO-1 [CL] CL wt
adenocarcino
ma

A624V 618 624 pancreatic PCSI_0477 T wt
adenocarcino
ma

G626E 620 626 Uterine MMO4T N/A T P223S
carcinomsarc
oma

F629L 623 629 Liver HX32 T wit
carcinoma
(virus+)

N628fs 622 628 stomach TCGA-D7-A6EY-01 Diploid T wit
adenocarcino
ma

N628fs 622 628 colon 12L-P19Ta-Tumor- Frame
adenocarcino  Biopsy shift
ma

F629L 623 629 liver HX32T T wit
carcinoma

A632V 626 632 endometrial TCGA-AP-A051-01  Gain T wit
carcinoma

Q634H 628 634 DLBC TCGA-G8-6914-01  Diploid T wit

A636fs 630 636 prostate TCGA-CH-5769-01 Diploid T wt
adenocarcino
ma

A636T 630 636 endometrial TCGA-D1-A167-01  Diploid T wit
carcinoma

P645T 639 645 endometrial ESS-1 [CL] CL R213.
carcinoma
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G652S 646 652 bladder TCGA-GC-A3BM Gain T wt
urothelial
carcinoma

G652A 646 652 lung TCGA-95-7039 Gain T R273L
adenocarcino
ma

Q660H 654 660 pancreatic PDA_006 Diploid T wt
carcinoma

Q660R 654 660 liver TCGA-CC-A8HV- Gain T R249S
carcinoma 01

E667. 661 667 breast cancer PI066 T V216M
HER2amp

E667. 661 667 breast cancer CGP_donor_15894  N/A T V216M

31

S671F 665 671 melanoma TCGA-EE-A29N Diploid T wit

S671F 665 671 melanoma TCGA-EE-A2MT Gain T wt

G678D 672 678 Colon coadread_dfci_201  N/A T wit
carcinoma 6 354

P686S 680 686 Melanoma TCGA-FS-A4F0-06  Diploid T wt

P700L 694 700 cutaneous TCGA-DA-A1HV Diploid T R280K
melanoma

R701Q 695 695 bladder TCGA-K4-A3WV Diploid T wt
urothelial
carcinoma

P705R 699 705 small cell 585205 N/A T Y163C
lung
carcinoma

S713F 707 713 malignant C008 T wt
melanoma

S713Y 707 713 breast cancer TCGA-A2-A04Y-01 T wit

R717Q 711 717 Colon coadread_dfci_201  N/A T wit
carcinoma 6 2365

S717. 711 717 colon sysucc-274T T wit
adenocarcino
ma

L724P 718 724 Colon 1517 CLM T A276V
carcinoma

E725D 719 725 Colon coadread_dfci 201  N/A T R273C
carcinoma 6 2641

A726T 720 726 endometrial TCGA-BG-A0OM4 Gain T wt
carcinoma

R728Q 722 728 Colon coadread_dfci_201  N/A T wt
carcinoma 6 2365

S732C 726 732 Head and TCGA-BB-4223 Diploid T wt
neck SCC

K733N 733 739 colon 587376 N/A T wt
adenocarcino
ma

S737C 737 743 breast cancer PD4601a N/A T wt

S737Y 737 743 colorectal coadread_dfci_201  N/A T wt
carcinoma 6_593

T745A 739 745 lung non- NCI-H2342 [CL] CL Y220C
small cell
cancer

E742D 742 619 melanoma ME048 N/A T wt

1744V 738 744 thyroid PTC_448 T wt
cancer

P750L 744 750 Desmoplastic 40M N/A T A86fs
melanoma

L758P 752 758 Colon coadread_dfci_201  N/A T D49N
carcinoma 6 116
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Y754C 754 760 stomach TCGA-BR-7715 Diploid T F270S
adenocarcino
ma

T7641 758 764 T-cell Jurkat [CL] CL R196.
leukemia

A766V 760 766 stomach PGM65 N/A T wit
adenocarcino
ma

M768lI 762 768 colon TCGA-AA-3984 Diploid T wit
adenocarcino
ma

E769K 763 769 glioblastoma P10_Rec N/A T R273C

S772C 766 772 bladder TCGA-DK-A3X1 Shallo T E271K
urothelial wDel
carcinoma

P774S 768 774 melanoma Pat_63_B T wit

S775. 769 769 bladder TCGA-DK-A3X1 Shallo T E271K
urothelial wDel
carcinoma

S775. 769 775 breast cancer TCGA-E9-A5FL Diplod T H193R

Y776C 770 776 Colon coadread_dfci_ 201  N/A T wt
carcinoma 6 683

P777A 771 777 liver TCGA-CC-A713-01 DeepD T V157F
carcinoma el

E792D 786 792 lung LUAD-B01970 Diploid T G154V
adenocarcino
ma

P796S 790 796 melanoma MELA-0209 T wt

E801S 795 801 Head and TCGA-UF-A7J0O-01 Diploid T R213L
neck SCC

E801K 795 801 Head and CSCC-10-T T Q104.,
neck SCC R249S

E803K 797 803 stomach NUGC-3 [CL] CL Y220C
adenocarcino
ma

E803K 797 803 endometrial TCGA-AP-A059-01 Diploid T R273C,
carcinoma S240G,

P64T

V807A 801 807 endometrial TCGA-B5-A11E Gain T R342.
carcinoma

P810S 810 810 melanoma MEL-13473 N/A T wt

V819M 813 819 T-cell DND-41 [CL] CL R248Q
leukemia

S827C 821 827 liver TCGA-MI-A75E-01  Gain T wt
carcinoma

P824L 824 701 melanoma 2427TIL

P830L 824 830 Neuroendocri WCMC170_1 C Diplod T wt
ne prostate
tumour

A831T 825 831 lung small SHP-77 [CL] CL C176W
cell cancer

D837A 831 837 colon 587376 N/A T wt
adenocarcino
ma

P840L 834 840 malignant YUSMI T R248W
melanoma

G842R 836 842 stomach RERF-GC-1B [CL] CL R213.
adenocarcino
ma

P844Q 838 844 Liver HCCO013 T K132T
carcinoma
(HBV+)
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S847N

841

847

malignant
melanoma

YUKAT

E855K

849

855

bladder
urothelial
carcinoma

TCGA-DK-A3IT

Gain

P859A

853

859

Renal
carcinoma

C0020T

H863R

857

863

stomach
adenocarcino
ma

MKN45 [CL]

CL

E870D

864

870

papillary
renal
carcinoma

TCGA-B1-A656-01

Diploid

Y872C

866

872

esophageal
carcinoma

ESO-859

N/A

Y872S

866

872

stomach
adenocarcino
ma

BJ-GC-9538803

F109S

P873L

867

873

renal clear
cell
carcinoma

TCGA-BP-4164

Diploid

Y875.

869

875

T cell
lymphoma-
leukaemia
(adult)
HTLV+

ATLO043

P879T

873

879

esophageal
carcinoma

TCGA-LN-A49K-01

Amp

V122Dfs*
26

P878fs

872

878

colon
adenocarcino
ma

LS174T [CL]

CL

wit

P878fs

872

878

colon
adenocarcino
ma

LS-180 [CL]

CL

P875L

875

752

skin SCC

cSCCP1

R248W

P881S

875

881

cutaneous
melanoma

TCGA-EE-A2GP

Diploid

R248W

S882F

876

882

Head and
neck SCC

CSCC-6-T

R196.,
P278T

P885L

879

885

renal non-
clear cell
carcinoma

9259814

N/A

G883R

883

883

multiple
myeloma

MM-0633

N/A

P888fs

882

888

cervical SCC

TCGA-DR-A0ZM

R896C

890

896

Colon
carcinoma

coadread_dfci_201
6_2423

Missen
se

R896H

890

896

pancreatic
adenocarcino
ma

TCGA-IB-7651

Gain

R896C

890

896

lung
adenocarcino
ma

TCGA-50-5944

Gain

E285.

P898fs

898

898

lung
carcinoma

TCGA-60-2711-01

Shallo
wDel

L265fs

G902W

896

902

Lung SCC

TCGA-37-A5EM

Gain

R174W

Q903.

897

903

colon
adenocarcino
ma

LS-411N [CL]

CL

Y126.

R915H

909

915

colon
adenocarcino
ma

T2932

R915H

915

921

CLL

1100

N/A
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A923T

917

923

colon
adenocarcino
ma

T3024

N/A

A923T

917

923

stomach
adenocarcino
ma

TCGA-CG-5733

Diploid

H924R

918

924

colon
adenocarcino
ma

587224

N/A

P152L

A934fs

928

934

Bile duct
carcinoma

BD72T

R248Q

A934fs

928

934

colon
adenocarcino
ma

LS-411N [CL]

Y126.

S939L

933

939

Colon
carcinoma

coadread_dfci_201
6_2936

N/A

D946G

940

946

liver
carcinoma
(virus+)

RK245

D946G

940

946

pancreatic
adenocarcino
ma

PCSI_0348

R950I

944

950

endometrial
carcinoma

TCGA-B5-A0JY-01

Diploid

E954K

948

952

small cell
lung
carcinoma

S02375

N/A

D956H

950

956

ovarian
cystadenocar
cinoma

TCGA-24-0966

AMP

G245V

S959I

953

959

pancreatic
carcinoma

8016470

G245S

T967M

961

967

prostate
adenocarcino
ma

TCGA-KK-A7B3

Diploid

A975T

969

975

colon
adenocarcino
ma

TCGA-CK-4951-01

A975V

969

975

esophageal
carcinoma

3N25-VS-3T25

wt

VO75F

975

975

Head and
neck SCC

JHU-028 [CL]

wt

Q986.

980

986

colon
adenocarcino
ma

TCGA-AZ-6598

C229fs

N990S

984

990

small cell
lung
carcinoma

S02295

N/A

N990T

984

990

AML

CN-AML-CR-45-Dx

G998E

992

998

Head and
neck SCC

CSCC-42-T

999splice

993

999

Lung SCC

TCGA-77-A5G3

Gain

G245C,
R248L

H1003Y

997

1003

bladder
urothelial
carcinoma

TCGA-H4-A2HQ

Diploid

S1007A

1001

1007

esophageal
carcinoma

430

R282W

C1014R

1008

1014

breast cancer

BR-V-027

N/A

Y126_spli
ce

F1016L

1010

1016

B-cell
lymphoma

SU-DHL-10 [CL]

CL

splice

A1023T

1017

1023

B-cell
leukemia

REH [CL]

CL

wt
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S1030I 1024 1030 rectum TCGA-AG-3598 Diploid T R175H
adenocarcino
ma

D1031E 1025 1031 esophageal TCGA-LN-A8I0-01 Gain T V272M,
carcinoma R273H

E1043K 1037 1043 lung H513 [CL] CL N239fs
mesotheliom
a

F1046C 1046 923 colon 587376 T wt
adenocarcino
ma

M1063I 1057 1063 pancreatic ACINAR26 N/A T S90T
acinar cell
carcinoma

A1070G 1064 1070 lung TCGA-55-1594 Diploid T S166.
adenocarcino
ma

A1070V 1064 1070 stomach TCGA-CD-5801 Diploid T wit
adenocarcino
ma

A1070V 1064 1070 pancreatic 8016470 N/A T G245S
adenocarcino
ma

A1070V 1064 1070 colon coadread_dfci_ 201  N/A T R175H
adenocarcino 6_4536
ma

A1070V 1064 1070 colon TCGA-AA-3811 Diploid T H178fs
adenocarcino
ma

W1072. 1066 1072 malignant YUCHIME T E286K
melanoma

P1083L 1077 1083 melanoma MZ7-mel [CL] CL wt

M1084I 1078 1084 Cervical SCC TCGA-IR-A3LA-01 Diploid T L194F,

E271K

E1086del 1080 1086 stomach TCGA-HU-A4GX- Diploid T P72S
adenocarcino 01
ma

E1086del 1080 1086 stomach TCGA-BR-8368 Diploid T wt
adenocarcino
ma

G1087. 1081 1087 stomach TCGA-BR-6452 Diploid T wit
adenocarcino
ma

C1089F 1083 1089 Colon T368 N/A T wt
carcinoma

M1084I 1084 1090 liver H090798 Diploid T wit
carcinoma

M1090V 1084 1090 uterine SK-UT-1 [CL] CL R175H,
leiomyosarco R248Q
ma

11093M 1087 1093 breast cancer TCGA-AR-A24N Gain T wt

E1098K 1092 1098 Prostate TCGA-EJ-7782-01 T wit
cancer

E1102K 1096 1102 endometrial TCGA-BS-AOUF Diploid T R213.
carcinoma

W1104R 1098 1104 endometrial EN [CL] CL R273H
carcinoma

W1105C 1099 1105 Lung SCC TCGA-56-8082 Diploid T E180_S1

85del

A1106V 1100 1106 colorectal sysucc-CRC-1370 T wt
carcinoma

A1106V 1100 1106 Prostate 00- Diploid T R273C
carcinoma 010N PROSTATE

R1107H 1101 1107 Prostate SC 9081 Diploid T wt
carcinoma
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N1109S 1103 1109 Lung SCC TCGA-22-1005-01 Diploid T wt

N1109I 1103 1109 pancreatic 6T, 6P2-1,2 T S241F
cancer

V1115F 1109 1115 B cell QC2-35-T2 T H168R
lymphoma

R1117 1111 1117 Colon coadread_dfci_201  N/A T wit
carcinoma 6 2441

G1l121splice 1115 1121 endometrial TCGA-AP-A056 T wit
carcinoma

R1129I 1123 1129 rectum TCGA-AG-A002 Diploid T wt
adenocarcino
ma

Q1130E 1124 1130 liver TCGA-DD-A4NN- Gain T wt

carcinoma

01

Appendix Table S6. Manually curated somatic mutations in PPP1R13L.
Version snapshot 5 September 2016, updated to cBio v1.2.4, COSMIC v78, ICGC r23

plus legacy mutations.

Mutation Actua Report Cancer Sample number Tumour/c TP53 status
| ed ell line
resid residue
ue
M1. 1 1 Lung LUAD-B02594 T V157F
adenocarcinoma
E4K 4 4 Breast CGP_donor_1988714 T wit
carcinoma
A9V 9 9 DLBCL DLBCL- T wit
MAYO DLBCL_ 234
R10W 10 10 colon adenoma 61 T R110C
D11N 11 11 Thyroid TCGA-DJ-A4UT T wt
carcinoma
M15V 15 15 Renal clear cell TCGA-CJ-4916 T wt
carcinoma
Q18. 18 18 Melanoma YUBER T G361E
A36V 36 36 Uterine MM12T T R248Q, R342.
carcinosarcoma
A36T 36 36 Melanoma Pat_45 B T Y103fs*1
A36V 36 36 Thyroid TCGA-EL-A3T7 T wit
carcinoma
K44E 44 44 Colorectal coadread_dfci_2016 3 T wt
cancer 54
Q45fs, 45 45 Thyroid PTC_ 14 T D21fs
P90fs, carcinoma
P691fs
S48L 48 48 Cutaneous MELA-0165 T wt
melanoma
A55T 55 55 Ewing's 12-P412 T wit
sarcoma
A55V 55 55 Stomach TCGA-CG-4442 T wit
adenocarcinoma
G58fs 58 58 Cutaneous SCC CSCC-52-T T P278S
G62V 62 62 Lung TCGA-50-5049 E289.
adenocarcinoma
P64L 64 64 Cutaneous MELA-0035 T wt
melanoma
P64L 64 64 Cutaneous TCGA-EE-A2M5 T wt
melanoma
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R66M 66 66 Lymphoblastic KARPAS-45 [CL] CL R175H, R273C
leukemia

S74L 74 74 Stomach TCGA-BR-4370-01 T wit
adenocarcinoma

I75S 75 75 Lung carcinoma TCGA-58-8390-01 T K132N

86ins-fs 86 86 Stomach TCGA-BR-A4QL T wit
adenocarcinoma

S81l 81 81 Colon CRC-33T T G245S
carcinoma

R86Q 86 86 Uterine TCGA-BG-A0VZ T wit
endometrioid
carcinoma

R86W 86 86 Head and neck TCGA-CV-7568 T P278S
SCC

A88V 88 88 Stomach pfg016T T wt
adenocarcinoma

G92A 92 92 PCPG TCGA-QR-A70Q-01 T wit

G92C 92 92 Melanoma MEO043 T wt

G92C 92 92 Uterine TCGA-BS-A0TJ wit
endometrioid
carcinoma

H107Y 107 107 Colon CRC-31T, Patient- T R306.
carcinoma 4693207

H107Q 107 107 Hairy cell Mo-T [CL] CL wt
leukemia

P108S 108 108 Melanoma YUPAT T wt

S110N 110 110 Invasive breast TCGA-A7-AODA T 1195T
cancer tumor

P111L 111 111 Colorectal T3090 T wt
cancer

P114fs 114 114 Stomach TCGA-CD-A4MJ T wt
adenocarcinoma

S120L 120 120 Esophageal TCGA-LN-A4MQ T C238_N239deli
carcinoma nsY

S120P 120 120 Colon 587350 T wit
adenocarcinoma

R122C 122 122 Breast CGP_donor_1503133 T wt
carcinoma

R122H 122 122 Embryonal NBL32 T wit
Tumor
(Neuroblastoma)

T123I 123 123 Cutaneous SCC CSCC-27-T T H179Y, P80S

G133S 133 133 Colorectal coadread_dfci 2016 6 T R110C, R175C
cancer 0

G133S 133 133 Colorectal coadread_dfci_2016 2 T G244C
cancer 197

R144H 144 144 Colon 587336 T R175H
adenocarcinoma

R144S 144 144 Liver carcinoma  ICC009 T wt
HBV+

A145T 145 145 Colon T2944 T K382fs
adenocarcinoma

G148F 148 148 NSCLC TCGA-55-7913-01 T splice

A149T 149 149 Colon 587278 P152fs
adenocarcinoma

T173M 173 173 Uterine MMO6T T wit
carcinosarcoma

R180C 180 180 Colorectal coadread_dfci_2016_ 2 T wt
cancer 624

R180C 180 180 Stomach TCGA-F1-6874 T F113L

adenocarcinoma
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P188L 188 188 Cutaneous TCGA-EE-A2M5 T wt
melanoma

E191K 191 191 Liver cancer CHC892T T wit

G192E 192 192 Liver cancer CHC892T T wt

Q194fs 194 194 Bile duct BD124T T G245S
carcinoma

R205P 205 205 Glioblastoma TCGA-76-4925 T R249T

P207fs 207 207 Liver carcinoma BCM723 T wt

P207fs 207 207 Colorectal T3021 wit
cancer

P207fs 207 207 Colorectal T3724 T R267W
cancer

P207T 207 207 Stomach TCGA-CG-5728 T wit
adenocarcinoma

A213T 213 213 Stomach TCGA-BR-7723 T splice
adenocarcinoma

A215T 215 215 Colorectal coadread_dfci_2016_2 T wt
cancer 271

G219R 219 219 Colorectal coadread_dfci_2016 2 T wt
cancer 24049

G219W 219 219 Lung SCC TCGA-43-6143 T H214R

G224V 224 224 Lung TCGA-55-7995-01 T H179Y
adenocarcinoma

A231T 231 231 Colon SNU-1040 [CL] CL R248W
carcinoma

A236T 236 236 Colon 587284 T S90fs
adenocarcinoma

R243C 243 243 Colon sysucc-1370T T wt
carcinoma

R243C 243 243 Esophageal 386 T M246V
SCC

R243C 243 243 Colon TCGA-AA-3864 T wt
adenocarcinoma

R243H 243 243 Colorectal coadread_dfci_2016 3 T wt
cancer 02124

R243H 243 243 Stomach TCGA-CD-A4MI T wit
adenocarcinoma

R244Q 244 244 Lung SCC TCGA-60-2722 T H179R

P246L 246 246 Cutaneous TCGA-EE-A2MR T wit
melanoma

P246L 246 246 Cutaneous MELA-0247 T C275S, R342.
melanoma

P247S/L 247 247 Sarcoma TCGA-QC-A7B5 E286K

E252V 252 252 Lung TCGA-99-8028 T c242y
adenocarcinoma

E252V 252 252 Lung SCC TCGA-NC-A5HJ-01 T wt

D254N 254 254 Lung SCC TCGA-66-2793 T H179L

D254Y 254 254 Lung SCC TCGA-77-8144 T H214R, E294.

L255Q 255 255 Lung SCC TCGA-34-8455 T R249S

D256Y 256 256 Ovarian TCGA-13-2071 T TR155del
cystadenocarcin
oma

A258V 258 258 Esophageal ESO-732 T R273C
carcinoma

E260K 260 260 Liver carcinoma  CHC1545 T wit

K262Q 262 262 Colon CL-40 [CL] CL R248Q
carcinoma

Y269C 269 269 Pleural NYU517 T wt

mesothelioma
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R271C 271 271 Bladder TCGA-DK-A1A3 T Q192., C242F
urothelial
carcinoma

R271L 271 271 Lung NSCLC TCGA-55-8506 T G154V

V2741 274 274 Colorectal T3603 T C238Y
cancer

F275VvV 275 275 Head and neck WSU-HNG6 T H179L
carcinoma

P281L 281 281 Cutaneous SCC CSCC-55-T T S127F

L283V 283 283 Head and neck BICR22 [CL] CL F109fs, A307V
carcinoma

W288. 288 288 Lung SCC TCGA-22-4599 G245C

W288R 288 288 Melanoma TCGA-EE-A29L-06 T P177_C182del

E290K 290 290 Breast TCGA-AR-A0TX T Y205C
carcinoma

L293F 293 293 Skin melanoma MEL-Ma-Mel-48 T

D294H 294 294 Breast TCGA-AR-A0TX T Y205C
carcinoma

G297W 297 297 Prostate PR-2915 T wit
carcinoma

G298fs 298 298 Esophagogastric TCGA-BR-8487-01 T R248W
cancer

G298fs 298 298 Gall bladder BD236 T wit
carcinoma

G298fs 298 298 Colorectal SwW48 [CL] CL wit
cancer

P317del 317 317 Prostate SC_9008 T R273C
carcinoma

R322Q 322 322 Colorectal T3658 T Y126C
cancer

A336T 336 336 Colon HCT116 [CL] CL wit
carcinoma

R344C 344 344 Uterine MM12T T R248Q, R342.
carcinosarcoma

W346. 346 346 small intestine 61 T R110C
adenoma

S357P 357 357 SCLC S02342 T R158L

R362C 362 362 Melanoma 3466TIL T

P365L 365 365 Colon sysucc-1370T T wit
carcinoma

P371L 371 371 Melanoma TCGA-D9-AG6EC-06 T R213.

W383L 383 383 Lung ZA6505 T wt
adenocarcinoma

S388l 388 388 Pancreatic 8053200 T wit
carcinoma

L397fs 397 397 Stomach TCGA-BR-4362 T wit
adenocarcinoma

P403R 403 403 Liver cancer TCGA-CC-ASUE R249S

Q440fs 440 440 Colon TCGA-G4-6586 T Nonsense
adenocarcinoma

P448S 448 448 Cutaneous TCGA-GF-A30T T wt
melanoma

E451K 451 451 Melanoma ML_98 T wit

G452E 452 452 Melanoma MELA-0253 wt

K455T 455 455 melanoma 2492700, 2492701, C275W

2492702, 2492703
(primary+mets)
K455T 455 455 Desmoplastic Au2 T C275W

melanoma

307



Appendix

K455fs 455 455 Colorectal C135[CL] CL wt
cancer

P456L 456 456 Colorectal coadread_dfci_2016 6 T wit
cancer 03

P456L 456 456 Pancreatic QGP-1 [CL] CL wit
carcinoma

P457L 457 457 Cutaneous SCC CSCC-32-T Y107.

P457S 457 457 Cutaneous SCC CSCC-35-T T H179Y

E463Q 463 463 Head and neck TCGA-DQ-5625 T wit
SCC

P464L 464 464 Bile duct BD53T T wt
carcinoma

P464L 464 464 Endometrial TCGA-D1-A16R T wt
carcinoma

E467V 467 467 Liver carcinoma HCCO058 T wit
HBV+

P472T 472 472 Renal clear cell C0074T T wt
carcinoma

V479M 479 479 CLL ICGC_CLL-194-TD T

E481V 481 481 Lung non-small-  NCI-H2342 [CL] CL Y220C
cell carcinoma

L488fs 488 488 Stomach TCGA-CG-4305-01 T wit
adenocarcinoma

P490S 490 490 Cutaneous TCGA-DA-A1HY T wit
melanoma

P490S 490 490 Cutaneous TCGA-EE-A3J5 T R213Q
melanoma

T491M 491 491 Colon 587224 T P152L
adenocarcinoma

Q494R 494 494 Lung NSCLC TCGA-77-8130-01 T K305.

P499L 499 499 Colorectal coadread_dfci_2016 6 T R110C, R175C
cancer 0

E500K 500 500 Sarcoma TCGA-QC-A7B5 T E286K

E506fs 506 506 Cutaneous SCC CSCC-31-T T A138V, W146.,

R110C

E509A 509 509 Stomach SK-GT-2 [CL] CL
adenocarcinoma

V510G 510 510 Thyroid PTC_10 T wt
carcinoma

R512L 512 512 Lung TCGA-62-A46P T wt
adenocarcinoma

R512W 512 512 Colorectal coadread_dfci_2016_ 3 T wt
cancer 249

A515V 515 515 Myeloma OPM-2 [CL] CL wt

P518S 518 518 Skin melanoma  MEL-Ma-Mel-65 T Y126 splice

A530V 530 530 Lower grade TCGA-QH-A65Z T wit
glioma

P536S 536 536 Uterine TCGA-AP-A059 T R273C, S240G
endometrioid
carcinoma

P537S 537 537 Cutaneous TCGA-EE-A2MI T wt
melanoma

R549H 549 549 Uterine TCGA-B5-A0K9 T wit
endometrioid
carcinoma

R553C 553 553 Cutaneous TCGA-EE-A29B T wt
melanoma

R553H 553 553 Colorectal coadread_dfci_2016 2 T R282W
cancer 406

R553H 553 553 Astrocytoma P151 T wt

R553H 553 553 Neuroblastoma CHP-134 [CL] CL wt
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G556E 556 556 Cutaneous SCC CSCC-29-T T R248W

G561R 561 561 B-cell ymphoma DB [CL] CL R248.

G561fs 561 561 Breast CGP_donor_1347732 T wit
carcinoma

G561fs 561 561 Stomach TCGA-HU-A4G8 T wit
adenocarcinoma

P562fs 562 562 PAAC ACINARO3 T wt

P562fs 562 562 Endometrial EN [CL] CL wt
carcinoma

E565Q 565 565 Lung squamous  TCGA-22-5478 T R280I
cell carcinoma

S567F 567 567 Colon COLO-741 [CL] CL K321fs
carcinoma

E571D 571 571 Prostate TCGA-J9-A52C T wit
carcinoma

ES574K 574 574 Desmoplastic 40M T A86fs
melanoma

P589S 589 589 Cutaneous TCGA-FW-A3R5 T P152L, P191L
melanoma

P589S 589 589 Cutaneous TCGA-EE-A3AE T R213.
melanoma

P589S 589 589 Cutaneous MELA-0075 T wit
melanoma

P591L 591 591 Cutaneous SCC CSCC-54-T T W23., R248W

P591S 5901 591 Colon TCGA-D5-6928 T wit
adenocarcinoma

P593S 593 593 Melanoma MELA-0241 T wt

S596R 596 596 Uterine TCGA-A5-AORS8 T wt
endometrioid
carcinoma

P598L 598 598 Cutaneous C086 T E286.
melanoma

P602A 602 602 Lung squamous  TCGA-66-2778 T mutated TSS
cell carcinoma
tumors

606splic 606 606 Lung LUAD-RT-S01707 T E285K

e adenocarcinoma

S612Q 612 612 Stomach TCGA-HF-A5NB-01 T wt
adenocarcinoma

S616F 616 616 Thyroid TCGA-DO-A2HM T wit
carcinoma

P617S 617 617 melanoma Pat 41 B T R267G

K619E 619 619 Papillary RCC TCGA-UZ-A9PL T wt

R622H 622 622 Cutaneous SCC CSCC-4-T T wt

AG23T 623 623 Colorectal coadread_dfci_2016_ 3 T wt
cancer 187

A623T 623 623 Colorectal coadread_dfci_2016 1 T wt
cancer 97

A623T 623 623 Colorectal coadread_dfci_2016 2 T P278H
cancer 67922

A623V 623 623 Stomach pfg057T T wit
adenocarcinoma

V629M 629 629 Pancreatic TCGA-IB-7651 T wt
carcinoma

L632del 631 631 Stomach TCGA-CD-A4MJ T wit
adenocarcinoma

A634V 634 634 Head and neck TCGA-F7-A624-01 T N239D, T256I
SCC

A635V 635 635 Colon TCGA-AZ-6598 T V10l, T81S,
adenocarcinoma S96P, R158C,

C229fs
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Q644E 644 644 Adenoid cystic ACYC-MDA_ACO05 T wit
carcinoma

K648N 648 648 Stomach TCGA-BR-8487-01 T R248W
adenocarcinoma

X650spli 650 650 Head and neck TCGA-CQ-7063-01 T H179N

ce SCC

D652N 652 652 Uterine TCGA-D1-A16X T wt
endometrioid
carcinoma

A671V 671 671 Glioma P21 Rec T R181P, R273C,

P85S

Y673F 673 673 Lung squamous  TCGA-39-5027 T F270I
cell carcinoma

S674F 674 674 Breast TCGA-A2-A0YK T wit
carcinoma

A682T 682 682 Breast TCGA-AO-A128 T R342.
carcinoma

N685S 685 685 Liver cancer CHC1191T T wt

D690N 690 690 Uterine TCGA-D1-A17D T wt
endometrioid
carcinoma

H692Y 692 692 Lung NSCLC TCGA-43-8115-01 T Y163C

G693S 693 693 Lung TCGA-55-8506-01 T G154V
adenocarcinoma

A700V 700 700 Prostate MO_1179 T R282W
carcinoma

A700V 700 700 Colon TCGA-AA-3492 T P301fs
adenocarcinoma

S702L 702 702 Colon CRC-11T T R248Q
carcinoma

Q714P 714 714 Esophageal OCCAMS-SA-013 T Y205C
adenocarcinoma

AT17T 717 717 Colorectal coadread_dfci_2016_1 T wit
cancer 231

F720S 720 720 Chronic myeloid RPMI-8866 [CL] CL wt
leukemia

T723M 723 723 Prostate TCGA-XK-AAIW T A74T, P82L
carcinoma

T723M 723 723 Colon 12L-P19Tb-Tumor- T R273C, Q331R
carcinoma Biopsy

A730T 730 730 DLBCL DLBCL-Ls1899 T wt

A730T 730 730 Stomach TGBC11TKB [CL] CL R273C, K382fs
adenocarcinoma

A730T 730 730 Uterine TCGA-B5-A0JY T wit
endometrioid
carcinoma

D735N 735 735 Colorectal coadread_dfci_2016 1 T wt
cancer 89255

D750spli 750 750 Melanoma TCGA-OD-A75X T H179Y

ce

D750spli 750 750 Melanoma TCGA-D9-AGE9 T wit

ce

M758lI 758 758 Lung TCGA-55-A493 T R273S
adenocarcinoma

G761R 761 761 Lymphoblastic P30-OHK [CL] CL wit
leukemia

G761R 761 761 Cutaneous TCGA-EE-A3AC T wit
melanoma

Y764H 764 764 Stomach TCGA-BR-8487 T R248W
adenocarcinoma

A771S 771 771 Liver cancer CHC1568T T H193L, E286K

F773C 773 773 Lung squamous  LK-2 [CL] CL V272M

cell carcinoma
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G774W 774 774 Lung small cell NCI-H187 [CL] CL S241C
carcinoma

S778C 778 778 Lung TCGA-55-7907 T R158P
adenocarcinoma

F779L 779 779 Breast TCGA-AC-A23H T wit
carcinoma

R780H 780 780 Esophageal SM-4AX86 T wit
carcinoma

T786I 786 786 Head and neck TCGA-D6-6516 T wt
SCC

V787M 787 787 Multiple MM-0038 T wit
myeloma

R789W 789 789 Uterine MM12T T R248Q, R342.
carcinosarcoma

G792R 792 792 Colorectal T3225 T wt
cancer

E794K 794 794 Melanoma MEL-Ma-Mel-19 T wt

E795K 795 795 Melanoma YULAPE T wt

T796I 796 796 DLBCL DLBCL-LS4619 T wit

W799C 799 799 Cutaneous SCC  T2197 T G244C

W799. 799 799 Lung TCGA-38-4628 T wt
adenocarcinoma

W800. 800 800 Melanoma MEL-HO [CL] CL wit

A802V 802 802 Lung TCGA-93-A4JP T E258K
adenocarcinoma

R812L 812 812 Kidney renal SN12C [CL] CL E336.
carcinoma

R812wW 812 812 Colorectal T3152 T wit
cancer

R812W 812 812 Stomach TCGA-BR-8059 T wt
adenocarcinoma

R812W 812 812 Lung TCGA-55-8615 T wit
adenocarcinoma

Y814H 814 814 Lip carcinoma 1604875 T wt

Y814. 814 814 Lung SCC TCGA-58-8387 T A189Pfs*58

Appendix Table S7. Top brain regions by PPP1R13B expression (human

brain)
Age Region with the highest Top level ASPP1 level
PPP1R13B expression structure
8 pcw upper (rostral) rhombic lip neural plate 2.5409
9 pcw dorsal thalamus thalamus 2.6319
12 pcw (3 samples)  dorsal thalamus thalamus 2.62-2.86
13 pcw mediodorsal nucleus of thalamus  thalamus 3.328
13 pcw cerebellum neural plate 291
16 pcw mediodorsal nucleus of thalamus  thalamus 3.22
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17 pcw

19 pcw
21 pcw

24 pcw

37 pcw

4m (2 samples)

10m

lyr

2yr

3 yr (2 samples)
4yr

8 yr (2 samples)
11 yr

13 yr

15 yr

18 yr

19 yr

21 yr

23 yr

30 yr

36 yr

37 yr

40 yr

striatum

mediodorsal nucleus of thalamus

striatum

primary somatosensory cortex
(area S1, areas 3,1,2)

primary auditory cortex (core)

primary visual cortex (striate
cortex, area V1/17)

cerebellar cortex

primary visual cortex (striate
cortex, area V1/17)

primary somatosensory cortex
(area S1, areas 3,1,2)

cerebellar cortex
cerebellar cortex
cerebellar cortex
cerebellar cortex
cerebellar cortex
cerebellar cortex
cerebellar cortex
cerebellar cortex
cerebellar cortex
cerebellar cortex
cerebellar cortex
cerebellar cortex
cerebellar cortex

primary visual cortex (striate
cortex, area V1/17)

basal nuclei

(basal ganglia)

thalamus

basal nuclei

(basal ganglia)

neural plate

neural plate

neural plate

Neural plate

Neural plate

Neural plate

Neural plate
Neural plate
Neural plate
Neural plate
Neural plate
Neural plate
Neural plate
Neural plate
Neural plate
Neural plate
Neural plate
Neural plate
Neural plate

Neural plate

3.25

3.10
3.15

2.67

2.94
3.07; 2.99

3.77
3.18

2.20

3.39; 3.11
2.70
3.30
2.99
3.19
3.13
2.79
3.28
3.20
3.27
3.18
3.31
3.20
2.84
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10

PPP1R13L expression_log2 (RSEM)

Appendix Figure S9. PPP1R13L expression TP vs NT from Firehose data run

2016_01_28.
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