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Abstract

Abstract

NUCKS is a vertebrate-specific, extensively post-translationally modified transcriptional regulator
whose over- and under- expression is associated with cancer and obesity, respectively. We have
previously found that NUCKS protein levels increase in DNA-damaged cells, and other studies have
reported DNA damage-dependent NUCKS phosphorylation. However, the full impacts of NUCKS
depletion on DNA damage repair has not been established. Addressing this question, we show that
NUCKS depletion activates some DNA damage response proteins and might be associated with
accumulation of DNA damage in cancer cells. Furthermore, the transcriptional targets for NUCKS
are poorly defined. To this end, we couple data from a published ChIP-Seq analysis for NUCKS with
a bioinformatics approach to identify genes coexpressed with NUCKS in cancer patient samples and
cell lines. We identify a number of genes, including many involved in DNA repair. We
correspondingly find that NUCKS-depleted cells express lower levels of these genes and exhibit
some hallmarks of their deficiency. Finally, we investigate how NUCKS’' putative transcriptional

targets relate to disease, and therefore how NUCKS might be used as a biomarker for disease.
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Introduction

1. Introduction

1.1 Importance of new biomarker discoveries for cancer therapy

In the United States alone, 1.7 million new cancer cases will be diagnosed in 2016, and 600,000
people will die of the disease (Siegel et al., 2016). Nevertheless, rapid developments are being
made in diagnosis and treatment, and nearly 2 million people have been saved from cancer deaths
in the last 20 years as a result (Siegel et al., 2016). Central to these improvements has been the
utilisation of biomarkers, molecules which act as signals for pathology, which can improve
screening, prognosis and help to predict response to treatment (Henry and Hayes, 2012). For
example, mutation in BRCA1 predicts risk of breast and ovarian cancer (Easton et al., 1995), while
KRAS mutation status predicts response to anti-EGFR antibody therapy in colorectal cancer (CRC)
(Allegra et al., 2009; Henry and Hayes, 2012). Further identifying and characterising novel

biomarkers will be central to the continued improvement of cancer therapy.

1.2 Nuclear Ubiquitous Casein and cyclin-dependent Kinase Substrate (NUCKS)

1.2.1 Why are we interested in NUCKS?

In 2015, our group performed stable isotope labelling with amino acids in cell culture (SILAC) to
identify proteins deregulated in base excision repair (BER)-deficient cells (Markkanen et al., 2015);
NUCKS was found to be upregulated nearly 2-fold in response to BER loss (Markkanen et al., 2015).
Since the functions of NUCKS are poorly defined in the literature, we hypothesised this protein’s
expression might be induced after DNA damage and might therefore play roles in the DNA damage
response. Further investigations, reported in this manuscript, unveiled a more complex role for

NUCKS at the crossroad between DNA repair and transcription.
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1.2.2 Biochemistry of NUCKS

NUCKS, identified in 1985 as a member of the high mobility group (HMG) family of proteins (Ostvold
et al., 1985), is a vertebrate-specific, highly conserved DNA-binding protein (Stvold et al., 2001).
Mass spectrometry suggests that NUCKS' molecular weight is 27 kDa. However, NUCKS
anomalously migrates at ~50 kDa by SDS-PAGE (Stvold et al., 2001; Ostvold et al., 1985). This
difference appears to be because NUCKS — which contains few hydrophobic residues and is heavily
phosphorylated - is highly charged. NUCKS also has high proline content. These characteristics alter
SDS binding to NUCKS and slow its SDS-PAGE migration (Stvold et al., 2001; Ostvold et al., 1985).
NUCKS has a high content of B turns, with few a helices (Stvold et al., 2001). Strikingly, NUCKS
undergoes more post-translational modification than any other protein in the proteome
(Wisniewski et al., 2008): overall, more than 10% (37 of 243) of NUCKS’ amino acids undergo post-
translational modification, 34 of which can be phosphorylated (Wisniewski et al., 2008). NUCKS is
phosphorylated by CK2, DNA-PK, CDK1, several MAPKs, ATM and ATR (Stvold et al., 2001; Matsuoka
et al., 2007; Bensimon et al.,, 2010). The function of these phosphorylations, as well as their
provoking stimuli, is poorly defined. However, it is known that phosphorylation of NUCKS at serine
181 by CDK1 during mitosis prevents its binding to DNA (Grundt et al., 2002), and that ATM

phosphorylates serine 14 of NUCKS following ionising radiation (Matsuoka et al., 2007).

1.2.3 Regulation of NUCKS expression

NUCKS’ promoter contains two initiator elements and two GC boxes but no TATA box (Grundt et
al., 2004). E2F1 (Cao et al., 2011) and p53 (Nikulenkov et al., 2012) bind the NUCKS promoter,
suggesting its expression might be regulated in a cell cycle- or DNA damage- dependent manner.
NUCKS expression can also be regulated by microRNAs (miR): for example, loss of miR-137
increases NUCKS expression, ostensibly leading to increased cell proliferation, migration and

survival (Shen et al., 2016).
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1.2.4 NUCKS: a DNA-binding protein

1.2.4.1 NUCKS and transcriptional regulation

NUCKS was originally identified as a novel member of the HMG family, DNA-binding proteins that
influence transcription by regulating chromatin context (Ostvold et al., 1985; Agresti and Bianchi,
2003). NUCKS is a nuclear DNA-binding protein which contains two nuclear localisation signals and
a DNA-binding domain (Grundt et al., 2002, 2007). This DNA-binding domain, which spans residues
183-192 and contains the VGRP DNA-binding consensus, binds chromatin with higher affinity than
it does naked DNA (Grundt et al., 2002; Parplys et al., 2015) and NUCKS’ phosphorylations can
potentiate its DNA-binding capacity (Ostvold et al., 1992). Analysis of NUCKS PTMs in breast
tumours revealed that NUCKS undergoes an array of cancer-specific modifications (Wisniewski et
al., 2008). Most strikingly, breast cancer-specific lysine acetylations were identified, including two
in the vicinity of the NUCKS binding domain (K184-Ac and K196-Ac). Unfortunately, neither the
modifying enzymes — nor the implications - were identified. However, protein acetylation is known
to be a potent modulator of DNA binding and transcriptional activity (Das and Kundu, 2005). As
such, these modifications might alter NUCKS’ DNA binding and transcription of its targets, thereby

facilitating breast cancer progression (Wisniewski et al., 2008).

Only recently, targets for NUCKS’ transcriptional regulation have been identified. NUCKS is a tat
coactivator that promotes transcription of HIV’s viral genes, suggesting that NUCKS might play an
important role in HIV infection (Kim et al., 2014). Furthermore, NUCKS promotes transcription of
the insulin receptor by opening the chromatin structure at the promoter, promoting RNA

polymerase Il recruitment to the promoter (Qiu et al., 2014).

Importantly, Qiu et al. published the findings of a chromatin immunoprecipitation sequencing
(ChIP-Seq) for NUCKS, globally identifying NUCKS’ binding sites in DNA (Qiu et al., 2014). This study

reported that NUCKS specifically binds the promoter of 586 genes, whose roles range from nuclear
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import to immune system function. This strongly suggests that NUCKS might have unprecedented
importance for cellular prosperity, incongruous with its lack of research attention thus far (Qiu et

al., 2014).

1.2.4.2 NUCKS and DNA repair

Numerous clues exist hinting towards a role for NUCKS in DNA repair. DNA single strand breaks
(SSBs) generated by depletion of the BER scaffold protein XRCC1 induce NUCKS upregulation,
suggesting that NUCKS might play a role in the DNA damage response (Markkanen et al., 2015).
Other studies have shown that NUCKS is phosphorylated by DNA damage-signalling kinases such as
ATM (Stvold et al., 2001; Matsuoka et al., 2007; Bensimon et al., 2010), suggesting NUCKS’ activity

might be modulated in response to DNA damage.

Recently, a preliminary report proposed a putative role for NUCKS in homologous recombination
(HR) (Parplys et al., 2015). This method of DSB repair is initiated by the recruitment of the MRN
complex, made up of Mrel1, Rad50 and Nbs1 proteins, to the DSB site (D’Amours and Jackson,
2002). This complex, in an interaction with CtIP, facilitates 5’-3’ end resection (D’Amours and
Jackson, 2002; Sartori et al., 2007). This generates 3’ single-stranded overhangs, substrates which
RPA molecules bind and stabilise (Wold, 1997). BRCA2 loads RAD51 molecules onto this ssDNA
substrate (Jensen et al., 2010), displacing RPA and forming RAD51’s nucleofilament structure (Sung
et al., 2003). RAD51 subsequently performs a search for homologous regions of DNA to template
repair and, once successful, initiates strand invasion into the homologous region, generating a D
loop structure (Sung et al., 2003). RAD51’s D loop formation is enhanced by PALB2 (Dray et al.,
2010) and RAD51AP1 (Wiese et al., 2007). Using the homologous region as a template and the
single stranded 3’ overhang as a primer, the resected DNA is replaced through DNA synthesis by §,
n, and k polymerases (McVey et al., 2016). This gives rise to a double Holliday junction structure,
which can be resolved by one of three mechanisms: 1) dissolution, by a complex of DNA helicase

BLM, topoisomerase Topo llla and RMI1/2 proteins 2) symmetric resolution, by 5 flap
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endonuclease GEN1 3) asymmetric resolution, by a complex of structure-specific endonucleases

MUS81-EME1 and SLX1-SLX4 (Wyatt and West, 2014).

Parplys et al. identified NUCKS through a search of paralogues of the HR factor RAD51AP1 (Parplys
et al., 2015), a protein which interacts with RAD51 and promotes RAD51 D loop formation (Wiese
et al., 2007). 28% of NUCKS’ amino acids are identical to those of RAD51AP1, and an additional 11%
are similar. Accordingly, Parplys et al. tested whether NUCKS might similarly have a role in HR. They
were able to show that NUCKS depletion indeed gave characteristics of HR deficiency: 1) S phase-
synchronised NUCKS-depleted cells were sensitive to ionising radiation 2) NUCKS-depleted cells
were sensitive to mitomycin C, an agent which primarily generates DNA interstrand crosslinks (ICLs)
and which relies on HR proteins, including RAD51AP1 (Wiese et al., 2007), for successful repair?
(Hinz, 2010) 3) NUCKS-depleted cells accumulated more chromatid breaks than control cells 4)
NUCKS depletion significantly impaired DNA replication progression 5) NUCKS depletion
significantly impaired DSB repair measured using a reporter in which repair of an induced DSB
allows functional GFP expression; this DSB repair defect was commensurate with RAD51AP1

depletion (Parplys et al., 2015).

Despite this evidence, Parplys et al. could not provide a mechanism for NUCKS’ role in HR. NUCKS
did not impact recruitment of RAD51 to DSB sites and did not affect core HR protein expression;
the recruitment of NUCKS to DSB sites was not tested. Unlike RAD51AP1, NUCKS did not interact
with RAD51 and did not impact RAD51 D-loop formation. Accordingly, NUCKS' role in HR was placed
downstream of RAD51 D-loop formation in HR. Therefore, there seem to be two remaining
possibilities: 1) NUCKS might be important for DNA synthesis after RAD51 strand invasion (indeed,

NUCKS can bind D-loop substrates (Parplys et al., 2015)) or 2) NUCKS might play a role in the

L HR is important — but not sufficient — for ICL repair; other repair pathways, including Fanconi anemia, are
required (Hinz, 2010). In humans, repair of ICLs is executed during DNA replication, in S phase. The encounter
of a replication fork with an ICL causes the replication fork to stall. Subsequent initiation of ICL repair by DNA
cleavage at the lesion site generates a one ended DSB intermediate, which is utilised as a substrate by the
HR machinery to repair the DSB and restart the replication fork (Hinz, 2010).
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resolution of Holliday junctions. NUCKS might achieve these roles by through relaxing chromatin at
the DSB site, thereby facilitating recruitment of HR factors to HR intermediates. For example,
NUCKS might enable recruitment of DNA polymerases for DNA synthesis or factors necessary for

Holliday junction resolution (Parplys et al., 2015).

1.2.5 NUCKS expression in human diseases

NUCKS overexpression has been reported in several carcinomas. NUCKS’ chromosome region is
amplified in breast cancer (Naylor et al., 2005; Drosos et al., 2009), and NUCKS overexpression is
also observed in hepatocellular carcinoma (HCC), suggesting NUCKS might be used as an
immunodiagnostic marker for HCC (Cheong et al., 2016). To assess the mechanism underpinning
NUCKS’ overexpression in HCC, Cheong et al. performed microarrays to assess deregulated genes
in NUCKS-depleted HCC cells. Notably, NUCKS-proficient cells expressed higher levels of AMPK
signalling genes, a pathway known to promote cell proliferation (Motoshima et al., 2006). Thus,
NUCKS might expedite HCC progression through boosting AMPK signalling. High expression of
NUCKS is associated with poor survival in cervical cancer (Gu et al., 2014), risk of recurrence in
endometrial cancer (Liu et al., 2015), and metastasis in lung (Sargent et al., 2008) and gastric
adenocarcinomas (Yang et al.,, 2014). Furthermore, HCC cells depleted of NUCKS form smaller

tumours when injected into mice than their NUCKS-proficient equivalents (Cheong et al., 2016).

The mechanisms underpinning NUCKS overexpression in cancer are poorly understood. However,
some lines of evidence suggest that NUCKS might promote cell proliferation by enabling cells to
progress from G1 to S phase: 1) NUCKS expression correlates with the proliferation marker Ki67,
which is expressed in cycling (G1/S/G2/M) cells, but not in GO cells (Drosos et al., 2009; Scholzen

and Gerdes, 2000) 2) NUCKS expression peaks at the G1/S transition (www.proteinatlas.org/) and

3) NUCKS binds the promoters of genes that are important for entry into S phase, such as cyclin D1

(Baldin et al., 1993), CDK2 (Koff et al., 1992) and SKP2 (Kossatz et al., 2004; Qiu et al., 2014). These
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observations together suggest that the overexpression of NUCKS in cancer cells might boost cancer

hyperproliferation by enabling G1/S progression.

On the contrary, loss of NUCKS expression is associated with obesity. NUCKS binds the promoter of
the insulin receptor gene, opening the chromatin at the gene and permitting access of RNAPII to
the promoter (Qiu et al., 2014). As a result, NUCKS-depleted cells express less insulin receptor
MRNA, displaying impaired insulin signalling and glucose intolerance as a result. Accordingly,
NUCKS expression inversely correlates with BMI in humans and NUCKS knockout mice are obese

(Qiu et al., 2014).

To conclude, the level of NUCKS expression seems to be a key determinant for pathology.
Overexpression of NUCKS is associated with a wide range of cancers, while loss of NUCKS causes
obesity. Curiously, obesity significantly increases risk of cancer (Basen-Engquist and Chang, 2011),
suggesting that NUCKS underexpression might also lead to cancer. In the same vein, a recent study
reported that loss of NUCKS is associated with lymphomagenesis in mice that concurrently lack p53
(Yue et al., 2016). As such, both aberrant reductions and increases in NUCKS expression might have

the potential to lead to cancer.

1.3 DNA damage and repair

1.3.1 DNA instability and repair systems

DNA is an inherently unstable molecule which accumulates thousands of lesions per day from
endogenous sources (Lindahl, 1993): ~3,000-11,500 oxidative lesions (Ames et al., 1993), ~2,500-
10,000 depurinations and depyrminidations (Lindahl and Nyberg, 1972), ~50,000 SSBs (Tice and
Setlow, 1985), ~200 cytosine deaminations (Tice and Setlow, 1985), and ~10-50 DSBs (Vilenchik and
Knudson, 2003). DNA is further susceptible to damage by exogenous agents such as UV light,

ionising radiation and chemotherapeutics (Friedberg et al., 2004). Defective repair of these lesions
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leads to genomic instability and mutation, allowing cancer cells to become aggressive and develop

their characteristic hallmarks (Hanahan and Weinberg, 2011).

The majority of endogenously-induced non-helix distorting lesions, including oxidations, alkylations
and SSBs, are repaired by BER (Dianov and Hiibscher, 2013). Underscoring the importance of BER,
mouse knockout models for the core BER proteins Pol B (Gu et al., 1994), ligase Ill (Puebla-Osorio
et al., 2006), XRCC1 (Tebbs et al., 2003) and APE1 (Friedberg and Meira, 2006) result in embryonic

lethality.

Bulky, helix-distorting DNA lesions, such as UV induced (6-4) photoproducts, as well as lesions
generated by chemotherapeutics such as cisplatin, are recognised and corrected by nucleotide
excision repair (NER) (Wood, 1997; Gillet and Scharer, 2006). NER deficiency causes Xeroderma
pigmentosum, a genetic disorder characterised by extreme sensitivity to UV light and frequent

occurrence of skin cancers (de Boer and Hoeijmakers, 2000).

Cells employ two complementary mechanisms to repair DSBs, particularly toxic lesions that can
cause chromosomal aberrations and cell death (Chapman et al., 2012). The majority of DSB repair
occurs via non-homologous end joining (NHEJ), an error-prone method of DSB repair where DNA
ends on either side of a DSB are directly ligated (Lieber, 2010). NHEJ deficiency causes severe
combined immunodeficiency (SCID), an inherited disorder characterised by defective DSB repair,
radiosensitivity and microcephaly (O’Driscoll et al., 2001). Cells also offer a high fidelity DSB repair
pathway, HR, which intricately templates homologous regions of DNA on sister chromatids during
S and G2 phases of the cell cycle (Krejci et al., 2012). Defects in HR, particularly mutations in BRCA1

or BRCA2, are associated with early-onset breast and ovarian cancers (Welcsh and King, 2001).

The last major DNA repair pathway is mismatch repair (MMR).
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1.3.2 DNA mismatch repair

1.3.2.1 Biochemistry of DNA mismatch repair

MMR corrects base-base mismatches and nucleotide insertions/deletions (InDels) arising during
DNA replication. Consequently, MMR enhances the fidelity of replication by 50-1000 fold (Kunkel
and Erie, 2005) and MMR deficiency is associated with a mutator phenotype characterised by

microsatellite instability (MSI) (Loeb, 1994).

Four core MMR proteins coordinate the repair of base-base mismatches and short InDels of one-
two nucleotides: MutS protein homolog 2 (MSH2), MutS protein homolog 6 (MSH6), MutL homolog
1 (MLH1) and PMS1 homolog 2 (PMS2) (Kunkel and Erie, 2015). 90% of cellular MSH2 is found in a
complex with MSH6, forming the 260kDa heterodimer MutSa (Jiricny, 2000), while MLH1 and PMS2
associate to form 181 kDa MutLa (Kadyrov et al., 2006). MutSa is an ATPase, which forms a sliding
clamp ring structure around DNA, in search of mismatches (Lamers et al., 2000; Obmolova et al.,
2000; Warren et al., 2007). MSH6 contains the mismatch-binding domain of MutSa, in which a
highly conserved GxFxR motif is located. Crystal structures of MutS proteins in complex with
mismatched nucleotides reveal that the central phenylalanine of this motif inserts into the minor
groove of DNA at the mismatch and facilitates mismatch recognition (Lamers et al., 2000;
Obmolova et al., 2000; Warren et al., 2007). Mismatch binding causes MutSa to hydrolyse ATP and
undergo conformational changes culminating in the release of the central phenylalanine from the
minor groove (Lee et al., 2014). This converts MutSa to a sliding clamp which recruits and binds the

MutLa complex (Friedhoff et al., 2016).

MutLa in solitude has weak endonuclease activity, whose active site is localised to a highly
conserved DQHA(X)(2)E(X)(4)E sequence in the PMS2 protein (Kadyrov et al., 2006). MutLa is
activated through direct interaction with MutSa and the replication clamp PCNA, a protein loaded

onto DNA by RFC (Kadyrov et al., 2006; Pluciennik et al., 2010). Consequently, MutLa generates a
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nick in DNA, on the 5’ side of the mismatch (Kadyrov et al., 2006). This allows the exonuclease EXO1
to excise the mutant DNA 5’-3’, starting at the nascent nick and stretching beyond the mismatch
(Schmutte et al., 1998). The resulting gap is filled in by DNA pol 6 (Longley et al., 1997) or € (Tran
et al., 1999), and the nick is sealed by DNA ligase | (Zhang et al., 2005), resulting in repaired DNA. A

(simplified) schematic of the MMR pathway is presented in Fig. 1.
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Mismatch

Recognition of mismatch by MutSa

Nick generation by MutLa

Excision of erroneous base by EXO1

DNA POL Gap filling by DNA POL

[ DNALG

A /

—_— = Nick sealing by DNA LIG

Figure 1: DNA mismatch repair. MutSa recognises a mismatch and recruits MutLa, which generates
a nick in the DNA, allowing EXO1 to excise the erroneous base and surrounding bases. The resulting
gap is filled by DNA polymerase and sealed by DNA ligase. Adapted from Martin and Scharff, 2002.
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1.3.2.2 DNA mismatch repair and cancer

MMR deficiency induces a mutator phenotype characterised by MSI (Loeb, 1994). Microsatellites
are tandem repeats of mono-, di-, tri- or tetra- nucleotides, regions upon which DNA polymerases
are sensitive to slippage, giving rise to InDels (Ellegren, 2004). MMR-deficient cells cannot repair
these InDels, and generate novel microsatellite fragments — MSI - as a result (Loeb, 1994). MSI is
associated with a range of cancers, including endometrial, ovarian, breast, skin, glioma, lymphoma
and colorectal (Boland et al., 1998). Of these, the contribution of MMR deficiency to CRC is best
characterised: of the 1.2 million CRCs diagnosed every year, ~15% display MSI (Brenner et al., 2014;
Boland and Goel, 2010). 3% of these MSI-positive CRCs are hereditary nonpolyposis colorectal
cancers (HNPCC), the most common type of hereditary CRC which is hallmarked by defective MMR
(Muller and Fishel, 2002), while the remaining 12% are sporadic CRC cases (Boland and Goel, 2010).
HNPCC cases are largely accounted for by germline mutations in the core MMR proteins MSH2,
MLH1, MSH6 and PMS2 (Peltomaki, 2003), which impact MMR functions including DNA-binding
and MSH2-MSH6 interaction (Hsieh and Yamane, 2008), while sporadic CRC cases are caused
predominantly by MLH1 promoter hypermethylation, abrogating its expression (Boland and Goel,
2010). Alterations in gene expression of core MMR components also contributes to MSI and CRC

(Renkonen et al., 2003; Thibodeau et al., 1996).

MSI facilitates cancer cells’ acquisition of their characteristic hallmarks by inactivating tumour
suppressors and activating oncogenes (Boland and Goel, 2010; Hanahan and Weinberg, 2011). For
example, microsatellite sequences in the coding sequence of TGFB2 cause MSI-positive cell lines to
generate a frameshift that abrogates expression of TGFB2, a growth factor that attenuates
proliferation of cells in the colon (Markowitz et al., 1995). BRAF’s V599E point mutation is enriched
in MSI-positive colorectal tumours, rendering BRAF constitutively active in its activation of the
MAPK pathway and promoting uncontrolled cell division (Davies et al., 2002). In MMR-deficient

endometrial tumours, InDels generated by MSI are enriched upstream of HR genes, bestowing
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these tumours with DSB repair deficiency and potentiating their genomic instability (Zhao et al,,
2014). MSI also provokes mutations in genes with a spectrum of other roles, enabling invasion and
metastasis (e.g. RHAMM), promoting angiogenesis (e.g. WISP3) and inhibiting apoptosis (e.g.

Caspase 5) (Duval and Hamelin, 2002; Boland and Goel, 2010).

1.3.2.3 Influence of mismatch repair status on drug sensitivity

In addition to an essential role in the repair of mismatches, the MMR system initiates apoptosis in
response to some genotoxic agents to prevent the immortalisation of mutations after DNA
replication (Li, 1999). These agents include 6-thioguanine (6-TG), a purine analogue used to treat
leukaemia (Munshi et al., 2014; Hawn et al., 1995), and 5-fluorouracil (5-FU), a thymidylate
synthase inhibitor effectively used in adjuvant therapy against CRC (Carrato, 2008). 6-TG is
methylated in the cell, forming 6-meTG, which bonds with cytosine or thymine and generates
mismatches. These mismatches are recognised by MMR’s MutSa complex (Swann et al., 1996) and
MMR initiates a c-Abl/p73a/GADDA45a signalling pathway culminating in G2/M cell cycle arrest and
apoptosis in response (Li et al., 2008). Recognition of 5-FU-generated lesions by MMR similarly
results in cell death through this axis (Li et al., 2009). As such, these drugs rely on a proficient MMR
system to induce cell death and MMR-deficient cells are resistant to 6-TG and 5-FU (Li, 1999). As
clinical consequences, MMR-deficient cells are enriched in 6-TG-treated patients with autoimmune
diseases (Karran and Attard, 2008), while MMR-deficient CRC cannot be treated with 5-FU (Jover
et al., 2006) despite that 5-FU is considered CRC’s Gold Standard treatment option (Wolpin and

Mavyer, 2008).

In order to circumvent such resistance in MMR-deficient cells, many studies have focused on
exploiting defective MMR in cancer. As well as playing an essential role in the repair of mismatches
and correction of InDels, MMR is important for the clearance of oxidative lesions, including 8-
oxoguanine (8-oxo) and 8-hydroxy-2’-deoxyguanosine (8-OxdG) (Colussi et al., 2002). As a result,

cells deficient in MMR or BER alone, both of which contribute to 8-oxo repair, cope with an

26



Introduction

accumulation of toxic 8-oxo lesions. However, cells concomitantly deficient in both pathways
succumb to the toxic 8-oxo. Accordingly, MSH2 depletion is synthetic lethal with inhibition of POLB,
a BER polymerase (Dianov and Hiibscher, 2013; Martin et al., 2010). Furthermore, methotrexate is
selectively lethal to MSH2-deficient cells: methotrexate is a dihydrofolate reductase inhibitor,
treatment with which results in accretion of 8-OxdG lesions. In MSH2-proficient cells, these lesions
are easily removed, but in MSH2-deficient cells, the lesions accrue and mediate toxicity (Martin et
al., 2009). Finally, PINK1 depletion is synthetic lethal with MMR loss. PINK1's depletion promotes
cytochrome C release, causing accumulation of 8-oxo that kills MMR-negative cells (Martin et al.,

2011).

1.3.2.4 Regulation of DNA mismatch repair

1.3.2.4.1 Control of mismatch repair transcription and mRNA

MMR proteins’ expression must be significantly higher in S and G2 phases than in G1 to ensure the
repair of DNA replication-associated errors. To achieve this, transcription of MMR genes is induced
at the inception of S phase by cell cycle transcription factors such as E2F (Schroering et al., 2007).
Furthermore, cells entering senescence lose MSH2 expression and develop MMR deficiency
through reduction in E2F-dependent MSH2 transcription, potentially providing a mechanism by

which aging cells accumulate mutations (Chang et al., 2008).

MMR proteins’ expression are also responsive to DNA-damaging agents. Upon treatment with
cisplatin, p53 transcribes MLH1 and PMS2 (Chen and Sadowski, 2005). In yeast, transcription of
Msh2 can be induced through methyl methanesulfonate (Gasch et al., 2001), hydroxyurea (Chang
et al., 2002) and camptothecin treatment (Lotito et al., 2009; Tennen et al., 2013). Moreover, after
treatment of cancer cells with DNA damaging agents, Bcl-2 promotes mutagenesis by inhibiting

E2F-dependent MSH2 transcription (Youn et al., 2005).
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Cancer cells are able to hijack regulation of MMR to promote malignancy. In hypoxic regions of
tumours, MMR transcription is downregulated in a manner depending on the histone demethylase
LSD1, promoting the mutations that permit metastasis (Mihaylova et al., 2003; Koshiji et al., 2005;
Lu, 2014). Furthermore, the micro-RNA miR-21 downregulates MSH2 in CRC, contributing to 5-FU
resistance (Valeri et al., 2010a) and miR-21 is also activated by TGF-B in breast cancer, promoting
mutations (Yu et al., 2010). Another miRNA, miR-155, is overexpressed in CRC and downregulates

MSH2, MLH1 and MSH®6, contributing to the onset of MSI (Valeri et al., 2010b).

1.3.2.4.2 Post-translational control of mismatch repair

MMR is also regulated by post-translational mechanisms. The Ku70-binding protein Kub5-Hera and
the histone deacetylase HDAC6 act antagonistically to maintain healthy levels of MMR proteins.
Kub5-Hera promotes basal stability of MLH1 and PMS2 (Patidar et al., 2016), while HDAC6
ubiquitinates MSH2, targeting MSH2 for degradation (Zhang et al., 2014b). Finally, SETD2, which
catalyses methylation of lysine 36 of histone 3 (H3K36) to form H3K36me3, is required for the
recruitment of MutSa to mismatches in DNA. Tumours deficient in SETD2 are therefore MMR-

deficient (Li et al., 2013).

1.4 Our project

Although NUCKS has putative roles in the DDR, the impact of NUCKS on expression of key DDR
proteins, cell cycle progression and basal DNA damage repair remains unknown, and we
accordingly initiate our study by exploring these ideas. We then transition to explore the role of

NUCKS in transcription: we utilise the SEEK coexpression database (http://seek.princeton.edu/) to

identify genes whose expression correlates with NUCKS in cancer patient samples and cell lines.
We filter this list for genes which appear in the NUCKS ChIP-Seq (Qiu et al., 2014) to generate a
shortlist of putative NUCKS transcriptional targets. We find that the genes of MMR might be NUCKS

targets. Motivated by this finding, we next establish whether NUCKS-depleted cells are deficient in
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expression of the core MMR genes MSH2, MLH1, MSH6 and PMS2, and subsequently assess
whether NUCKS-depleted cells correspondingly display resistance to the cytotoxic drug 6-TG.
Finally, knowing that NUCKS expression is involved in cancer (Qiu et al., 2015) and obesity (Qiu et
al.,, 2014), and that NUCKS might regulate MMR genes, we finish by identifying pathologies

associated with genes in NUCKS’ ChIP-Seq (Qiu et al., 2014).
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2. Materials and methods

Materials used throughout the study are listed in the appendix.

2.1 Cell culture

2.1.1 Cell culturing and harvesting

The normal human foetal lung fibroblast cell line, TIG1, the hTERT-immortalised normal human
bronchial epithelial cell line, NBE1, and the human bone osteosarcoma epithelial cell line, U20S,
were used for experiments. These cell lines were purchased from Coriell Cell Culture Repositories.
Cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM) GlutaMAX™ (Invitrogen) with
15% (TIG1, NBE1) or 10% (U20S) foetal bovine serum (FBS) in a humidified air incubator
(ThermoFisher Scientific) with 5% CO, at 37°C. Cells were passaged when they reached 80%
confluence by washing with phosphate-buffered saline (PBS), treating with trypsin (0.25% trypsin,
1mM EDTA) for 5 minutes at 37°C and re-seeding at ratios of 1:3-1:12, depending on growth
characteristics. When seeding for experiments, cells were counted using a Countess® Automated
Cell Counter system (Invitrogen). Cells were seeded at appropriate densities that would lead to ~
60-80% confluency when analysed. Cells were not used for experiments if they were older than

passage 20.

To harvest cells for RNA extraction, cells were washed in PBS and then lysed and collected in buffer
RLT (RNeasy Kit, Qiagen) before RNA extraction (Section 2.2.1). To harvest cells for protein
extraction, cells were washed in PBS, detached using a cell lifter (Fisherbrand), and centrifuged at
350 relative centrifugal force (rcf) for 3 min at 4°C. Cell pellets were stored at -80°C until protein

extraction (Section 2.3.1).
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2.1.2 Transfection

Proteins levels were depleted using small interfering RNA (siRNA). For this, cells were transfected
with siRNA using Lipofectamine RNAIMAX (ThermoFisher Scientific). siRNA sequences used are
listed in Table 1. For a 10-cm dish, 200 pmol siRNA and 10 pl Lipofectamine RNAIMAX were
independently added to two lots of 500 pl serum-free DMEM. These were incubated separately for
5 min at room temperature (RT) and then mixed together. After a 15 min RT incubation, during
which culture medium in the 10-cm dish was exchanged for 5 ml fresh medium, the 1 ml
transfection mixture was added dropwise to cells. Cells were then incubated for 72 h prior to
harvesting for RNA, protein, flow cytometry (Section 2.4.1) or Comet assay (Section 2.5).
Alternatively, if cells were to be treated with genotoxic agents (Section 2.1.3), cells were re-seeded

into 96-well plates 24 h after transfection and treated at 48 h post-transfection.

Gene Sequence Reference

Negative control Not disclosed Eurogentec
NUCKS_1 5-GAGGCGAUCUGGAAAGAAU-3’ Home designed
NUCKS_2 5’-GGCAUCUAAAGCAGCUUCU-3’ Home designed
NUCKS_3 5'-GAGGGUGUUAAAGAUUAAU-3' Home designed
NUCKS_4 5'-GAGGCAGGUAGGAGAUAAA-3' Home designed
NUCKS_5 5’-AUAGACAAAUAAACUCAUAU-3 Home designed
MSH2 5’-TCCAGGCATGCTTGTGTTGAA-3’ Home designed

Table 1: siRNAs used throughout the study, their respective sequences and how they were
designed.
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2.1.3 Genotoxic agent treatments

6-TG was purchased from Sigma, prepared in 1 M NaOH and appropriate concentrations for
treatments were made in cell culture medium. Cells were incubated in 6-TG-containing medium for
48 h. To assess viability, 10%-well volume of Resazurin (0.1% in PBS) (Sigma) was added for 4 h and
fluorescence was read at 620 nm using a plate reader (BMG Labtech, Polar Star Omega). Upon its
metabolism, Resazurin is converted to a fluorescent compound with a fluorescence emission
maximum at 620 nm. Thus, if more cells are alive, there is more metabolism and a higher intensity

of Resazurin fluorescence (O’Brien et al., 2000)

2.2 Detection of relative mRNA levels

2.2.1 RNA extraction

MRNA was extracted from cells using an RNeasy Kit (Qiagen). Total RNA lysates were harvested as
described in Section 2.1.1. Buffer RLT (600 pl for a 10-cm dish) was mixed with 600 pl 70% ethanol
and this mixture was transferred to an RNeasy spin column in a collection tube. Samples were
centrifuged for 30 sec at 8000 rcf. The flow-through was discarded and 700 ul buffer RW1 was
subsequently added to the column. After another centrifugation for 30 sec at 8000 rcf, the column
was washed with two lots of 500 ul RPE buffer supplemented with ethanol. Flow-throughs were
discarded and the column was placed into a fresh 1.5 ml microcentrifuge tube. 30 pl RNase-free
water was added to the column, allowed to incubate for 5 min and the column was then centrifuged
for 1 min at 8000 rcf, to elute the RNA. RNA was quantified using a NanoDrop1000 (ThermoFisher

Scientific) at 260 nm and stored at -80°C until reverse transcription.
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2.2.2 Reverse transcription

To convert RNA to cDNA for analysis by the quantitative polymerase chain reaction (qPCR), the
Superscript Il First Strand Synthesis system (Invitrogen) was used. First, 1 ug RNA was calculated,
aliquoted and made to a volume of 6 pl with water. This RNA was mixed with 1 pl oligo dT12-15 (500
ug/ml) and 1 pl dNTPs (10 mM each dNTP) and samples were incubated at 65°C for 5 min in a
thermocycler (Eppendorf MasterCycler personal). Subsequently, 4 ul First-Strand Buffer (5X), 2 ul
DTT (0.1 M), 2 ul MgCl, (5 mM) and 1 pl RNaseOUT™ (40 units/ul) were added per reaction and
samples were incubated for 2 min at 42°C. 1 ul (200 units) SuperScript™ RT, the reverse
transcriptase for the reaction, was subsequently added and a further incubation for 40 min at 42°C
was carried out. The reverse transcriptase was then inactivated at 70°C for 15 min. 1 pl RNaseH (2
units) was added and samples were incubated for a further 20 min at 37°C to degrade residual RNA.

cDNA was stored at -20°C before qPCR.

2.2.3 Quantitative polymerase chain reaction (qPCR)

cDNAs were analysed by gPCR, using the Fast SYBR™ Green Master Mix system (Thermofisher
Scientific). Primers used for gPCR are listed in Table 2. Per reaction, 0.5 ul forward primer (10 uM),
0.5 pl reverse primer (10 uM), 10 ng cDNA template and 10 pl 2X Fast SYBR™ Green Master Mix
solution (containing AmpliTaq® Fast DNA Polymerase, SYBR® Green | dye, dNTPs, uracil-DNA
Glycosylase and ROX™ dye) were mixed and made to a final volume of 20 pul with water. Reactions
were performed in a high sided, low profile PCR plate (ThermoFisher Scientific) sealed with an
optical adhesive cover (Applied Biosystems). The 7500 Fast Real-Time PCR System (Applied
Biosystems) was used for analysis. The following cycling conditions were used: 15 min at 95°C; 40

cycles: 15 sec at 95°C, 30 sec at 60°C, 30 sec at 72°C; melting curve analysis: 15 sec at 95°C, 1 min
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at 60°C, 30 secat 95°Cand 15 sec at 60°C. The comparative CT method was used to quantify relative

mMRNA levels.
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Primer Sequence (5’-3’)

NUCKS F: TCTGATGATGCAGATGAAGATTA R: CTGCTGAGTGAGAATCATCC

MSH2 F: GGATCAAATGAAGGTTTTACAAGG  R: TTCTGACTTCTCCAAGTTTCAGG

MSH6 F: AGGGGTAACCCTCCATCTTG R: AAGGCGAAGAACCTCAACG
MLH1 F: AACTTGGTTTGATGCTGTGC R: TTAATGAGCAGGGACATGAGG
PMS2 F: AACAAAATCAAAGCCATTCTTTCT R: CAGGGGCAGAGGCTCATAG
CSE1L F: GGCAGGATCAGGATCAAGTG R: CGTTTCTGTATCCCCACGAG
PLK3 F: TCTGGAGCCACATAGTTGGG R: AACATGGAACTGAAGGTGGG
B2M F: ATGTCTCGCTCCGTGGCCTTA R: ATCTTGGGCTGTGACAAAGTC
GAPDH F: AGCCACATCGCTCAGACAC R: GCCCAATACGACCAAATCC
TBP F: CGGTTTGCTGCGGTAATCAT R: TTTCTTGCTGCCAGTCTGGAC

Table 2: gPCR primers used throughout the study, and their respective sequences.

2.3 Detection of relative protein levels

2.3.1 Protein extraction

To perform protein extraction, a modified version of Tanaka’s method was used (Tanaka et al.,
1992). Tanaka’s method employs a buffer | (10 mM Tris-HCI pH 7.8, 200 mM KClI) to resuspend cell
pellets followed by a buffer Il (10 mM Tris pH 7.8, 600 mM KCIl, 2 mM EDTA, 40% glycerol, 0.2%
Nonidet P-40) to lyse cells. A protease inhibitor cocktail (1 mM PMSF, 1 mM NEM, 1 pg/ml
aprotinin, pepstatin, chymostatin and leupeptin) was added to both buffers.
Cell pellets were resuspended in 1 x packed cell volume (PCV) Tanaka buffer | and then 2 x PCVs of
Tanaka buffer Il were added. Cell suspensions were subsequently incubated for 30 min at 4°C and
centrifuged at 16200 rcf for 30 min at 4°C. The supernatant, containing proteins, was stored at -

80°C until SDS-PAGE (Section 2.3.2). Concentrations of extracted proteins were measured using the
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Bio-Rad Protein Assay (Bio-Rad), a version of the Bradford assay (Bradford, 1976). Proteins were
mixed with Bio-Rad assay reagent and the optical density of the Coomassie brilliant blue dye, which
changes colour upon binding amino acid residues, was measured at 595 nm using an Ultrospec
2000 UV spectrophotometer (Pharmacia). Concentrations were calculated using bovine serum

albumin as a reference.

2.3.2 Polyacrylamide gel electrophoresis (PAGE)

Subsequently, proteins from whole cell extracts (WCEs) were separated by SDS-PAGE.
Polyacrylamide gels were made using the following recipe, adjusting the acrylamide content
depending on the size of proteins of interest. For a 12% gel: 3.77 ml 1 M Tris HCI (pH 8.8), 0.1 ml
10% (w/v) SDS, 40 ul 0.5 M EDTA, 4 ml 30% acrylamide/0.8% bisacrylamide, 2.02 ml water, 60 pl
(w/v) 10% APS and 7.5 ul TEMED were mixed, added to gel cassettes (BIO-RAD), and allowed to
polymerise. A 5% stacking gel, made up of 0.3125 ml 1M Tris HCI (pH 6.8), 0.025 ml 10% (w/v) SDS,
10 pl 0.5 M EDTA, 0.415 ml 30% acrylamide/0.8% bisacrylamide, 1.72 ml water, 15 pl 10% (w/v)
APS and 1.875 ul TEMED was added on top of the polymerised running gel portion. Using the
concentrations established from the Bradford assay, 20-30 pg protein was measured and added to
a final volume of 20 pl with water. 5 pl Laemnli loading buffer (5X: 60 mM Tris-HCI pH 6.8, 2% SDS,
10% glycerol, 5% B-mercaptoethanol, 0.25% bromophenol blue) was added per sample, samples
were boiled at 95°C for 5 min to denature proteins and loaded onto 12% denaturing polyacrylamide
gels. Electrophoresis was performed at 125 V for 2 h in running buffer (25 mM Tris, 192 mM glycine,
0.1% (w/v) SDS, pH 8.3). The All-Blue Precision Plus Protein Standards (Bio-Rad) was used as a

protein molecular weight marker.
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2.3.3 Western blotting

Separated proteins from the polyacrylamide gel were then transferred to Immobilon-FL
poly(vinylidene fluoride) (PVDF) membranes: membranes were first activated for 30 s in 100%
methanol and then washed in transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol). To
facilitate the formation of a tight sandwich and efficient gel-membrane protein transfer, sponges
and 3 mm filter paper were assembled along with the gel and activated membrane in transfer

apparatus. Transfer was performed at 25 V for 2 h in transfer buffer.

Nonspecific antigens on the freshly-transferred membrane were then blocked using Odyssey
Blocker buffer (Li-COR) for 45 min at RT, using a low profile roller (Stovall). Blocked membranes
were incubated in the relevant primary antibody, diluted in Odyssey Blocking Buffer (Table 3),
overnight at 4°C. Membranes were then washed twice in PBS-T (PBS/0.1% Tween-20) and then
incubated with secondary antibodies for 1 h at RT (Table 3). Membranes were then washed in PBS-

T twice, then PBS and finally scanned (LI-COR).
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Antibody Reactivity Clonality Dilution Application Source

"Anti-NUCKS ~ Rabbit  Polyclonal ~ 1:1000  Flow cytometry ThermoFisher
Scientific

Anti-p53 Mouse Monoclonal 1:500 Western blot Santa Cruz

Anti-p21 Rabbit Monoclonal 1:2000 Western blot Cell Signaling

Anti-B-actin Mouse Monoclonal 1:10000 Western blot Abcam

AlexaFluor Rabbit Polyclonal 1:10000 Western blot Invitrogen

680/800nm

AlexaFluor Mouse Polyclonal 1:10000 Western blot Invitrogen

680/800nm

Alexa 488 Rabbit Polyclonal 1:250 Flow cytometry Invitrogen

Table 3: Antibodies used throughout the study, their reactivity, clonality, dilution ratio,
application in this study, and their respective providers.

2.4 Flow cytometry

2.4.1 Cell cycle analysis

72 h after siRNA-mediated knockdown (Section 2.1.2), cells were detached using trypsin and
resuspended in 15% FBS-containing DMEM. Cells were centrifuged at 250 rcf for 5 min at 4°C,
washed in PBS and then centrifuged again. The pellet was fixed by dropwise addition of cold 70%
ethanol and cells were then incubated for 30 min on ice. Cells were then centrifuged at 250 rcf for
5 min at 4°C and pellets were resuspended in 100 pg/ml RNAse in PBS and incubated at 37°C for
30 min to degrade RNA, which propidium iodide also stains. 20 pg/ml propidium iodide was then
added directly the to cell suspension for 15 min to stain DNA. Propidium iodide is a fluorescent dye
which binds DNA, and its intensity is therefore proportional to DNA content. DNA content in G2/M
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phase is double that in GO/G1 phase (4N vs. 2N), while S phase cells have intermediate DNA
content. A FACSort flow cytometer (BD) was used to measure fluorescence at 617 nm, and analysis

of cell cycle phases was performed using ModFit software.

2.4.2 Protein levels analysis

72 h after siRNA-mediated knockdown, cells were detached using trypsin, washed with PBS and
fixed in 4% formaldehyde at RT for 10 min. Cells were then centrifuged for 5 min at 300 rcf and 4°C,
washed in cold PBS and centrifuged again. Pellets were resuspended in PBS-1% FBS, centrifuged,
and cells permeabilised by resuspension in 100 ul PBS-1% FBS-0.1% Triton-X 100 for 5 min at RT.
After another centrifugation, the pellet was resuspended in 100 pl primary antibody and incubated
for 1 h at RT (Table 3), followed by a PBS wash and then incubation with 100 ul secondary antibody
for 1 h at RT (Table 3). Finally, fluorescence at 488 nm was read using a FACSort flow cytometer

(BD).

2.5 Alkaline Comet assay

To assess apurinic/apyrimidinic sites, SSBs and DSBs in DNA, the alkaline Comet assay was used
(Olive and Banath, 2006). Cells treated with siRNA for 72 h were detached using trypsin,
resuspended in PBS-FBS 1% and counted as described in Section 2.1.1. 50,000 cells were lysed for
1 hat4°Cin lysis buffer (2.5 M NaCl, 100 mM EDTA, 10 mM Tris HCI, pH 8.0) followed by incubation
for 30 min in running buffer (300 mM NaOH, 1 mM EDTA, 1 % DMSO, pH 13.0), protected from
light. After this, single cell gel electrophoresis was carried out in a Comet-20 electrophoresis tank,
in running buffer, at 25 V and 300 mA for 25 min. After neutralisation in neutralisation buffer (500
mM Tris-HCI, pH 8.0), DNA was stained with SYBR gold (ThermoFisher Scientific) for 30 min,
protected from light. Imaging and analysis were performed using a Nikon Eclipse 90i microscope
and Kinetic Imaging Komet 5.5 software (Andor Technology), respectively. Percentage tail DNA was

used to measure DNA damage, and at least 100 cells were analysed per sample.
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2.6 Bioinformatics analysis

2.6.1 SEEK online gene expression database

The SEEK coexpression search engine (http://seek.princeton.edu/) was used to identify genes

whose expression correlates with that of NUCKS (Table 5). The SEEK database scrapes data from
thousands of RNA microarrays and RNA sequencing studies from the publically-available Gene

Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/). SEEK calculates scores for gene

coexpression using the standard Pearson correlation (Eisen et al.,, 1998). SEEK considers
coexpression scores above + 0.5 / below - 0.5 to indicate strong positive / negative correlation.
SEEK derives p-values by calculating the probability that changes in expression of genes of interest

are more reliable than the changes of a randomly-changing background of genes.

2.6.2 G-Profiler online disease database

The G-Profiler online database (http://biit.cs.ut.ee/gprofiler/index.cgi) was used to analyse genes

in the NUCKS ChIP-Seq (Qiu et al., 2014) (Table 6). This database utilises information from Human
Phenotype Ontology, which lists genes whose mutation or deregulated expression is associated
with pathology. The Human Phenotype Ontology itself derives information from the Online

Mendelian Inheritance in Man knowledgebase (Hamosh et al., 2005).
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2.7. Statistical analysis

p-values were assessed using a two tailed Student’s t-test. In figure legends, ns denotes non-

significant, * p-value <0.05, **p-value <0.01 and ***p-value < 0.001.
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3. Results

Throughout this study, we perform our most fundamental experiments using a panel of three cell
lines. Because the DDR can differ from normal primary cell lines to immortalised or cancer cell lines
(e.g. Poletto et al., 2016), we use the normal human foetal lung fibroblast cell line, TIG1, the hTERT-
immortalised normal human bronchial epithelial cell line, NBE1l, and the human bone
osteosarcoma epithelial cell line, U20S. We also aim to verify our results using at least two
sequences of siRNA, in order to reduce the chances that our observed phenotype is due to off-

target effects.

3.1 Identification of NUCKS as a new responder to DNA damage

3.1.1 NUCKS is a putative ATM target upregulated upon DNA repair deficiency

We initiated our study by searching our group’s SILAC data (Markkanen et al., 2015) for proteins
upregulated in the nucleus upon loss of BER that were also phosphorylation targets for the DDR
kinase ATM. Since many DDR proteins are induced by DNA damage (e.g. Christmann and Kaina,
2013; Lakin and Jackson, 1999) and since ATM plays a central role in the DDR (Shiloh and Ziv, 2013),
we expected these targets might be novel DDR players. This gave us a shortlist of five proteins:
PNISR, PALLD, NUCKS, MLLT4 and RCC2 (Table 4). We performed literature searches of these
proteins and found the NUCKS protein to be the most enticing target: NUCKS has poorly defined
functional roles despite its discovery in 1985 (Ostvold et al., 1985), is deregulated in many cancers
(Qiu et al., 2015) and is a putative transcriptional regulator with a recently published ChIP-Seq (Qiu

et al., 2014).
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Protein Fold Function
upregulation
PNISR 4.08 RNA binding
PALLD 2.09 Cell shape
and adhesion
NUCKS 1.80 Transcription
MLLT4 1.55 Cell adhesion
RCC2 1.53 Mitosis

Table 4: Nuclear ATM targets upregulated in XRCC1 SILAC.
The five proteins upregulated in the nucleus after depletion of XRCC1 (Markkanen et al., 2015)
which are also phosphorylation targets of ATM. Adapted from Markkanen et al., 2015.

3.2 Consequences of NUCKS depletion on the DDR

3.2.1 NUCKS siRNA sequences validation

First, we aimed to characterise previously unexplored impacts of NUCKS on the DDR. Although
NUCKS is known to be modulated in response to DNA damage (Matsuoka et al., 2007; Markkanen
et al., 2015) and promotes DSB repair by HR (Parplys et al., 2015), it remains unknown how NUCKS
depletion impacts expression of central DDR proteins, cell cycle progression, or basal DNA damage.
To start, we screened 5 sequences of NUCKS siRNA (Table 1) in U20S cells and established
knockdown efficiency by gPCR (Fig. 2A). We were able to achieve highly effective knockdown with
sequences #1 and #2 of NUCKS siRNA, and reasonable knockdown with 3™ and 4™ sequences. A 5%
sequence did not achieve any NUCKS depletion (Fig. 2A). In the absence of a suitable NUCKS
antibody for use by Western blot (data not shown), we confirmed depletion of NUCKS on the
protein level with NUCKS siRNAs #1 and #2 by flow cytometry (Fig. 2B). These siRNA sequences
achieved 70% and 67% protein depletion relative to NC siRNA-treated cells, respectively, and were

selected to be used throughout the study.
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Figure 2: Validation of NUCKS siRNA sequences

A) U20S cells were treated with sequences #1-#5 of NUCKS siRNA for 72 h and NUCKS mRNA
levels, which are presented relative to NC siRNA-treated cells, were assessed by qPCR, using B2M
and GAPDH as reference genes. Error bars represent standard deviations of three independent
experiments.

B) Flow cytometry, using a NUCKS primary antibody, was used to determine protein depletion
after treatment with NUCKS siRNA #1 and #2. The X axis represents fluorescence intensity of the
Alexa 488 secondary antibody targeted to the NUCKS primary antibody. The leftward shift of the
knockdown relative to the control shows that the knockdown was successful.

3.2.2 NUCKS knockdown induces p53 and p21, key DDR proteins

The DDR is coordinated by an intricate series of interconnecting proteins; these proteins are
upregulated or activated in response to DNA damage and cellular stress, preventing transmission
of mutated DNA to daughter cells and slowing down the progression of cancer (Zhou and Elledge,
2000). Key DDR components include p53 — “The Guardian of the Genome” — a transcription factor
deregulated in the majority of human cancers (Lane, 1992) and p21, a p53 transcriptional target
which responds to physiological stress by inhibiting CDKs and halting progression of the cell cycle

(Abbas and Dutta, 2009). We established the impact of NUCKS depletion on these DDR players by
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treating TIG1, NBE1, and U20S cells with NUCKS siRNAs and used Western blotting to assess p53
and p21 expression levels (Fig. 3). In TIG1, NBE1 and U20S cells, p53 and p21 were upregulated
after NUCKS depletion. Further targets would have to be explored (e.g. p-ATM, PAR, pATR, yH2AX)

to conclude whether NUCKS depletion activates the DDR.
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Figure 3: NUCKS knockdown induces p53 and p21

A) TIG1, NBE1 and U20S cells were treated with NC siRNA or NUCKS siRNA for 72 h. WCEs were
loaded on 12% polyacrylamide gels and p53 / p21 levels were analysed by Western blot, using actin
as a loading control. Data shown are representative of two independent experiments.
B) Cell pellets in A) were split for RNA extraction and qPCR to confirm NUCKS depletion, using B2M
and GAPDH as reference genes (U20s shown).
C) and D) Quantifications of p53 and p21 levels in Western blots in A, normalised to actin
expression. Error bars represent standard deviations of two independent experiments.
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3.2.3 NUCKS knockdown arrests the cell cycle in G1 phase

One consequence of p53/p21 upregulation is the activation of a G1/S cell cycle checkpoint, whose
goal is to prevent cells with damaged DNA from undergoing DNA replication (Kastan and Bartek,
2004). To explore whether NUCKS knockdown activates this checkpoint, we used flow cytometry
to assess the cell cycle after NUCKS depletion (Fig. 4). In normal cells (TIG1 and NBE1), we found
that NUCKS siRNA-treated cells dramatically lost S phase and arrested in G1 phase (Fig. 4A-C),
consistent with the upregulation of p53 and p21 in these cells (Fig. 3). In U20S cells, sequence #2
of NUCKS siRNA induced a robust G1 arrest, while cells treated with sequence #1 of NUCKS siRNA
displayed cell cycle profiles that are comparable with NC siRNA-treated cells (Fig. 4A, D). U20S cells
treated with a third sequence of siRNA for NUCKS (#4) also displayed normal cell cycle profiles (Fig.
4D), suggesting that loss of NUCKS in cancer cells is less associated with cell cycle arrest. This is in
agreement with the G1/S cell cycle checkpoint being among the most deregulated signalling axes

in cancer (Sherr and McCormick, 2002).
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Figure 4: NUCKS knockdown induces G1 cell cycle arrest in normal cells, but not in cancer cells
A) TIG1, NBE1 and U20S cells were treated with NC siRNA or NUCKS siRNA (#1, 2 or 4) for 72 h and
cell cycle phases were analysed by flow cytometry, using propidium iodide staining. Representative
cell cycle profiles of three independent experiments are shown.
B), C) and D) Quantification of flow cytometry data for TIG1, NBE1 and U20S cells in A),
respectively. Error bars represent standard deviations of three independent experiments (U20S
cells treated with NUCKS siRNA #4 is only one experiment).

3.2.4 NUCKS knockdown might be associated with DNA damage in cancer cells

To understand the mechanism underpinning the upregulation of p53 and p21 (Fig. 3) and the
activation of the G1/S cell cycle checkpoint (Fig. 4) in NUCKS-depleted cells, we assessed whether
NUCKS depletion is associated with DNA damage. To this end, we utilised the alkaline Comet assay,
which detects apurinic/apyrimidinic sites, SSBs and DSBs in DNA (Olive and Banath, 2006). In
normal cells (TIG1), we did not find that NUCKS depletion caused an increase in the DNA damage
load (Fig. 5A). In fact, in this single experiment, NUCKS-depleted TIG1 cells had less DNA damage
than control cells — probably because these cells are arrested in G1 phase (Fig. 4). However, in U20S
cells, although the error is large, NUCKS depletion seemed to result a moderate increase in DNA
lesions (Fig. 5B). Although these data require further confirmation through additional repeats and
employment of other cell lines, it appears that normal cells, which have accomplished DNA repair
systems, stable genomes and functioning cell cycle checkpoints, do not rely on NUCKS to maintain
genomic stability. In contrast, in cancer cells, which are more addicted to DNA repair and more
prone to DNA damage (Hanahan and Weinberg, 2011), loss of NUCKS might be associated with an

increase in DNA damage.

To conclude, NUCKS appears to display many hallmarks of a DDR protein: NUCKS deficiency causes
sensitivity to ionising radiation and a defect in DSB repair (Parplys et al., 2015), NUCKS is
upregulated (Markkanen et al., 2015) and phosphorylated (Matsuoka et al., 2007) in response to
DNA damage, its depletion induces key DDR proteins p53 and p21 (Fig. 3), activates the G1/S
checkpoint (Fig. 4), and could be associated with accumulation of DNA damage in cancer cells (Fig.

5). Since we suspected that NUCKS’ putative role in the DDR might be coordinated through its
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transcriptional targets, we next transitioned to establish what these targets might be, and whether

any might have roles in DNA repair.
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Figure 5: NUCKS knockdown appears to induce a small increase in DNA damage in U20S cells
(A) TIG1 and (B) U20S cells were treated with NC siRNA or siRNA for NUCKS (#1) and DNA damage
was analysed using the alkaline Comet assay. DNA damage was scored on the average Comet tail
length of at least 50 cells per sample, using two samples per condition. Left: representative Comets,
right: quantifications. Error bars represent standard deviations of two technical replicates. Scale
bar, 50 um.
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3.3 NUCKS and the transcriptional regulation of DNA repair: mismatch repair
genes

3.3.1 NUCKS correlates with DNA repair, cell cycle and transcription-controlling genes

Knowing that NUCKS regulates transcription (Qiu et al., 2014; Kim et al., 2014), and motivated by
the recent ChIP-Seq report for NUCKS (Qiu et al., 2014), we sought to use a bioinformatics approach
to identify potential transcriptional targets for NUCKS with roles in the DDR. To this end, we used

the SEEK coexpression database (http://seek.princeton.edu/), which contains gene expression data

of 4929 mRNA microarray and 281 RNASeq studies from cancer patient samples and cell lines.
These data are organised into 16 tissue types, separated generally into data from four categories:
patient non-cancer samples, patient cancer samples, patient tumour (cancer + stroma) samples,
and cell line samples — totalling 67 datasets. SEEK generates coexpression scores using the standard
Pearson correlation (Eisen et al., 1998), ranging from -3 for perfectly negatively-correlating genes
to +3 for perfectly positively-correlating genes. A score of zero indicates no detectable correlation.
In each of SEEK’s 67 datasets individually, we extracted lists of the top 100 genes with the highest
and lowest coexpression scores with NUCKS. Next, we filtered the resulting lists for genes appearing
in the NUCKS ChIP-Seq (Qiu et al., 2014) and ranked genes by the percentage of the 67 datasets in
which they were among the top positively (Table 5A) / negatively (Table 5B) coexpressed genes.
Many of these targets have roles in the DDR (e.g. PPP1R15A), cell cycle regulation (e.g. CSE1L), and
transcription (e.g. YY1). The top positive-correlation hit is XPO1, a protein involved in the control
of nuclear export (Hutten and Kehlenbach, 2007), while the top negative-correlation hit is CSF1, a

cytokine known to induce differentiation of immune cells (Hume and MacDonald, 2012).

However, we were most intrigued by MSH2, an MMR protein appearing among the most 100
positively coexpressed genes in 20% of databases (Table 5A). Furthermore, NUCKS is reported to
bind the promoters of MLH1 and PMS2, two other core MMR factors (Qiu et al., 2014), and, taking

SEEK’s 67 datasets altogether, the MMR proteins’ coexpression scores with NUCKS are 0.9572 for
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MSH2, 0.7188 for MLH1, 0.2339 for PMS2 and 1.0012 for MSH6. This means that these genes have
the 94%, 594%" 4612%™, and 61 highest coexpression scores with NUCKS, respectively, of 17780
total genes. Motivated by these striking findings, we next sought to explore NUCKS’ putative

transcriptional regulation of MMR genes.
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A
All datasets
Gene Function % databases Coexpression Rank (of p_value
top 100 (+ve) | score(-3to+3) | 17,780)
XPO1 Nuclear export 52 1.0774 22 0.0277
HNRNPA1 | Pre-mRNA packaging 34 0.9975 64 0.0018
NCL Ribosome synthesis 30 0.9974 65 0.0148
CSDE1 RNA-binding protein 30 0.9645 89 0.0054
PTMA Immune function 28 1.0002 62 0.0011
YY1 Transcription factor 28 0.9396 106 0.0023
CSE1L Cell cycle, DSB repair 25 0.9880 72 0.0637
DROSHA | RNA maturation/decay 23 0.9189 133 0.0298
MSH2 Mismatch repair 20 0.9572 94 0.0482
KPNB1 Nuclear import 19 0.8523 241 0.0269
B
All datasets
Gene Function % databases Coexpression Rank (of
top 100 (-ve) score (-3 to +3) 17,780)
CSF1 Immune system 31 -0.6139 19
PLK3 Cell cycle, DSB repair 20 -0.5776 57
IRF5 Immune system 19 -0.5336 186
HNF4A Transcription factor 13 -0.5731 64
PPP1R15A DDR 13 -0.5391 161
FOSL2 Proliferation 13 -0.5109 300
JAK3 Immune system 13 -0.4978 390
BCL3 Proliferation 13 -0.4943 425
CRTC1 Transcription 11 -0.5803 50
RELA Transcription 11 -0.4612 840

Table 5: NUCKS ChIP-Seq genes that correlate with NUCKS expression in patient samples and cell

lines.

The online SEEK coexpression database was used to identify genes whose expression correlates
with that of NUCKS. Genes, which also appear in the NUCKS ChIP-Seq, were ranked by the
percentage of 67 databases in which they were among the top 100 A) positively or B) negatively
correlating genes, giving us well-founded lists of potential NUCKS transcriptional targets. Also
reported is a coexpression score across all 67 datasets, and ranks and p-values based on this score
(although SEEK does not report a p-value for negatively coexpressed genes).
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3.3.2 NUCKS is required to maintain expression of mismatch repair genes

In our exploration of NUCKS’ transcriptional regulation of MMR, we first used qPCR to assess the
expression levels of MSH2, MLH1, MSH6 and PMS2 after NUCKS siRNA treatment, in TIG1, NBE1
and U20S cells (Fig. 6). Our bioinformatics analysis showed that the expression of these genes
correlates positively with NUCKS expression (Table 5), suggesting their expression might decrease
after NUCKS knockdown. As a proof of principle, we also tested expression of chromosome
segregation 1-like (CSE1L), a protein with roles in proliferation, apoptosis (Behrens et al., 2003),
and HR repair (Okimoto et al., 2015), which positively correlates with NUCKS expression (Table 5A),
and polo-like kinase 3 (PLK3), a protein with roles in DSB repair (Barton et al., 2014) and cell cycle
regulation (Wang et al., 2002), which negatively correlates with NUCKS expression (Table 5B). We
found a marked reduction in the mRNA levels of MSH2, MLH1 and MSH6 after NUCKS depletion,
while PMS2 levels seemed unaffected (Fig. 6) — confirming SEEK data that PMS2 expression poorly
correlate with NUCKS. Furthermore, confirming the expectations of our bioinformatics analysis,
CSE1L levels were decreased after NUCKS siRNA treatment, while PLK3 levels were increased (Fig.

6).

Three lines of evidence, therefore, point strongly towards a role for NUCKS in the transcriptional
regulation of MMR: 1) NUCKS binds the promoters of MSH2 and MLH1 (Qiu et al., 2014) 2) NUCKS
expression correlates very strongly with the expression of MSH2, MLH1 and MSH6 in patient
samples and cell lines (Table 5) 3) NUCKS siRNA reproducibly leads to loss of MSH2, MLH1 and

MSH®6 expression across multiple cell lines (Fig. 6).
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Figure 6: NUCKS knockdown results in deregulated transcription

I siNC

siNUCKS #1

(A) TIG1, (B) NBE1 and (C) U20S cells were treated with NC or NUCKS siRNA (#1) for 72 h before
analysis of mRNA levels by gPCR, using B2M and GAPDH as reference genes. Error bars represent
standard deviations of at least three independent experiments. ns, non significant; *, p-value <

0.05; **, p-value <0.01.
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3.3.3 NUCKS’ regulation of mismatch repair gene MSH2 is not cell cycle-dependent

MMR genes, including MSH2, are cell cycle-regulated: MSH2 expression is lower during G1 phase
than S and G2 phases, in accordance with a role in the repair of mismatches formed during DNA
replication (Jiricny, 2006). Therefore, it could be that MSH2 expression decreases after NUCKS
siRNA treatment because NUCKS siRNA induces cell cycle arrest in G1 phase (Fig. 4). To address this
issue, we synchronised TIG1 and NBE1 cells in G1 phase of the cell cycle by contact inhibition,
removing cell cycle effects from the equation (Fig. 7A-D). We then treated cells with NC or NUCKS
siRNA and found that these Gl-arrested cells still lost MSH2 expression commensurate with
asynchronous cells (Fig. 7E and F). Moreover, we have shown that U20S cells treated with NUCKS
siRNA #1 display cell cycle profiles that are similar to NC siRNA-treated cells (Fig. 4), but MSH2,
MLH1 and MSH6 remain downregulated after NUCKS siRNA #1 treatment in these cells (Fig. 6C).
These two lines of evidence provide strong support that NUCKS is a bona fide regulator of MMR

transcription, irrespective of cell cycle effects.
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Figure 7: Downregulation of mismatch repair gene MSH2 after treatment with NUCKS siRNA is
not cell cycle-dependent

(A) Asynchronous cells (NBE1 shown) grown to confluency, allowed to incubate for three days and
then transfected with (B) NC siRNA, (C) NUCKS siRNA #1 or (D) #2 are completely arrested in G1
phase, confirmed by propidium iodide staining with flow cytometry.
gPCR was then used to analyse MSH2 expression after NUCKS siRNA treatment in (E) TIG1 and (F)
NBE1 cells, respectively, using B2M and TBP as reference genes. Error bars represent standard
deviations of two independent experiments.
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3.3.4 NUCKS-depleted cells appear to display increased resistance to 6-TG, an agent that
relies on proficient mismatch repair for lethality

MMR-deficient cells display resistance to a number of genotoxic agents, including 6-TG (Glaab et
al., 1998). The MMR protein complex MutSa recognises 6-TG:T mismatches generated by 6-TG,
promoting c-Abl/p73a/GADD45a-dependent G2/M cell cycle arrest and apoptosis in response to
treatment (Li et al., 2008; Swann et al., 1996). As such, 6-TG relies on proficient MMR to induce cell
death and, accordingly, various studies have employed 6-TG resistance to substantiate novel MMR
players (e.g. Chen et al., 2016; Patidar et al., 2016; Wang et al., 2014). To test whether NUCKS-
depleted cells displayed such a resistance, we treated NUCKS-depleted and MSH2-depleted (as a
positive control) NBE1 cells with 6-TG, and found that NUCKS deficiency indeed provided increased
resistance (Fig. 8). Although these data require further confirmation through additional
independent experiments and employment of additional cell lines, they suggest that NUCKS-
depleted cells display functional hallmarks of MMR-deficiency. To further confirm that this
resistance in NUCKS-depleted cells is due to MMR deficiency, we could test whether NUCKS is
epistatic with MSH2 in 6-TG resistance. Specifically, if NUCKS-depleted and NUCKS + MSH2-
depleted cells both displayed similar levels of 6-TG resistance, this would indicate NUCKS and MSH2
act in the same pathway for 6-TG resistance. Alternatively, if we found that NUCKS + MSH2-
depleted cells were significantly more resistant to 6-TG than NUCKS-depleted cells alone, this could

suggest that NUCKS deficiency generates 6-TG resistance independent of MMR.
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Figure 8: NUCKS-depleted cells display increased resistance to 6-TG, which relies on proficient
mismatch repair for lethality
A) NBE1 cells were treated with control, NUCKS siRNA (#1 and #2) or MSH2 siRNA for 48 h and

then treated with 6-TG for 48 h. Cell viability was measured using Resazurin. Error bars represent

standard deviations of three technical replicates.

B) NUCKS and C) MSH2-transfected cells in A) were split for RNA extraction and qPCR to confirm

knockdowns, using B2M and GAPDH as reference genes.
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3.3.5 Genes in NUCKS ChlIP-Seq are associated with colorectal cancer

NUCKS regulates MMR (this work) and obesity (Qiu et al., 2014), two major determinants for CRC
risk. Deficiencies in MMR result in mutations that inactivate tumour suppressors and activate
oncogenes, stimulating CRC pathogenesis (Boland and Goel, 2010), while obesity results in
inflammation and alteration of the gut microbiota, aberrantly modulating regulation of p53, DNA
repair and cell proliferation genes (Ullman and ltzkowitz, 2011; Zhu et al., 2011; Bardou et al.,
2013). Therefore, to explore a potential role for NUCKS in CRC, we wondered whether other
putative NUCKS targets identified in NUCKS’ ChIP-Seq (Qiu et al., 2014) might be associated with

CRC. To this end, we utilised the G-Profiler database (http://biit.cs.ut.ee/gprofiler/index.cg), which

lists genes known to be mutated or deregulated in human pathology, to examine the 586 genes in
the NUCKS ChIP-Seq (Qiu et al., 2014). We found that NUCKS binds the promoters of 10 well-
established CRC genes (Table 6). These are MMR genes; regulators of PDGF, TGF-B and Wnt
signalling, whose deregulation promotes proliferation, angiogenesis and metastasis (Estevez-
Garcia et al., 2012; Bellam and Pasche, 2010; Zhang et al., 2014a; Najdi et al., 2011; Yan et al., 2002);
and MDM2, a critical regulator of p53 levels (Sugano et al., 2010). Now suspecting an important
role for NUCKS in CRC, we complemented these data by using the SEEK database to analyse
coexpression with NUCKS specifically in primary colorectal tumours. We found that coexpression
scores for MSH2, MLH1 and MSH6 in these tumours were 0.9052, 0.5490 and 1.1464, making these
genes the 384™, 2038™ and 85" most correlated genes with NUCKS, respectively, of 17863 total

genes.

Thus, we present three lines of strong preliminary evidence for NUCKS as a novel transcriptional
regulator of MMR in CRC:

1) NUCKS is required for MMR gene expression (Fig. 6, 7) and function (Fig. 8);

2) NUCKS’ putative transcriptional targets are associated with CRC (Table 6);

3) in colorectal tumours, NUCKS highly correlates with the expression of MMR genes.
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Contribution to colorectal cancer
Gene Function Up- or down- References
regulation in Consequence
colorectal cancer
MSH2 Mismatch repair Down MSI (Peltomaki, 2001)
MLH1 Mismatch repair Down MSI (Peltomaki, 2001)
PMS2 Mismatch repair Down MSI (Peltomaki, 2001)
PDGF signalling Proliferation and (Estevez-Garcia
PDGFRA pathway receptor Up angiogenesis et al.,, 2012)
Promotes p53 (Sugano et al.,
MDM2 u Loss of p53
degradation s £ 2010)
(Bellam and
SMAD4 TGF-P signalling Down Prollferat!on and 5- Pasche, 2010,
pathway receptor FU resistance Zhang et al.,
2014)
TGF-PB signalling . . (Bellam and
TGFBR2 o Down Proliferation Pasche, 2010)
CTNNB1 Promotes Wnt Proliferation and (Najdi et al.,
(Beta- signallin Up metastisis 2011)
catenin) g g
; ) (Najdi et al,,
APC Rezir e::ﬁfnwnt Down Pm";:::;'t‘i’;sand 2011; Yan etal.,
gnafiing 2002 )
AXIN2 Represses Wnt Down Proliferation and (Najdi et al.,
signalling metastisis 2011)

Table 6: Genes in the NUCKS ChIP-Seq are associated with colorectal cancer
Genes in the NUCKS ChIP-Seq associated with colorectal cancer were identified using the G-

Profiler database (http://biit.cs.ut.ee/gprofiler/index.cg). These genes regulate MMR, p53 status
and proliferative and metastatic signalling. Up/downregulations include mutations and expression

changes.
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4. Discussion

Different pathways of DNA repair, which employ the same cellular resources (e.g. energy and
nucleotides) are interconnected and must be tightly balanced to ensure genomic stability and
homeostasis. However, how cells achieve this goal is poorly understood. Our laboratory has
previously shown that cells deficient in XRCC1, the core coordinator of BER (Caldecott, 2003),
downregulate other BER components to prevent the accumulation of SSBs formed during the BER
pathway. This alteration depends on two DNA damage-responsive transcription factors, p53 and
Spl (Poletto et al., 2016). In order to investigate how cells adjust other cellular pathways in
response to BER loss, our laboratory performed SILAC in XRCC1-deficient cells (Markkanen et al.,
2015). We identified several targets upregulated in the nucleus which were also substrates of the
master DDR kinase ATM (Matsuoka et al., 2007) (Table 4), the main DDR protein activated upon
BER downregulation (Khoronenkova and Dianov, 2015). The most appealing of these targets was
NUCKS, a DNA-binding protein (Stvold et al., 2001) with multiple ATM and DNA-PK phosphorylation
sites (Wisniewski et al., 2008), which binds the promoters of several genes linked to DNA repair
(Qiu et al., 2014 and this study). Furthermore, NUCKS has a role in promotion of DSB repair by HR
(Parplys et al., 2015), suggesting that NUCKS might be a promising candidate as a novel DDR
transcription factor —like Sp1 and p53. In this report, we add to the DNA repair inventory of NUCKS,
describing a novel role for NUCKS in MMR transcriptional regulation. We find that cells deficient in
NUCKS exhibit hallmarks of MMR deficiency, and suggest that this role might link NUCKS deficiency

to the development of CRC.
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4.1 NUCKS as a DNA damage response protein

To complement implications of NUCKS with the DDR (Parplys et al., 2015; Markkanen et al., 2015;
Matsuoka et al., 2007), we explored how NUCKS depletion might impact expression levels of two
key components of the DDR: p53 and p21. We found that p53, a stress-responsive transcription
factor (Lakin and Jackson, 1999) and p21, a CDK inhibitor whose transcription is activated by p53
(Abbas and Dutta, 2009) are upregulated in response to NUCKS depletion (Fig. 3). Although NUCKS
depletion was not associated with DNA damage in normal cells (Fig. 5), p53 can also be activated
in response to a range of other stimuli, including oncogene activation and ribonucleotide depletion
(Brooks and Gu, 2010). NUCKS binds the promoters of a number of oncogenes, including Myc (Qiu
et al., 2014), and has a role in maintaining replication forks (Parplys et al., 2015), suggesting that
p53 activation in NUCKS-depleted cells might be due to oncogene or ribonucleotide pool
deregulation, rather than DNA damage. Moreover, NUCKS also binds the promoter of MDM2 (Qiu
et al.,, 2014), which controls p53 levels through ubiquitin-mediated degradation (Moll and
Petrenko, 2003). Should NUCKS depletion result in reductions in MDM2 levels (through loss of
NUCKS-dependent transcriptional activation), this could also explain the upregulation of p53 in
NUCKS-depleted cells. Although this remains to be explored, this would indicate that NUCKS might
have a role in control of p53 levels, even in the absence of DNA damage or cellular stress. This
would furthermore explain an advantage derived by cancer cells from NUCKS overexpression (Moll

and Petrenko, 2003).

Normal cells respond to this upregulation of p53 and p21 by activating a G1/S cell cycle arrest (Fig.
4), presumably through p21-mediated CDK inhibition (Abbas and Dutta, 2009). Since NUCKS
promotes transcription of cell cycle-promoting proteins such as CSE1L (Fig. 6, Table 5, Behrens et
al., 2003, Qiu et al., 2014), p53 / p21 upregulation and cell cycle arrest could furthermore be due
to loss of such proteins in NUCKS-depleted cells, preventing the onset of S phase. In contrast, two

out of three sequences of NUCKS siRNA in cancer cells (U20S) do not lead to G1 cell cycle arrest
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(Fig. 4D), despite upregulation of p53 and p21 in these cells (Fig. 3). This could be a consequence
of cell cycle checkpoint defects in U20S cells and in cancer cell lines in general (Giono and Manfredi,

2007; Akan et al., 2012; Sherr and McCormick, 2002).

Although we performed only one experiment, we found that U20S cells, but not TIG1 cells, were
associated with a moderate increase in DNA damage after NUCKS depletion (Fig. 5). This DNA
damage, which we observed by the alkaline Comet assay, does probably not reflect a MMR defect,
since MMR deficiency does not lead to the SSBs or DSBs that are detected by this approach
(Fairbairn et al., 1995). Instead, it is likely that NUCKS-depleted U20S cells, whose cell cycle profiles
are similar to control cells (Fig. 4) and which display a defect in the S phase-associated HR pathway
(Parplys et al., 2015), accumulate endogenously-induced DSBs. This is not the case with TIG1 cells,

which undergo G1 cell cycle arrest after NUCKS depletion (Fig. 4).

To conclude, these data are in agreement with previous studies showing that NUCKS regulates HR
and becomes modified after DNA damage (Parplys et al., 2015), and provide further evidence that
NUCKS might be important for the DDR. These data also expose future avenues for NUCKS

research.

4.2 NUCKS, mismatch repair and colorectal cancer

CRC affects around 1.2 million people worldwide every year, contributing 8.5% of total cancer
diagnoses (Brenner et al., 2014). To facilitate early detection, improve diagnosis and predict

response to chemotherapy, the identification of novel CRC biomarkers is essential.

Numerous lines of evidence support a potential role for NUCKS in CRC, a disease often caused by
defective MMR (Loeb, 1994). NUCKS positively regulates transcription of MMR genes (Fig. 6 and
7), is highly coexpressed with MSH2 and MSH6 in primary colorectal tumours

(http://seek.princeton.edu/), and binds the promoters of a number of genes which are found

mutated or deregulated in CRC (Table 6). The Oncomine database (https://www.oncomine.org)
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reveals that NUCKS expression tends to be lower in colorectal tumours than tumours from other
tissue, and low NUCKS expression is linked with obesity (Qiu et al., 2014). Obesity, in turn, due to
alteration of inflammation and gut microbiota in obese patients influencing the expression of
cancer-driving genes (Bardou et al., 2013), is linked with higher incidence of CRC (Bardou et al.,
2013). Taking these data and observations together, we propose the scheme in Fig. 9. We suggest
that reductions in NUCKS expression, which lead to obesity (Qiu et al., 2014), will simultaneously
lead to reductions in MMR gene expression, as well as, possibly, deregulation of proteins such as
APC and CTNNBL1 (Table 6). We hypothesise that these phenotypes might synergise to promote a

favourable environment for the development of CRC.

NUCKS |

~ L\

Obesity T MMR l APC, CTNNBI, etc. ?

Colorectal cancer T

Figure 9: NUCKS and colorectal cancer.

NUCKS downregulation leads to obesity (and vice versa) (Qui et al., 2014), MMR decline (this study),
and potential alterations in APC and other genes associated with CRC (Table 6). These phenotypes
might associate to promote CRC risk.
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Furthermore, we hypothesise that loss of NUCKS expression might contribute to MSI in CRC. The
majority of the 15% MSI-positive colorectal tumours are due to mutation in MMR proteins or
hypermethylation of the MLH1 promoter (Hampel et al.,, 2005). However, the mechanism
underlying MSl-positive tumours which express WT MMR proteins and lack hypermethylation of
the MLH1 promoter is poorly understood (Brenner et al., 2014). Intriguingly, one study suggests
that NUCKS expression might be lower in MSI tumours than microsatellite stable (MSS) equivalents
(Jorissen et al., 2008), and we therefore propose that loss of NUCKS expression (but not NUCKS

mutation, which is rare (http://cancer.sanger.ac.uk/cosmic)) might contribute to these poorly

characterised MSI-positive tumours.

Finally, we suggest that NUCKS might play a role in resistance to 5-FU treatment, the current Gold
Standard for CRC treatment (Wolpin and Mayer, 2008). MMR’s MutSa complex binds 5-FU (Tajima
et al.,, 2004) and initiates c-Abl/p73a/GADD45a-dependent apoptosis in response to 5-FU
treatment (Li et al., 2009). Accordingly, MMR deficiency has been linked with reduced efficacy of
5-FU treatment in clinical trials (Ribic et al., 2003) and reduction in MSH2 (Valeri et al., 2010a) and
MLH1 (Arnold et al., 2003) levels has been linked with resistance to 5-FU treatment. Strikingly, one
microarray analysis found that NUCKS and MSH2 levels decreased after 5-FU treatment (Troester
et al.,, 2004), suggesting ambitiously that NUCKS might (passively) orchestrate a novel cellular

resistance to 5-FU by downregulating transcription of MMR genes.

4.3 Limitations of our approach

We confirm NUCKS depletion on the mRNA level by gPCR and at the protein level using the
(unconventional) flow cytometry approach (Fig. 2). In this approach, cells are fixed in
formaldehyde, permeabilised with Triton-X 100 and stained with antibodies (Section 2.4.2).
Although flow cytometry allows us to observe a decrease in protein signal upon knockdown (Fig.
2), this approach does permit confirmation, through validation of molecular weight or

nuclear/cytoplasmic localisation, that NUCKS depletion is the cause of this signal change. As such,
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more convincing validations of knockdown could be obtained using Western blotting or

immunofluorescence.

Furthermore, we rely heavily on RNA interference using siRNA in this study. However, RNA
interference can generate significant undesired off-target effects (Jackson et al., 2006). This can
lead to phenotypes that are not specific to the depleted protein, which can also give rise to
variability between different siRNA sequences. Indeed, we observe variability between NUCKS
siRNA sequences in p53 and p21 induction (Fig. 3), in impact on cell cycle (Fig. 4D) and in resistance
to 6-TG (Fig. 8), even despite similar knockdown for these two sequences (Fig. 2). As a result, to
further confirm that observed phenotypes are due specifically to loss of NUCKS, we could employ
a rescue strategy. For example, we could rescue wildtype levels of MSH2 expression in NUCKS-

knockout cells by transfecting NUCKS back into these cells.

4.4 Future experiments

4.4.1 NUCKS and the DNA damage response

We have shown that NUCKS depletion induces expression of p53 and p21 (Fig. 3). To further
characterise a potential role for NUCKS in the DDR, we would start by analysing the impact of
NUCKS depletion on expression or activation of numerous DDR components: SSB markers (e.g.
PAR), DSB markers (e.g. pATM, yH2AX, 53BP1), and replication stress markers (e.g. pATR, pChk1,
pRPA). Furthermore, we could analyse sensitivity of NUCKS-depleted cells to DNA damaging agents
to probe roles for NUCKS in different DNA repair pathways. For example, sensitivity to UV-radiation
might indicate a role in NER (Dunkern et al., 2001), sensitivity to MMS could indicate a BER role
(Lundin et al., 2005) and sensitivity to formaldehyde could indicate a defect in DNA-protein
crosslink (Vaz et al., 2016) or Fanconi anemia repair (de Graaf et al., 2009). Finally, in order to
further delineate the role for NUCKS in the DDR, we could assess kinetics of DNA repair in NUCKS-

depleted and proficient cells, using different genotoxic agents. For example, we could treat cells
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with ionising radiation, which generates a variety of lesions, the most toxic of which is DSBs. To
directly measure the kinetics of repair of these DSBs in ionising radiation-damaged NUCKS-
proficient and depleted cells, we could use the neutral Comet assay, which specifically detects DSBs
(Fairbairn et al., 1995). To complement this approach, we could analyse yH2AX foci, a marker of

DSBs (Kuo et al., 2008), through yH2AX immunofluorescence analysis.

NUCKS undergoes more posttranslational modification than any other protein, but the functions of
these modifications are poorly understood (Wisniewski et al., 2008). Many of these modifications
are focused on the NUCKS DNA-binding domain, which spans NUCKS residues 183-192 (Grundt et
al.,, 2002). At the onset of mitosis, CDK1 phosphorylates NUCKS S181, inhibiting NUCKS’ DNA
binding (Grundt et al., 2002). Importantly, this is coherent with reduced global gene transcription
in mitosis, and with a putative role of NUCKS in G1/S transcription postulated earlier. Furthermore,
S$181 undergoes ATM-dependent phosphorylation after treatment with neocarzinostatin, a
radiomimetic (Bensimon et al., 2010). Assuming this phosphorylation similarly inhibits NUCKS DNA
binding, this might implicate NUCKS in G1/S checkpoint activation after DNA damage: DNA damage
would inhibit NUCKS DNA-binding and might accordingly prevent NUCKS-dependent S phase
transcription, consequently preventing S phase entry. ATM also phosphorylates S14 after ionising
radiation (Matsuoka et al., 2007) and S54 after neocarzinostatin treatment (Bensimon et al., 2010).
These modifications are targeted away from NUCKS’ DNA-binding domain but might influence, for

example, NUCKS’ protein stability or protein-protein interactions.

The broad influence of NUCKS’ PTMs can be elucidated experimentally. To explore the
contributions to NUCKS DNA-binding, we could assess DNA-binding capacities of the recombinant
NUCKS protein modified by different protein kinases to DNA probes using the EMSA assay. To test
contributions to protein stability, we could measure the lifetime of different NUCKS modification-
mutants in cyclohexamide-treated cells. Finally, contributions to protein-protein interactions could

be assessed by performing immunoprecipitation experiments of differentially modified NUCKS with
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known interaction partners. Undoubtedly, these are vital experiments and their results will be

central to the complete understanding of the NUCKS protein.

4.4.2 NUCKS, mismatch repair and colorectal cancer

To further explore the role of NUCKS in CRC, we would start by establishing whether NUCKS-
dependent MMR regulation is present in MMR-proficient, microsatellite-stable CRC cell lines. In
addition, we would establish how the genes listed in Table 6 respond to NUCKS depletion. For
example, in the Wnt signalling pathway, APC promotes degradation of B-catenin, a transcription
factor which promotes expression of oncogenes such as Myc (Herbst et al., 2014; Najdi et al., 2011).
As such, CRC is often associated with downregulation or mutation of APC and consequent
upregulation of B-catenin (Najdi et al., 2011). Should we find that NUCKS promotes APC expression
while attenuating that of B-catenin, this would support our hypothesis that low NUCKS levels are
prognostic for CRC risk (Fig. 9). We would also like to assess correlation of NUCKS expression with
that of MSH2 in a panel of primary colorectal tumours, using immunohistochemistry. If the
expression of NUCKS correlates with MSH2 in these tumours, this, coupled with our other data,

would provide very robust evidence that NUCKS is a transcriptional regulator of MMR in CRC.

Next, we would establish whether cells deficient in NUCKS expression for an extended period of
time develop MSI, the quintessential characteristic of MMR-deficient cells (Loeb, 1994). To this end,
we would generate NUCKS knockout cell lines, using the CRISPR-Cas9 genome editing technique
(Ran et al., 2013). We would then use PCR to amplify a consensus panel of microsatellite regions
used to assess MSI (Umar et al., 2004) and separate these microsatellite sequences by denaturing
polyacrylamide gel electrophoresis, observing whether novel fragments — indicative of MSI - appear

in NUCKS-deficient cells (Umar et al., 2004).
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Polymorphisms in the promoters of MSH2 (Shin et al., 2002; Mrkonjic et al., 2007), MLH1
(Samowitz et al., 2008) and MSH6 (Gazzoli and Kolodner, 2003) reduce promoter activity, expedite
MSI onset and promote development of CRC. To identify whether these polymorphisms fall within
NUCKS’ binding regions, we will use ChIP (Das et al., 2004), and to subsequently establish whether
they impact NUCKS binding, we will use the electrophoretic mobility shift (Hellman and Fried, 2007)

and luciferase (Smale, 2010) assays.

Finally, transcription factor p53 has myriad roles in tumour suppression: from cell cycle arrest, to
autophagy, to apoptosis (Lane et al., 1992). To explore whether any putative roles of NUCKS are
dependent on p53 activity, we could employ a panel of p53-negative cell lines. For example, the
cervical cancer cell line Hela, colorectal cancer cell line CACO-2 and renal cell carcinoma cell line
TK10 all contain p53-inactivating mutations (Leroy et al., 2014). Even more valuable, p53+/+ and
p53-/- isogenic cell line pairs, such as those available for colorectal cancer cell line HCT116, could
be employed (Sur et al., 2009). For example, it is known that p53 binds the promoters of MSH2 and
MLH1 and stimulates their transcription (Nikulenkov et al.,, 2012). Accordingly, we could
hypothesise that the stimulation of MMR transcription by NUCKS might be p53-dependent —
because, for example, NUCKS might enable p53 binding to MMR promoters. Such a theory —and

many others - could be readily tested using a selection of these cell lines.

4.5 Conclusions

In this study we report the identification of NUCKS as a novel transcriptional regulator of MMR, and
provide supporting evidence that NUCKS might play an important role the development of CRC.
Given this information, we propose that low levels of NUCKS expression might be a risk factor for
CRC due to concomitant MMR deficiency and increased obesity risk (Fig. 9), and might furthermore
be used to evaluate the risk of CRC, even before the onset of MSI currently used for CRC diagnosis
(Umar et al., 2004). Moreover, given the MMR- and HR- promoting activities of NUCKS (this study
and Parplys et al., 2015), we suggest that these cancers might display resistance to drugs such as
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5-FU or etoposide (Aebi et al., 1997), while displaying sensitivity to treatments such as radiotherapy
(Jeggo et al., 2011). We hope that future studies leading from this report might invigorate NUCKS

study and inaugurate more comprehensive analyses of NUCKS and DNA repair regulation in cancer.
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Appendix

Material

Supplier

0.2 ml Thin-walled tubes

MOLECULAR BIO-PRODUCTS

1 ml syringes

BD

1.1 mm needles

BD

1.5 ml Eppendorf tube

GREINER BIO-ONE

10 cm dishes

GREINER BIO-ONE

15 ml falcon tubes

GREINER BIO-ONE

50 ml falcon tubes

GREINER BIO-ONE

50X TAE BIO-RAD
6-thioguanine SIGMA
75 cm? flasks GREINER BIO-ONE
96-well flat bottom plates CORNING

96-well PCR plates

ThermoFisher Scientific

Adhesive PCR films

ThermoFisher Scientific

Agarose BIO-RAD
Amicon ultra 0.5 ml tubes MILLIPORE
BioRad Bradford reagent BIO-RAD
Bromophenol blue powder SIGMA
BSA BIO-RAD
Buffer EB QIAGEN
Cuvettes FISHER
DEPC-treated H,0O AMBION
DMEM GIBCO
DMSO SIGMA
DNA gel cassettes BIO-RAD
DNA gel tanks BIO-RAD
dNTPs mix BIOLINE
DTT0.1M INVITROGEN
EDTA BDH
SDS-PAGE materials NOVELL
Ethanol FISHER
Fast SYBR™ Green Master Mix ThermoFisher Scientific
FBS GIBCO
First strand buffer (5X) INVITROGEN
Gel Loading dye 6X, Blue NEB
Glycerol FLUKA
H.0, SIGMA
Heating blocks EPPENDORF
Immobilon-FL MILLIPORE
Immobilon-FL PVDF MILLIPORE
Isopropanol (100%) FISHER
KCl BDH
Leupeptin CALBIOCHEM
Lipofectamine 2000 INVITROGEN
Lipofectamine RNAIMAX INVITROGEN
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Methanol FISHER
MgCly SIGMA
NBE1 cells LONZA
NEM SIGMA
Nonidet P-40 SIGMA
Odyssey blocker buffer LI-COR
PBS SIGMA
Pepstatin CALBIOCHEM
PMSF SIGMA
Power suppliers BIO-RAD
Propidium lodide SIGMA
QIAGEN-tip 500 QIAGEN
QlAprep spin column QIAGEN
RNA extraction kit QIAGEN
RNase 100 mg/ml QIAGEN
RNase H enzyme NEB
RNase-free water QIAGEN
RNaseOUT (40 U/pul) INVITROGEN
SDS FISHER
Sponges for Western blot NOVELL
SuperScript Il RT enzyme INVITROGEN
TIG1 cells CORRIEL
Tris/glycine buffer (10X) BIO-RAD
Tris/glycine/SDS buffer (10X) BIO-RAD
Triton-X 100 SIGMA
Trizma SIGMA
Trypan blue INVITROGEN
Trypsin-EDTA GIBCO
Tube roller STOVALL
Tube rotor LABINCO
U20S cells ATCC
Western blot apparatus NOVELL

Table 7: Materials and reagents used throughout this study, as well as their supplier.
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