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EXPLORING TLR ADAPTOR PROTEIN MYD88 AS A SENSITIVITY
DETERMINANT TO HDAC INHIBITORS
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Carcinogenesis has shown to be a result of aberrant genetic as well as epigenetic
processes. Histone Deacetylase (HDAC) inhibitors, a class of therapeutic agents
developed against the latter, have been shown to be efficient against certain
haematological malignancies. However, the underlying molecular mechanisms are
still largely unknown. An unbiased loss-of-function screen was used to identify
genes that govern cellular sensitivity to HDAC inhibitors (HDIs). Myeloid
differentiation primary response 88 (MyD88), a Toll-like receptor (TLR) adaptor
protein, was identified as a key regulator of the anti-proliferative effects of HDIs,
whereas levels of MyD88 were found to govern cells response to HDI treatment
through regulating cytokines levels. Furthermore, MyD88 L265P, its most abundant
loss-of-function mutation, was associated with increased cell sensitivity to HDIs. It
was also found that MyD88 acetylation status contributed to its regulation via an
HDAC6-dependant interaction. These results suggested that through scrutinising the
underlaying molecular pathways that become altered during tumourigenesis there
could be important relative prognostic and diagnostic values for cancer treatment in
clinical settings; whereas levels of MyD88, its acetylation status, or the expression
of its L265P mutant; could represent a valuable set of indicators to identify subsets
of patients who are more likely to respond positively to HDI treatment.
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CHAPTER 1 GENERAL INTRODUCTION
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1.1

Personalised cancer medicine.

In recent years, personalised cancer medicine has risen as the approach of choice to
enhance the therapeutic outcomes and minimise the side effects associated with
traditional chemotherapeutic regimens, whereby a patient-tailored treatment allows
a more individualised approach to overcome the challenges posed by the patients
variability and tumour subsets; steering away from non-specific cytotoxic drugs.

The proven efficacy of the approach across different classes and sub-classes of
tumours suggests a revolutionary shift towards focusing biological and clinical
research at the molecular level of the tumour rather than its morphology, improving
the overall outcome of the treatment.

An example of a personalised cancer treatment is the use of trastuzumab in the
treatment of breast cancer patients 1. It was found that patients overexpressing
human epidermal growth factor receptor 2 (HER2) are more likely to respond to
trastuzumab, reducing the recurrence of a tumour by more than the half when used
in combination with chemotherapy, in comparison to chemotherapy alone 2. Other
examples of recently developed personalised cancer treatments include the use of
tyrosine kinase inhibitors; imatinib in chronic myeloid leukaemia 3, erlotinib in
advanced pancreatic cancer 4, gefitinib in advanced breast cancer
therapeutics, such as vemurafenib, in melanoma treatment

7

5 6

; intracellular

and most recently the

approval of tisagenlecleucel, a chimeric antigen receptor (CAR) T-cell therapy for

19

the treatment of B-cell precursor acute lymphoblastic leukaemia (ALL) in younger
patients 8.

The rapid adaption of that approach is the result of the increased efficacy of reliable
tumour characterisation methods across variable fields such as genomics,
proteomics, and metabolomics, coupled with the rapid development of
computational tools and enhanced computational capacity for analysing these large
sets of data; all together are enabling a rapid and efficient identification of key
oncogenic signature profiles across molecularly distinct subtypes of cancer and the
subsequent development of more personalised therapeutic approaches 9 10.

However, substantial hurdles withstand the widespread application of a universal
personalised cancer care. Foremost among these are restrictions in our
understanding of tumour molecular biology and ability to identify targets that are
essential for tumour proliferation, in addition to the scarcity of biomarkers that can
reliably identify subsets of patients who are likely to respond to treatment.

One explanation to that scarcity is that it was not until recently that researchers
started to establish a better understanding of the biological heterogeneity of
different types of cancer

11 12 13

, whereby a better understanding of the molecular

profile of the tumour becomes a necessary tool to guide the development of a
personalised therapy driven by the development of the relevant class of biomarkers.
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Figure 1.1 Schematic representation of personalised medicine. A diverse patient group that have
the same diagnosis, but may respond differently to treatment. Representation adapted from Vargas
14
et al., 2016 .
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1.2

Epigenetics in tumourigenesis.

Hanahan and Weinberg’s introduction of the hallmarks of cancer provided an
overview of the biological framework that a tumour exhibits to successfully
proliferate at both primary and metastatic tumour sites

15

which suggested that the

development of therapeutic approaches to target these hallmarks require a
comprehensive understanding of the encompassed complex network of signalling
pathways. Tumours procurement of multiple hallmarks depends mainly on a
cascade of alternations in the genomics of malignant cells; whereby, from a genetic
perspective, a diverse array of defects affecting various components of the DNAmaintenance machinery, often referred to as the “care takers of the genome

16

”,

result in tumourigenesis. Such defects are usually introduced via silencing
mutations or epigenetic modifications 17 18.

To that end, epigenetic modifications; alternations in gene expression that are
independent of the DNA sequence of a gene, represent a near-universal feature of
human tumourigenesis 19.

Epigenetics is commonly defined as changes that affect gene activity and
expression, as well as transgenerational heritable changes in gene expression, which
do not involve changes in the underlying nucleotide sequence of DNA. Heritable
changes can denote alternations that pass on from one generation of an organism to
another (organism-organism) or those within the same organism (cell-cell), where
gene expression patterns that can be clonally inherited might differ among different
cell types and their generations 20. When passed on from one cell generation to the

22

next, covalent modifications on the chromatin histone proteins as well as those
occur on the DNA itself are referred to as epigenetic modifications and can result in
heritable gene expression modifications 21. Various internal and external changes in
the biological environment, such as oxidative and nitrosative stress, may lead to
these epigenetic modifications 22 23.

24

Epigenetic modification mechanisms include DNA methylation
modifications

25

, chromatin remodelling and microRNAs (miRNA)

26

, histone

. The most

commonly described among them is DNA methylation. The first described
hypomethylation signature was investigated within the context of differentiating
genes of human cancers vs their wild counterparts 27. That was then followed by the
identification of tumour suppressor genes that promote hypermethylation
identifying the DNA methylation modifications at the miRNA level

30

28 29

and

. Chromatin

remodelling, DNA methylation and histone acetylation are discussed in more details
in the following sections.

These epigenetic mechanisms regulate gene expression together with a subset of
various cellular and biological functions related to disease progression
Examples include autoimmune disorders

33

, neurodegenerative diseases

31 32
34

.

and

cancer 35 18 36.

Recent developments in whole genome sequencing and computational biology have
introduced great advancement towards our understanding of the human epigenome
and how epigenomic modifications affect cancer development and progression 37 38.
Therefore, a better understanding of carcinogenic epigenetic modifications became
a vital tool towards developing more novel biomarkers and personalised cancer

23

medicines based upon understanding the resultant epigenetic patterns and their
effects on tumourigenesis 39.

1.2.1 Chromatin remodelling and transcription control.

Protein and mRNA expression levels are controlled by gene transcription; a process
that is made possible by allowing or restricting transcription factor complexes
access to the DNA scaffold. That access depends on how the DNA is packaged into
dynamic chromatin structures, where DNA methylation and histone posttranslational modifications together form an interdisciplinary arrangement that is
involved in chromatin dynamic status, and alterations in epigenetic regulators
leading to aberrant chromatin regulation have been shown to play an important role
in the initiation and progression of cancer 40.

Chromatin is made up of DNA, histone- and non-histone proteins packaged in a
highly complex dynamic structure. Chromatins exist in two functional
conformational states: hetero- and eu-chromatin. The former usually represents the
compact status and therefore less transcription is likely to occur at that state. On the
contrary, euchromatin is the decondensed, form, where most transcription is likely
to take place

38

. That dynamic remodelling in between the compact and

decondensed chromatin status is considered to be a “switch” for the majority of
gene transcription, DNA replication, DNA repair, and apoptosis processes 35 38 41.

24

The basic repeating structural and functional unit of chromatin is the nucleosome,
which contains approximately 147 DNA base pairs wrapped around an octamer of
core histone proteins H2A, H2B, H3 and H4. The addition of one H1 protein wraps
another 20 base pairs, resulting in two full turns around the octamer; forming a
chromatosome. Nucleosomes cores are separated by a linker DNA. Early
observations by electron microscopists showed chromatin to appear in a structure
similar to “beads on a string”42 and chemical biologists cross-linking histones in
chromatin43 provided early evidence that nucleosomes exist.

Core histones contain a histone-folding domain and N-terminal tails, knows as
histone tails, of variable lengths, which are subject to a variety of posttranscriptional modifications (PTMs) as shown in Figure 1.2 44. PTMs can introduce
changes to DNA and its connected proteins, whereby these epigenetic modifications
play a role in regulating gene expression and DNA chemical modifications without
resulting into DNA sequence changes

38

41

. PTMs can include acetylation,

methylation, ubiquitination and phosphorylation among others

45 46

, and although

that it was believed that the N- and C-terminal tails are the main targets for such
modifications, yet it is now established that changes occur at the histone core level
as well 47.
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CHROMATINE FIBRE
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EPIGENETIC CODE

Writers
writer

Enzymes that add a mark such
as acetylates, methylases and
phosphorylates

eraser

Enzymes that remove a mark such
as deacetylases, demethylases
and phosphatases

Erasers

K

K

R

Histone Readers

histone tail

histone
reader

Proteins that interpret histone
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DNA
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Proteins that interpret modiﬁed
cytosine residues such as 5methylcytosine (5hmC) include
MDB

Figure 1.2 Interpreting chromatin modelling. Chromatin regulates gene structure and function and
regulates various functions including transcription, repair, replication, and condensation. The
nucleosome is comprised of 147 DNA bp comprising an octamer of 2 copies of each of the 4 core
histone proteins. The histone tail is subject to several modifications by writing enzymes, erasing
enzymes and interpreted by histone and DNA reader proteins that identify histone tail
modifications. Adapted from Keating et al, 2016.
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1.2.2 Methylation.

DNA methylation, not to be confused with histone methylation, is a process via
which a methyl (-CH3) group is enzymatically added to the cytosine ring of the
DNA resulting in 5-methylcytosine (5-mC), known as “the fifth base”, by DNA
methyltransferases (DNMTs). In somatic cells, 5-mC is mostly coupled with
symmetrical methylation of a CpG site; a location within a DNA sequence in which
a cytosine and guanine appear consecutively. However, in embryonic stem cells, 5mC occurs largely in non-CpG regions. The majority of CpG sites are heavily
methylated, yet CpG islands, sites of CpG clusters, in germ-line tissues, which are
found mainly near promoters regions, remain unmethylated, thus allowing gene
expression to occur.

When DNA is aberrantly hypermethylated in the CpG islands around promoter
region of genes, where transcription is initiated, genes become inactivated, allowing
the subsequent silencing of tumour suppressor genes

35 48 49

. Tumour suppressor

genes and those encoding cell adhesion molecules and growth-regulatory proteins
are often silenced in hematopoietic malignancies by DNA hypermethylation, with
examples including MutL homolog 1 (MLH1) mismatch-repair gene in colorectal,
the von Hippel–Lindau (VHL) gene in renal cell cancer, the p16/CDKN2A cellcycle control gene in various malignancies, and breast cancer 1(BRCA1) in early
breast cancer

50 28 51 52

. Moreover, other un-mutated tumour suppressor genes still

encounter hypermethylation during the course of carcinogenesis. An example is

27

cyclin-dependent kinase inhibitor 2B (CDKN2B), encoding the cell-cycle regulator
p15 53.

Aberrant hypermethylatoin in cancer has been shown to happen via various
mechanisms that recruit chromatin-modifying activities to methylated DNA; where
silencing in general is thought to be either due to direct inhibition of transcription
factor binding by DNA methylation 54; as in the case of E2 promoter binding factor
(E2F) regulation 55, modulating proteins that bind selectively to methylated DNA or
the expression level of DNMTs 56 57 58.

On the contrary is hypomethylation. Although it occurs concomitantly with CpG
island hypermethylation, hypomethylation is an independent process, which targets
different process at different stages in tumourigenesis

27 59

. It is proposed that

hypomethylation can contribute to tumouregenesis via three possible mechanisms;
activation of proto-oncogenes such as Harvey rat sarcoma viral oncogene homolog
(HRAS) and Kirsten rat sarcoma viral oncogene homolog (KRAS) and MYC protooncogene

protein

hypomethylation

60

62 63

61

,

prompting

chromosomal

instability

via

global

, and increasing metastasis as the case in the differential

regulation of Urokinase plasminogen activator (uPA) expression in different stages
of prostate cancer

64

; a serine protease protein that catalyses the transformation of

plasminogen to plasmin, resulting in the degradation of the extracellular matrix and
basement proteins and subsequent metastasis.

Examples of oncogene overexpression due to hypomethylation include protease
urokinase (PLAU/uPA) in breast cancers

65 66

and prostate cancers 67. Examples of

global hypomethylation include long interspersed nuclear elements (LINE)-1
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repeats in ovarian cancer68, whereby LINE1 hypomethylation is significantly more
pronounced in metastatic prostate cancer 69.

Another

recently

identified

DNA

epigenetic

modification

is

DNA

hydroxymethylation, where the hydrogen atom at the C5-position in cytosine is
replaced by a hydroxymethyl group, forming 5-hydroxymethylcytosine (5-hmC), a
reaction that was shown to be catalysed by 2-oxoglutarate and Fe(II)-dependent
oxygenases

of

the

ten-eleven

translocation

(Tet)

proteins

70

.

DNA

hydroxymethylation was shown to be involved in gene regulation, for example in
genomic DNA on human and mouse brain, neurons and from mouse embryonic
stem cells

71 72 73

, where levels of 5-hmC were found to be decreased in a several

types of solid tumors, including melanoma for example 74.

Overall the interplay between hyper- and hypo-methylation is now widely regarded
as a viable target for biomarker development with both diagnostic and prognostic
relevance, as well as targets for epigenome-directed therapies.

1.2.3 Histone acetylation and cancer.

Gene transcription is largely controlled by the balance of histone acetylation and
deacetylation, whereby 2-10% of genes’ transcription were found to be regulated by
acetylation

38 75 76

. Histone acetylation is induced by histone acetyl transferases

(HATs) via acetylating lysine amino acids on histone proteins by transferring an
acetyl group from acetyl-CoA to form ε-N-acetyllysine, rendering a more relaxed
DNA that becomes subject to transcription. On the contrary, histone
hypoacetylation is induced by histone deacetylase (HDAC) activity and is

29

associated with gene silencing, whereby acetyl groups are removed from the εamino groups of lysine residues on histones 77 78 35 40.

HATs and HDACs have shown to play a role in regulating driving solid as well as
haematological malignancies via an epigenetic-dependant mechanism 79 41, whereby
aberrant expression profiles and mutations of genes that encode HDACs have been
linked to several cancers, making HDAC-inhibitors (HDIs) attractive cancer
therapeutics. 80 81.

Mechanisms that could result into HAT deregulation include chromosomal
translocations, aberrant recruitment of epigenetic modifiers as well as genetic
mutations,

35

46

. For example, CREB-binding protein (CBP), a HAT and

bromodomain-containing protein and a regulator of chromatin remodelling,
becomes aberrantly recruited to genes promoter regions involved in tumourigenesis.
Additionally, there are instances where structural modifications of CBP and p300
have resulted into reducing the acetylation-mediated inactivation of the B-cell
lymphoma 6 (BCL6) oncoprotein and activation of p53 in follicular lymphoma (FL)
and diffuse large B-cell lymphoma (DLBCL)

82

. Other examples of CBP/p300

mutations in solid tumours include breast, gastric, colorectal, cervical and lung
cancers 83 38 84 85.

Another HAT example is tat-interacting protein 60 (Tip60), a co-regulator of
transcription factors, such as Myc and p53, via acetylation,

86 87

. The monoallelic

loss of Tip60 was found to result in dysregulation of p53 and reduced transcription
of pro-apoptotic target genes in lymphomas, breast, head and neck cancers due to
loss of oncogene-induced DNA damage response

41 87

. On the contrary, Tip60 was

30

found to regulate DNA-damage response (DDR) signalling, where activated the
later can counteract tumour progression 88 89.

On the contrary, HDACs are not generally mutated in cancer, but rather overexpressed or aberrantly localised 41.
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Table 1.1. Epigenetic modifiers as emerging targets for cancer therapy. Adapted from Sheikh et al.,
2016.
Epigenetic modifier

Epigenetic protein
example

De-regulation in
cancer

Tumour type

Example of targeted agents

DNA
methyltransferases
(DNMT)

DNMT1
DNMT3A
DNMT3B

Mainly overexpression, some
mutations

Multiple solid and
haematologic (eg
colorectal cancer,
acute myeloid
leukaemia)

1 generation:
•
Azacitidine
•
Decitabine
nd
2 generation:
•
MG98 (DNMT1
inhibitor)

Histone
acetyltransferases
(HAT)

p300
CBP
pCAF
MOZ
Tip60

Mutations,
translocations,
deletions

Multiple solid and
haematologic (eg
colorectal cancer,
acute promyelocytic
leukaemia)

Bisubstrate inhibitors:
•
Lys-CoA 1 (specific
p300 inhibitor)
•
H3-CoA-20 (pCAF
inhibitor)
Natural products:
•
Curcumin
•
Garcinol
Synthetic inhibitors:
•
CTK7
•
LTK-14 (selective
inhibition of
CBP/p300)

Histone Deacetylases
(HDAC)

HDAC 1-11
Sirtuins 1-7

Mainly overexpression, some
mutations, deletions

Multiple solid and
haematologic (eg
glioblastoma,
prostate, breast)

Hydroxamic acids:
•
Vorinostat
•
Belinostat
•
Panobinostat
Cyclic tetrapeptides and
depsipeptide:
•
Romidepsin
Benzamides:
•
Entinostat
•
Mocetinostat
Aliphatic acids:
•
Valproic acid

Histone
methyltransferases
(HMT)

DOT1L
EZH2
BLIMP1

Amplification, overexpression, some
mutations

Multiple solid and
haematologic (eg
breast, gastric, acute
myeloid leukaemia,
lymphoma)

DOT1L enzyme/ H3K79
modification:
•
EPZ004777
Set7/9 enzyme/
H3K4me1/Tat/ER
modifications:
•
PDB 4e47
EZH2 enzyme/ H3K27me1/2/3
modification:
•
GSK343

Histone
Demethylases

LSD 1
JmJD3

Amplification,
overexpression

Breast cancer,
leukaemia

Selective LSD-1 inhibitor:
•
GSK-LSD1
Selective jumonji H3K27 inhibitor:
•
GSK-J1

BET/Bromodomain
proteins

BRD2
BRD4

Mutation

Prostate cancer,
leukaemia

Pan-BET/BRD inhibitor:
•
OTX015
BRD-4 inhibitor:
•
JQ1

st
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1.3

Histone Deacetylases.

1.3.1 Introduction.

In humans, eighteen HDAC enzymes have been identified so far divided into four
classes based on domain organisation, DNA sequence and subcellular location

90

.

The classic family; that includes classes I, II and IV, comprises 11 HDACs that are
categorised based on their protein homology to yeast as illustrated in Figure 1.3 91.
All of the classical family members contain at least one catalytic domain, besides
HDAC6 and HDAC10 that contain two, a zinc-dependent active site chelated by
aspartate and histidine residues that encompasses an eight-stranded β –sheet located
over twelve α-helices 79. It is worth noting that the myocyte enhancer-binding factor
2-interacting transcriptional repressor (MIRT) a splice-variant of a similar amino
acid homology to HDAC9, lacks such catalytic domains 92.

Class III enzymes are a family of nicotinamide adenine dinucleotide (NAD+)dependent proteins, namely sirtuins, and have a different mechanism of action that
makes them not sensitive to the classic small molecule HDIs 93. Recently, there has
been growing interest in class III HDACs role as transcriptional regulators. An
example is silent mating type information regulation 2 homolog 1 (SIRT1)
upregulation in cancer cells that promotes aberrant methylation and therefore
silencing of tumour suppressor genes 94.

HDACs are known not only to regulate acetylation level of histones in chromatin,
but also that of a variety of non-histone substrates. HDAC substrates include
33

transcription factors (Runt-related transcription factor 3 [RUNX3], p53, E2F, cMyc, Nuclear factor-κB [NF-κB]), hypoxia-inducible factor 1 alpha (HIF-1α),
estrogen receptor alpha (ERα) and the androgen receptor (AR), MyoD, Hsp90,
signaling mediators (Signal transducer and activator of transcription 3 [Stat3] and
Smad7), DNA repair proteins (Ku70), and many others

95

. Moderating these

proteins can in return affect a number of cellular processes including cell cycle
control, apoptosis, angiogenesis, cell invasion and tumour progression 96.

Although, as previously mentioned, somatic mutations of genes encoding HDACs
are rare, yet it has been shown in few studies. One example is driver mutations in
HIST1H3B and H3F3A in pediatric glioma (PG) patients, which encode histones
H3.1 and H3.3, respectively 97 98. Another example is HDAC2 truncating mutations
in human epithelial cancer cell lines 99.

HDACs-mediated deacetyaltion is by large their key contributor to regulate cellular
activities. HDACs usually interact via forming multi-protein complexes containing
corepressor DNA-binding proteins, such as silencing mediator for retinoic acid and
thyroid hormone receptors (SMRT), nuclear receptor co-repressor (N-CoR) corepressors and Sin3 transcription regulator homolog A (Sin3A)

100 101

, with the

aberrant increase in HDACs activity resulting in transcriptional repression of
tumour suppressor genes and subsequently tumouregensis. However, it is believed
that HDACs influence a range of other cellular outcomes in ways other than
transcriptional regulation as suggested by a range of cDNA arrays studies that
showed as many as 7–10% of genes were altered in their expression across different
cell lines by HDAC inhibition

102 103 104

, with examples of other processes

34

influenced by HDACs include regulating acetylation of histone and non-histone
substrates as mentioned above.
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N

C

1
CLASS I

Size
(amino-acids)

Localization

Substrate Example

Pathway

482

Nuclear

MyoD

Myocyte development

488

Nuclear

Histone H3

Transcriptional Repression

428

Nuclear/Cytoplasmic

RelA

DNA repair

377

Nuclear

HoxA5 promoter

Mutant p53 transcription

1084

Nuclear/Cytoplasmic

Runx2 TF

Endochondral bone formation

1122

Nuclear/Cytoplasmic

Slit2 promoter

Angiogenic gene repression

2
3
8
4
5

CLASS II

CLASS IV

6

1215

Cytoplasmic

Alpha-tubulin

Cell motility and adhesion

7

855

Nuclear/Cytoplasmic

MEF2D TF

Developing thymocyte apoptosis

9

1011

Nuclear/Cytoplasmic

FoxP3

Fate of regulatory T-cells

10

669

Cytoplasmic

HSP-90

VEGFR degradation

11

347

Cytoplasmic

IL-10 Promoter

T-cell activation

Zn2+ dependent catalytic domain
Nuclear localization signal
Ubiquitin-binding BUZ domain

Figure 1.3 Schematic organisation of classic HDACs. Class I, II and IV showing their domain
composition, size, cellular localization, target proteins and the cellular processes which are
consequently regulated. The HDAC deacetylase catalytic domains are shown in beige, nuclear
localization targeting-sequences in light green, and the ubiquitinin binding BUZ domain of HDAC6 is
in red. A single substrate example is given alongside each enzyme, as well as the process in which
this substrate participates. Adapted from New et al, 2012.
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1.3.1.1 Class I HDACs.

The class I HDAC family consists of HDAC1, 2, 3 and 8, which are homologues
with Rpd3 — a Saccharomyces cereisiae yeast transcriptional regulator. They are
mainly nuclear enzymes and expressed ubiquitously.

1.3.1.1.1 HDAC1 and 2.

HDAC1 and HDAC2 are found to bind to repressive protein complexes such as the
Sin3, nucleosome remodelling and deacetylating (NuRD), REST corepressor 1
(CoREST) and polycomb repressive complex 2 (PRC2) complexes

105

. These

complexes mediate the recruitment of HDACs to the promoters of genes and assist
in modulating their deacetylase activity.

Additionally, HDAC1 and HDAC2 are found to exert post-transcriptional
modifications, regulated by phosphorylation, via binding directly to DNA binding
proteins such as retinoblastoma (Rb) binding protein-1, Sp1 and Yin and Yang 1
(YY1), a cellular nuclear matrix regulatory protein 106 107 108.

Examples where HDAC1 and 2 was associated with tumouregensis include their
aberrant overexpression in aggressive colorectal cancers. In vitro, HDAC inhibition
as well as shRNA knockdown of HDAC1 and 2 was shown to be effective at
inhibiting cellular proliferation of cancer cells 109.

37

1.3.1.1.2 HDAC3 and 8.

HDAC3 is structurally most similar to HDAC8

110 106

. Although HDAC3 is known

to mainly interact on its own, yet it is also able to form oligomers in vitro and in
vivo with HDAC4

111

and also to co-precipitate with HDACs 4, 5, and 7 through

forming complexes with SMRT and N-CoR

111 112

.

HDAC8 consists mainly of the catalytic domain with a nuclear localisation signal
(NLS) in the centre and can be found ubiquitously expressed and localised primarily
in the nucleus and less often in the cytoplasm
described for HDAC8

114

113

. Although no complex has been

, yet it is known to have different expression patterns

compared to other Class I HDACs

115

. Clinically, selective HDAC8 inhibitors are

likely to be relevant in treatment of T cell leukemia and in neuroblastoma (NB),
where HDAC8 found to be the only correlated HDAC 116.

1.3.1.2 Class II HDACs.

Class II HDACs are sub-divided into Class IIa and IIb depending on their cellular
localization. The class IIa HDAC, HDAC 4, 5, 7, and 9, has a distinctive C-terminal
deacetylase catalytic domain homologous to yHda1 and an N-terminal domain with
limited similarity to any other classes of HDAC. Class IIa HDACs are tissuespecific and are found to present both in the cytoplasm and the nucleus. Conversely,
class IIb HDAC, HDAC 6 and 10, are mainly cytoplasmic.
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1.3.1.2.1 HDAC4, 5, 7 and 9.

HDAC4, HDAC5 and HDAC7 are a subgroup of Class II HDACs, where HDAC4
and HDAC5 are almost structurally similar and HDAC7 is closely related. All three
HDACs have their catalytic domain located at the C-terminal

110

, unlike those of

Class I. Their N-termini are found to repress transcription via interacting with the
myogenic transcription factor 2 (MEF2), blocking muscle cell differentiation

117

. It

was also found that that HDACs 4, 5, and 7 can interact with N-CoR, SMRT,
similar to class III HDACs, in addition to interacting with BCL-6 interacting
corepressor (BCoR) as well. It is also found that the catalytic domain of HDAC4
can interact with HDAC3 via N-CoR/SMRT but not with Sin3 118.

HDAC9 also has structural similarity to HDACs 4, 5 and 7, although its catalytic
domain is located at the N-terminal, similar to those of HDAC I class. So far,
HDAC9 is known to have three splice variants, HDAC9a, HDAC9b and
HDRP/HDAC9c, with certain cell types expressing one isoform while others
express another

119

. Similar to other class IIa HDACs, HDAC9 is also known to

play an important role in muscle differentiation via interacting with MEF2 100.

1.3.1.2.2 HDAC6 and 10.

HDAC6 has unique structural features and substrate specificity. HDAC6 is the only
HDAC that is mainly found in the cytoplasm as a result of a nuclear export signal
and SE14 motif 120.
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The first identified substrate of HDAC6 is tubulin. HDAC6 is known to be
responsible for the deacetylation of α-tubulin, which destabilises the microtubular
network, a function that was found important in tumour cell metastasis via
regulating micro tubule-dependent cell motility

121 122

. HDAC6 is also associated

with the ubiquitin-proteasome pathways whereby it’s ubiquitin-binding domain,
located at it’s c-terminus, associates with the p97/VCP, resulting in the proteasomal
degradation of misfolded proteins, and the formation of polyubiquitinated
aggregates 123 124.

Another HDAC6 substrate is Hsp90. HDAC6 is known to modulate a number of
heat shock protein 90 (Hsp90)-mediated regulatory processes via deacetylating
Hsp90 and the subsequent recruitment of chaperone complexes

125

126

.

Additionally, it is known that HDAC6 plays a role at cell signalling transduction via
β-catenin, another substrate. HDAC6 associates with and deacetylases β-catenin, a
process that is mainly induced via HDAC6 translocation by EGF, promoting Wnt
signalling and c-Myc activation 127.

Additionally, HDAC6 can also control activities of several transcriptional
regulators; such as Runx2 and NF-κB

128

as well as modulating the acetylation of

Ku70, an apoptosis-related protein, in neuroblastoma 129.

HDAC10 is the most recently discovered member of the class II HDACs. To date
two different splice variants are known, with a slight difference in mRNA length 130.
HDAC10 has a catalytic domain on its N-terminus, and a nuclear export sequence
(NES) and a putative second catalytic domain on its C-terminus. Also, two Rb
binding domains have been found on HDAC10, which reflects upon a potential role
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in regulating cell cycle progression. However, it is worth noting that HDAC10 is
found largely in complex with most of the other HDACs, suggesting that it might
function as a recruiter rather than a deacetylator on its own 131 132 130 131.

1.3.1.3 Class IV.

1.3.1.3.1 HDAC11.

HDAC11, the most recently discovered HDAC, is the sole member of class IV and
is located in the nucleus; although it is also known to co-precipitates with HDAC 6
cytoplasmically

133 134

. Structurally, it is most closely related to HDAC3 and

HDAC8, yet it does not share the same homology in the catalytic motif. HDAC11
contains a catalytic domain at its N-terminus, and to date, HDAC11 is not known to
complex with any other HDACs, which might highlight a different function

134

.

HDAC11 was found to be mainly overexpressed in NB and rhabdomyosarcoma 135.

1.4

HDAC inhibitors.

HDIs are a class of naturally occurring and synthetic compounds, which primarily
exhibit their functions via modulating HDACs Zn2+ dependant sites

136

. They can

target transcription, positively or negatively, by restraining the activity of HDACs,
whereby they can promote acetylation of lysine residues on histone as well as nonhistone proteins such as chromatin remodelling proteins, DNA-binding nuclear
receptors, transcription co-regulators and others. Nevertheless, the exact
mechanisms they exert their effects through are often more complex and cannot be
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solely attributed to regulating genetic transcription as previously discussed.
Therefore, enhanced gene expression determined by HDI is not always increased
even if the chromatin structure is relaxed.

HDIs are mainly developed as cancer therapeutics against HDAC classes I, II and
IV, with recent increasing interest in developing inhibitors against the class III
sirtuin family as well 136. Recently, there has been growing interest in using HDIs as
the treatment-of-choice for different types of cancers, either as a single agent
treatment or in combination with other anti-cancer therapeutics, taking into account
their ability to promote a range of anti-tumour activities, including induction of cellcycle arrest, stimulation of differentiation as well as promoting the expression of
several apoptotic genes 137.

The pharmacophoric features of HDIs usually include: a cap group (CAP) allowing
them interact with the catalytic pocket of the enzyme; a polar connection unit (CU)
connected to a hydrophobic spacer (HS) that enables the inhibitor docking into the
catalytic pocket, and a Zn-binding group (ZBG) to complex with the enzyme’s Zn2+
138

. An example is trichostatin A (TSA). The crystal structure of TSA docked into

an HDAC analogue shows that the tubular pocket in the HDAC harbours the
aliphatic long chain of TSA, and the enzymatic Zn2+ is coordinated by the carboxyl
and hydroxyl groups of the hydroxamic group of the compound

139

. Another

relevant example with similar mechanism is vorinostat (SAHA), although it yields
weaker overall inhibitory effect since its aliphatic chain makes fewer van-der-Waals
contacts with HDACs tubular pockets compared to TSA 139.

42

HDIs can be developed against all HDAC classes, or alternatively they can inhibit a
specific class(s) or isoform(s) of HDAC(s). They can be chemically classified under
four classes of compounds as indicated in Table 1.2: short chain fatty acids,
hydroxamic acids (hydroxamates), benzamides, cyclic tetrapeptides in addition to
sirtuin inhibitors.
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Table 1.2 Classification of HDIs against classic HDACs and representative examples.

Group and Structure
Short-chain fa-y acids

Compounds

In vitro IC50 range

Butyrate
Phenylbutyrate
Valproic acid

mM
mM
mM

TSA
SAHA

nM
µM

N-acetyldinaline
MS-275

µM
µM

Trapoxin
Chlamydocin
DepsipepFde

nM
nM
nM

Hyrdoximic acids

Benzamides

Cyclic tetrapepFdes
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1.4.1 HDI classes.
1.4.1.1 The short chain fatty acids.

Butyric acid was the first short chain fatty acid recognised as an agent that modulate
histone acetylation. Other short chain fatty acids, with lower potency, include
phenyl butyrate and phenyl acetate, known to be weak inhibitors of HDAC class I
and IIa and I and II, respectively.

Valproic acid (VPA), a short chain fatty acid that has been used as anticonvulsant
for seizures and bipolar disorders, has also shown to hyperacetylate histones. VPA
has shown activity as a monotherapy in a limited number of patients

140

, and was

also clinically trailed in combination with other agents. An example is its
combination with all-trans-retinoic acid (ATRA) in either acute myelogenous
leukemia (AML) or myelodysplastic syndrome (MDS) 141 142.

1.4.1.2 Hydroxamic acids (hydroxamates).

TSA was first developed as an anti-fungal agent after its isolation from
Streptomyces hygroscopicus. Later it was identified as a HDI. However, due to its
high toxicity, it is used only in laboratory experiments.

Vorinostat (suberoylanilide hydroxamic acid [SAHA]) is the first HDAC inhibitor
that has been approved by Food and Drug Administration (FDA) for clinical use in
the treatment of relapsed and refractory cutaneous T-cell lymphoma (CTCL). It was
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originally

isolated

as

an

active

inducer

of

differentiation

of

murine

erythroleukaemia cells 143 and later on identified as an HDI based on recognition of
the similarity of its structure to that of TSA 144.

SAHA is a pan-HDI; inhibiting all HDAC I and II enzymes at about 50 nm. Its
cellular potency against arresting cellular growth of a wide variety of transformed
cells in culture was found to be in the range of 2–5µM

145 146 147

. Along with its

effects on tumour growth, it was also found to selectively alter the transcription of
expressed genes in tumour cells such as p21 associated with TF complex148 and the
thioredoxin (Trx) binding protein-2 (TBP-2) gene 149.

Other hydroxamic acid-based pan-HDIs include belinostat (PXD101); a HDI
efficient at nanomloar concentrations in various cell lines developed by Topotarget
Prolifix, approved for peripheral T cell lymphoma (PTCL) and panobinostat
(LBH589); approved for multiple types of myeloma. Additionally other pan-HDIs
currently going into clinical trials include givinostat (ITF2357), quisinostat (JNJ26481585) and resminostat (4SC201)

HDAC class-specific inhibitors in this group include CXD101; a selective Class I
inhibitor acting as an immune-regulator that has shown promising results as a
monotherapy in lung and colon xenograft models as well as rocilinostat
(ACY1215); a selective inhibitor of HDAC class II, practinostat (SB939), all of
which are currently under clinical studies.
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1.4.1.3 Benzamides.

A number of benzamide-based HDIs currently under clinical trials, including
entinostat (MS-275-SNDX-275), tacedinaline (CI994) and 4SC202, all of which are
selective inhibitors of class I HDACs. Mocetinostat (MGCD0103) though is a
selective benzamide acts against both HDAC classes I and IV.

1.4.1.4 Cyclic tetrapeptides.

The most prominent of which is the bicyclic depsipeptide romidepsin (FK228,
FR901228), a compound that has been approved by FDA and EMA (European
Medicines Agency) to treat CTCL. Romidepsin acts as a prodrug that when reduced
intracellularly it releases a zinc-binding thiol, which then chelates the zinc ions in
the active center of the HDAC of class I

150

. Other cyclic peptides include the

epoxyketones trapoxins A and B that were isolated from Helicoma ambiens and
were shown HDI efficacy at the nanomolar level. Due to the later effect being
irreversible, their therapeutic applications have been of limited interest.

1.4.1.5 Sirtuin inhibitors.

That class includes nicotinamide; a pan-HDI, sirtinol; a specific inhibitor against
SIRT1, and cambinol, a specific inhibitor against SIRT2

151 152

. They are also

thought to act against different types of neurodegenerations and cancers 153.
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1.4.2 The use of HDI in combination with other chemotherapeutics agents.

Several in vivo and in vitro investigations have highlighted the synergetic effects of
combining HDIs with other cancer therapeutics as well as in combination with
radiotherapy154

155

. One important approach is the combination of HDIs with

proteasome inhibitors. Examples include studies showing increased cellular
apoptosis in patients with multiple myeloma demonstrated when SAHA was used in
combination with bortezomib, a proteasome inhibitor

156

, and in vitro pancreatic

cancer cells when SAHA or entinostat where administered in combination with
marizomib, another protesosome inhibitor 157.

Another important approach is the combination of HDIs with DNA damaging
agents, such as inhibitors of topoisomerases, inhibitors of DNA synthesis, DNAintercalators and agents covalently modifying DNA. In vitro, treatment of UKFNB-4 neuroblastoma cells with DNA-damaging chemotherapeutics cisplatin or
etoposide, combined with VPA resulted in synergistic antitumour effects

158

. In

vivo, vorinostat was found to enhance the efficacy of karenitecin, a topoisomerase
inhibitors, in phase I/II melanoma clinical studies 159.

Additionally, HDIs were also found to promote the antitumour activity of several
radiotherapeutics

160 161

ATM, p53 and BRCA1

, which is thought to be mainly due to the expression of
162 163

. An example is the enhanced antitumour activity of

VPA when combined with temozolomide in the radiotherapy of glioblastoma
patients 164.
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1.4.3 HDAC inhibitors and clinical outcomes

So far, four HDIs have been approved for clinical use by the FDA and many others
are currently under clinical trials as indicated in Table 1.3. Namely; Vorinostat,
approved in 2006 for the treatment of CTCL; romidepsin approved in 2009 for the
treatment of CTCL, and in 2011 for the treatment of PTCL; belinostat, approved in
July 2014 for the treatment of patients with relapsed or refractory PTCL, and in
2015, panobinostat was approved as the first HDI for the treatment of multiple
myeloma.

Vorinostat was shown to have modest clinical efficacy when used as a single agent,
with response rates between 10-20% in AML and myelodysplastic syndrome,
compared to 30% efficacy when used in combination with 5-azacitidine

165

. On the

contrary, it has shown 30% efficacy when used on its own in patients with
refractory CTCL, providing it with the FDA approval based on the objective
response rate determined by direct evidence of clinical benefit 166.

Similarly, romidepsin FDA approval as a single agent for the treatment of relapsed
or refractory PTCL was based on an objective response rate of 25% across patients
with all major types of PTCL

167

. Belinostat was FDA approved based on a multi-

centre single-arm BELIEF trial of 120 patients with relapsed or refractory PTCL,
showing a 25.8% response rate 168.

After deferring the initial accelerated application of panabinostat due to associated
disease progression, it was later re‐evaluated as third‐line therapy in a trial with a
subgroup of 193 patients who had previsouly received both bortezomib and an
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immunomodulatory drug and who had a median of two prior therapies.
Panobinostat was shown to increase the median progression‐free survival to 10.6
months compared 5.8 months in the control treatment, with an overall response rate
of 59% versus 41%, respectively; granting panobinostat accelerated approval for
patients who received at least two prior lines of therapy, including the previously
mentioned bortezomib and an immunomodulatory drug 169.

Overall, several HDIs agents have shown high efficacy in pre-clinical and clinical
trials, with several already being the first line of anti-cancer treatment as discussed
above. However, the underlying molecular mechanisms that harness their antiproliferative activities are still to be resolved, making it more challenging to adapt a
more patient-tailored approach where the right HDI is administered to the right
subsets of patients.
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Table 1.3. Examples of approved and currently trialed HDIs. Adapted from Sheikh et al, 2016.

Approved
Vorinostat
Romidepsin (trade name Istodax)
Panobinostat
Belinostat (PXD101)

Started phase III clinical trials
Valproic acid (as Mg valproate)
Started phase II clinical trials
Mocetinostat (MGCD0103)

Abexinostat (PCI-24781)
Entinostat (MS-275)
Pracinostat (SB939)
Resminostat (4SC-201)
Givinostat (ITF2357)
Quisinostat (JNJ-26481585)

Started phase I clinical trials
CUDC-101
AR-42

4SC-202
CG200745
Rocilinostat (ACY-1215)

Preclinical
Kevetrin

Proposed Indication

Target HDAC

IC50

Cutaneous T cell
lymphoma (CTCL)
Cutaneous T-cell
lymphoma (CTCL)
Cutaneous T cell
lymphoma (CTCL)
Relapsed ovarian cancer,
reported good results for T
cell lymphoma

HDAC1, HDAC2, HDAC3,
HDAC8, HDAC9
HDAC1 HDAC2

10 nM

Pan HDACs

5-20 nM

Cervical cancer, ovarian
cancer

HDAC1, HDAC2, HDAC3

0.7-20 mM

Examples include follicular
lymphoma, Hodgkin
lymphoma, acute myeloid
leukemia
Sarcoma and another for
lymphoma
Hodgkin lymphoma, lung
cancer and breast cancer
Recurrent/Metastatic
Prostate Cancer
Hodgkin lymphoma,
hepatocellular carcinoma
Refractory leukemias,
myelomas
Myeloma

HDAC1, HDAC2, HDAC3,
HDAC11

0.15-10µM

HDAC1, HDAC3, HDAC2,
HDAC6, HDAC8
HDAC1, HDAC2, HDAC3,
HDAC9
pan-HDAC

0.15µM- 3.09µM

HDAC1, HDAC3, HDAC6,
HDAC8
HDAC2, HDAC1B and
HDAC1A
Modest potent to HDACs
2, 4, 10, and 11; greater
than 30-fold selectivity
against HDACs 3, 5, 8, and
9 and lowest potency to
HDACs 6 and 7

42.5 nM-877 nM

Lymphoma, also inhibits
EGFR and HER2.
Relapsed or treatmentresistant multiple
myeloma, chronic
lymphocytic leukemia or
lymphoma
Advanced hematological
indications
Solid tumours
Multiple myeloma in
combination with
bortezomib (Velcade,
Takeda Millennium) and
with lenalidomide
(Revlimid, Celgene)

Class I and class II HDACs

2.4-17.7 nM

36 & 47 nM

27 nM

0.5 mM
40-140 nM

7.5-16 nM
0.11 nM

30 nM

Class I

1µM

Pan- HDAC
HDAC6

5 nM

Selective for HDAC2
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1.4.4 HDIs impact on cellular processes.

Among those cellular responses that HDIs modulate are gene expression, DNA
repair, protein stability, apoptosis, cell cycle progression, angiogensis as well as
cytokine production and immunity, as summarised in Figure 1.4.

1.4.4.1 Modulating gene expression.

HDIs are known to regulate genes expression via the induction of histone and nonhistone proteins acetylation, including the induction of transcription factor
acetylation. Several studies showed evidence of NF-κB acetylation by HDI. For
instance, the treatment of leukemia cells with SAHA and MS-275 induced
hyperacetylation of p65, its accumulation in the nucleus, and NF-κB transcriptional
activation

170

. Another example of regulating transcription factor acetylation is

cyclin-dependent kinase (CDK) inhibitor p21 (WAF1/CIP1), which was shown to
be a target of HDI in a p53-independent manner. Examples include SAHA
modulating transcription at the proximal promoter of the p21 via changing the
acetylation status of its histones H3 and H4 in ARP-1 mylenoma cells 148.

1.4.4.2 DNA repair

HDIs can induce or enhance DNA damage when used as monotherapies or in
combination with DNA damaging agents through transcriptional downregulation or
impaired function of DNA repair proteins, impaired recruitment of DNA repair
proteins to sites of DNA damage, promoting an increase in ROS or via inducing
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DNA double-strand breaks (DSBs) 171 172. For example, SAHA was found to induce
ROS and DNA damage in acute myeloid leukemia cells

173

. Interestingly, it was

also found to induce DSBs in normal and cancer (LNCaP, A549) cells via
accumulation of acetylated histones H3 and H4, whereas, unlike malignant cells,
normal cells managed to repair these DSBs despite continued exposure to SAHA
174

. These effects gave rise to various combination therapies whereas both DNA-

damaging agents and HDIs are used synergistically. An example is the use of TSA
and VPA to induce sensitisation of multidrug-resistant cancer cells to the
topoisomerase II inhibitor etoposide/VP16 175.

1.4.4.3 Protein turnover.

Lysine acetylation, a PTM that is largely in control by HDACs, has an important
direct regulatory potential in the control of protein stability. Several studies
suggested that this can be due to either the lysine “locking” activity of acetylation
that blocks protein ubiquitination and leads to protein stabilization or due to
modulating protein–protein interactions 176

A classic example is the hyperacetylation of Hsp90 through HDAC6 inhibition that
leads to the release and subsequent degradation of several oncogenic proteins
substrates. BCR–ABL, an oncogenic protein that induces the t(9:22) driver mutation
in chronic myeloid leukaemia cells, was found to decrease when BRC-ABL rich
cells

were treated with SAHA resulting in the subsequent increase of Hsp90

hyperacetylation, degradation of BCR–ABL and tumour cell death 177.
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1.4.4.4 Activation of apoptotic pathways.

HDIs can influence cellular apoptosis through activating a variety of extrinsic
and/or intrinsic pathways

116

. Extrinsically, TNF superfamily death receptors such

as Fas, tumour necrosis factor receptor (TNFR), TNF-related apoptosis-inducing
ligand-receptor 1 (TRAIL-R1) and TRAIL-R2 bind to their relevant TNF receptor
ligand, whereas the consequent downstream cascade of events results in the
induction of apoptosis by direct cleavage of caspases such as caspase-3. HDIs were
shown to affect that pathway through enhancing the sensitivity of many tumours to
activators of this pathway. An example is inducing expression of TRAIL by directly
activating the TNFSF10 promoter that triggered tumour-selective death signalling in
AML samples upon treatment with MS275 and SAHA.

Intrinsically, a cascade of events initiated by the release of cytochrome c, from the
mitochondrial intermembrane space to the cytoplasm, where it binds to apoptotic
protease activating factor 1 (Apaf-1), results eventually in the activation of caspase3 and caspase-7. This initiation of this process is mainly controlled through the
interplay of pro- and anti-apoptotic Bcl-2 proteins levels, whereas HDIs exert
apoptotic effects through reducing the expression of the later or increasing the
expression of the former. For example, TSA treatment repressed the transcription of
Bcl-2 and Bcl-xL, anti-apoptotic Bcl-2 proteins, in myeloma cells

178

, whereas

SAHA treatment resulted into increased X-linked inhibitor of apoptosis protein
(XIAP), a pro-apoptotic protein, levels in some pancreatic cancer cell lines 179.
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1.4.4.5 Cell cycle progression.

HDIs can induce cell cycle arrest through a variety of mechanisms; the most
prominent of which is increasing the p53-mediated expression of cell cycle genes
such as Cyclin dependent kinase inhibitor p21 (CDKN1A)

180 151

. p53 competes

with HDAC1 to bind with p21 promoter and thus decreasing its expression.
Conversely, HDI can influence that process through releasing HDAC1

181

, or

inducing p53 stability via inducing its acetylation, both resulting in improved
interaction with the p21 promoter 182. Moreover, Sodium Butyrate, SAHA and TSA
were found to induce NB cells apoptosis via a two-step process, with the first step
being induction of cell cycle arrest in the G2/M phase, followed by the activation of
apoptotic pathway 183.

1.4.4.6 Inhibition of angiogenesis.

HDIs anti-angiogenic effects could be mainly attributed to their ability to downregulate pro-angiogenic genes expression, such as the genes of the vascular
endothelial growth factor (VEGF), endothelial nitric oxide synthase (eNOS), (HIF1a) and others

184

. For instance, treating neuroblastoma cells with TSA and SAHA

was shown to decrease VEGF receptors levels, which illustrates their function as
potent anti-angiogenic agents 184.
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1.4.4.7 Cytokine production and immunity

HDI treatment was shown to modulate a variety of pathways that affect several
immune functions

185

. HDI treatment was shown to modulate several immune

functions in cancers either by directly enhancing immune recognition of cancer
cells, via increasing major histocompatibility complex (MHC) class I and II
proteins, and co-stimulatory/adhesion molecules CD40, CD80, CD86 levels, or by
moderating immune activity and cytokine production 185. An example of modulating
cellular immune-vulnerability is the VPA-associated upregulation of MHC class I
chain-related molecules MICA and MICB on the surface of tumour cells via anatural killer cell protein group 2D (NKG2D) mediated mechanism in
hepatocellular carcinoma cells 186. Another example is depsipeptide enhancement of
the expression of the tumour antigen gp100 in murine melanoma cells 187.

Although various studies showed that HDI treatments at different time intervals,
different concentrations and against different tumour subsets could have different
effects at regulating both co-stimulatory and cytokine signals, yet in large these
effects were rather inhibitory.

An example is inhibition of the cytokines

interleukin-6 (IL-6) and TNF in human macrophages in cells treated with tubastatin
188

. Also treating lipopolysaccharide (LPS)-stimulated human peripheral blood

mononuclear cells (PBMCs) with ITF2357, a synthetic HDI, showed reduced
release of TNFα, IL-1α, IL-1β and interferon-γ (IFNγ) 189.
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Figure 1.4 Summary of cellular outcomes affected by HDIs.
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1.5

Bromodomains and bromodomain inhibitors

As previously discussed, lysine acetylation occurring in histone tails plays a vital
role in chromatin modelling and proteins assembly. Subsequent to their acetylation,
chromatins need to be identified to regulate their transcription. Bromodomain
(BRD), often the term used to describe bromodomain and extra-terminal (BET)
bromodomain proteins (BRD2, BRD3, BRD4), can principally identify acetylated
chromatins and bind via their conserved BRD activity to mono-acetylated lysine
residues, where as they act as “readers” of this post-translational modification.

To date, a total of 61 bromodomains, classified into eight subfamilies on the basis
of their structure, were found across 46 different proteins in humans.
Bromodomains were found to share a highly conserved structure that encompasses a
pocket that contains four α-helices (αZ, αA, αB, αC), linked by flexible loop regions
known as ZA and BC loops, which vary in length and charge; forming the acetyl
binding site. The hydrophobic nature of this pocket made bromodomains an
interesting target against the development of small inhibitory molecules.

Several studies have shown bromodomains involvement in a variety of biological
processes 190. Example include BRD4 and BRD2 role in transcription elongation by
recruiting the positive transcription elongation factor complex (P-TEFb)
regulating expression of c-MYC
193

192

191

,

, BRD4 regulation of NF-κβ-dependent genes

, bromodomain and PHD finger-containing (BRPF) family regulation of HAT

assembly 194, and BRD7 role as a tumour suppressor gene in several types of cancer
195

. Bromodomains were also found to play a role in cAMP-response element
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binding protein (CREBP)-mediated p53 transcriptional activation of p21 in cell
cycle arrest

196

and p300/CBP-associated factor PCAF (also known as KAT2B)

acetylation of histones H3 and H4 197.

Altogether, the sum of their functions in addition to their structural properties raised
interest in developing therapeutics against them. The efficacy of the first
bromodomain inhibitor, JQ1, developed at the Structural Genomics Consortium at
the University of Oxford and the Dana Farber institute

198

, has already been

investigated into several types of haematological and solid cancers

190

. JQ1 acts by

competing against BRD4 and binding to acetyl-lysine binding motifs thus
displacing BRD4 fusion oncoprotein from chromatin and promoting cellular
apoptosis 199.

Another example is OTX015 (MK-8628), a more potent BRD2, 3 and 4 inhibitor,
which is currently going under clinical trials since it has shown stronger antiproliferative effects in glioblastoma multiform (GBM) models 200. Moreover, it was
found to modulate the above mentioned expression of c-Myc in leukaemia which
rationaled its use in acute leukaemia and other haematological malignancies Phase I
clinical trials
vorinostat

201

and

and also explained its synergetic effects in combination with
romidepsin

B-cell

tumour

models

202

.

Also

I-BET151

(GSK1210151A) has shown efficacy in promoting cellular apoptosis via inhibition
of BRD3 and 4 in mixed-lineage leukemia (MLL) 203.
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1.6

Biomarkers

1.6.1 Types of Biomarkers

In recent years, clinicians have been able to stratify patients according to the
likelihood of their response to epigenetic drugs by means of examining changes in a
single gene/protein; biomarkers, or in multiple genes/proteins; molecular signatures,
as a mean of evaluating changes in their biological processes and their potential
response to a particular therapeutic regime. A biomarker is widely defined as,
according to the World Health Organisation (WHO), "any substance, structure, or
process that can be measured in the body or its products and influence or predict the
incidence of outcome or disease" 204. According to Aronson et al, “a biomarker that
is intended to substitute a clinical end point” is a surrogate endpoint

205 204

, where

the former is a characteristic or variable that reflects “how a patient feels, functions,
or survives”, and the later is substituted for a clinical endpoint that can predict
clinical outcomes. Within the context of cancer treatment practice, a biomarker can
therefore be identified as “biological molecule produced either by the tumour cell or
by human tissues in response to cancer that is objectively measured and evaluated
as an indicator of cancerous processes within the body” 206.

When several biochemical components are expressed differently in different tissues
and across different disease status; they can be considered as biomarkers. Examples
include DNA, RNA, proteins, hormones, metabolites, as well as biological
processes such as apoptosis or angiogenesis, whereby they can be measured noninvasively in the circulation, secretions or in other biological fluids, or invasively in
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biopsies for example. Current advancements into omics and large-scale microarray
techniques allowed investigating the relationship between several of these
components together, giving rise to the more complex and comprehensive
“molecular signatures” 207. Such an approach can be considered of vital importance
in monitoring and/or predicting response to an epigenetic therapeutic, given the
complex and sometime universal changes these drugs might trigger 208.

Biomarkers can be generally classified either according to their physico-chemical or
physiological characteristics

209

or as per their molecular features

210

. Cancer

biomarkers can be generally classified as predictive biomarkers, those that can
predict the response to a particular therapeutics211; prognostic biomarkers, those that
can inform clinicians about the likelihood of diseases progression or recurrence

212

or diagnostics biomarkers, those that can give an overview about underlying
pathological conditions 213.

1.6.2 Properties of a good biomarker

The recent advancements in omics technologies

214

, coupled with the previously

discussed growing interest in developing a more personalised therapeutic approach
that depends on understanding the molecular biology of the disease rather that its
morphology

39

; these factors suggest a reduction in the cost of measuring

biomarkers and new therapeutics discovery, and an increase in the former’s
development and application as well as the latter’s specificity 39.

In order to introduce viable biomarkers; their discovery and development involves
several stages starting from initial identification of changes at the molecular levels

61

and extends all the way to their clinical implementation

215

, whereas an ideal

biomarker should be developed to support the clinical decision; pre- and posttreatment. In particular, predictive biomarkers should enable the identification of
patients who are more likely to benefit from a particular therapeutic agent 39.

One of the challenges underlying the development of viable biomarkers is the gap
between their molecular discovery and their clinical application, where inadequate
studies’ design or poor reproducibility can slow their translation to the clinic. In
case of diagnostic biomarkers for example, a molecular signature should enhance
diagnostic efficacy in general versus in-risk populations, providing valuable clinical
validity and utility, in addition to being cost-effective and ethically compliant.

In order to achieve that, a well-designed “road map”, starting with identifying an
“unmet clinical need”, understanding molecular pathways underlying the relevant
disease and the mechanism of action of relevant therapeutics should be in place.
Following that initial phase, validating assay accuracy, its comprehensive
reproducibility in the target group and understanding its limitations at end-points
during the course of development, are detrimental in deciding the next steps in
developing a clinically-valid biomarker

216

. Thereafter, pre-clinical safety

assessments and conducting clinical trials should be conforming with the approval
criteria, as those suggested, for example, by FDA’s Center for Drug Evaluation and
Research for defining the biomarker qualification process. Eventually, a biomarker
approval for clinical use should be identified within the relevant context of use,
level of evidence and said qualification criteria 216.
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As outlined in Table 1.4, several criteria governs the development of biomarkers,
where those that conform with these criteria are more likely to be useful in patients
stratification and drug assignment 217.

1.6.3 Biomarkers in cancer epigenetics

The universality, widespread across the genome; stability, DNA is relatively stable,
and tissue accessibility, samples can be obtained from circulating fluids, make
epigenetic modifications good candidates as biological biomarkers. Several
investigations identified a number of epigenetic cancer biomarkers, some of which
are currently commercialised 218.

At the DNA methylation end, and as previously discussed, hypermethylation of
CpG islands in cancer cells represents a major driving factor behind tumourigenesis,
and therefore monitoring the relevant molecular changes is of interest. In fact, the
unique profiles of hypermethylated CpG islands across different types of tumours
makes them a near-universal biomarker for detecting early tumourigensis
example is death-associated protein kinase (DAPK)

220

219

. An

that has been shown as a

good predictive and prognostic cancer biomarker owing to its silencing via
hypermethylating its promoter CpG island 219. It was found that DAPK methylation
increased during cervical cancer progression

221

and also increased the risk of

relapse after therapy in bladder cancer 222. Another classic and important example is
the hypermethylation of the glutathione S-transferase gene (GSTP1) in 80–90% of
prostate cancer in men, an epigenetic modification that is exclusive to malignant
tissues only 223.
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On the other hand, aberrant histone acetylation patterns could also serve as targets
for biomarker development. In general, expression levels of HDACs have been
shown to differ in specific tumour types. For example high levels of HDACs 1 and
2 were correlated with histone hypoacetylation and the subsequent tumourigensis
that reduced prostate cancer patients survival 224. Another example is CBP/p300 that
were found to activate oncoproteins SV40 T and E1A, which subsequently results
into the hypoacetylation of H3K18 and activation of cell growth promoters 225

226

.

According to Goossens et al, recent technologies where thousands of individual
molecules can be easily interrogated supported “research hypotheses (that) are often
generated in a post hoc manner, following often serendipitous discovery from
unbiased mining of the genome-wide measurements (data-driven hypothesis
generation)”. A good example was a genome-wide loss-of-function screen
previously developed in our group, which has identified human ultraviolet excision
repair protein RAD23 homologue B (HR23B) as a biomarker to determine
sensitivity to HDI treatment in CTCL cells
HDAC6 moderated this response 228

229

227

with further studies revealing that

.
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Table 1.4 Criteria a good biomarker should fulfil: Increasing the likelihood that an association is
causative. Modified after Sheikh et al, 2016.

Guidelines
High-importance
Strength
Consistency
1.6.3.1.1

Experimental

Class

Characteristics
biomarkers

Predictive,
Prognostic
Diagnostic

A strong association between the
biomarker and the outcome
The association persists in
different individuals
An intervention gives results
consistent with the association

Predictive,
Prognostic

of

useful

evidence
1.6.3.1.2

Temporality

1.6.3.1.3

Coherence

Specificity

Prognostic,
Diagnostic
Predictive,
Prognostic

Medium-importance
Temporality

1.6.3.1.4

Diagnostic

Plausibility

Biological gradient (doseresponsiveness)

Diagnostic
Predictive,
Prognostic,
Diagnostic
Predictive,
Diagnostic

The time-courses of changes in
the biomarker and outcome
occur in parallel
The association is consistent with
the natural history of the disease
and the biomarker
The biomarker is associated with
a specific disease
The time-courses of changes in
the biomarker and outcome
occur in parallel
Credible mechanisms connect
the biomarker, the pathogenesis
of the disease, and the mode of
action of the intervention
Increasing exposure to an
intervention produces increasing
effects on the biomarker

Low-importance
Analogy

Predictive,
Prognostic,
Diagnostic

There is a similar result from
which a relationship can be
concluded
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1.6.4 Genome-wide loss-of-function screen

The genome-wide loss-of-function screen previously performed in our research
group utilised a short/small hairpin (shRNA) library to target a wide array of
oncogenes involved in human cancer under SAHA treatment in order to identify
potential sensitivity determinant(s) to HDI treatment 227. Cells were allowed to grow
for 25 days under conditions of 2µM SAHA treatment, and genes were silenced via
transfection with the pRETRO shRNA library, whereas surviving colonies were
isolated followed by confirming a particular gene silencing in these colonies 227 (see
Figure 1.5).

As previously discussed, the screen identified HR23B and follow up investigation
was focussed to confirm its role in mediating cells sensitivity to HDI treatment

227

.

Further investigations confirmed the previous findings in mouse embryonic
fibroblasts (MEFs), where HR23B +/+ samples were found to be exhibit a higher
sensitivity profile to HDI-induced apoptosis compared to HR23B -/- ones

227

.

Conversely, it was found that HR23BA, an isoform of HR23B, does not mediate
HDI-induced apoptosis, and that the role of HR23B in NER is not relevant to its
role in mediating cells sensitivity to HDI treatment

227

. Moreover, a recent study in

patients with unresectable hepatocellular carcinoma confirmed an interplay between
levels of HR23B and a patients sensitivity to belinostat treatment 230.

Additionally, the same screen identified a number of genes other than HR23B that
could also act as sensitivity determinants for HDI treatment, including Myeloid
differentiation primary response gene 88 (MyD88), an adaptor molecule for Tolllike receptors (TLRs) 227 231.
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U2OS cells

No shRNA

shRNA libary
Treatment with HDAC inhibitor

Colony forma9on as a
result of resistance to
HDAC inhibi9on

Cell death

Figure 1.5 Schematic of shRNA screen. U2OS cells were transfected with a library targeting a large
number of genes involved in human cancer alongside an untrasnsfected control. The cells were
then treated with pan-HDI SAHA at 2µM and allowed to grow of 25 days. The colonies which
survived where those in which a potential SAHA sensitivity determinant gene was silenced.
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1.7

MyD88

1.7.1 MyD88: a toll like receptor (TLR) adaptor

A number of different genes have been identified as potential determinants for HDI
treatment through the genome-wide loss-of function screen
has been thoroughly investigated

227

227

. Although HR32B

, yet another identified potential biomarker of

interest was MyD88, a TLR adaptor protein, of which preliminary investigation was
under its way during the start of this project.

TLRs are a class of proteins that play a key role in the innate immune response, via
enhancing the ability of immune system to recognise molecules that are broadly
shared by pathogens, directly and indirectly. They could be found expressed on a
variety of the membranes of leukocytes including dendritic cells, macrophages,
natural killer cells, cells of the adaptive immunity (T and B lymphocytes) as well as
non immune cells (epithelial and endothelial cells, and fibroblasts) 232.

TLRs recognise pathogen-associated microbial patterns (PAMPs), highly conserved
structural motifs, which are exclusively expressed by microbial pathogens, or
danger-associated molecular patterns (DAMPs) that are endogenous molecules
released from necrotic or dying cells. PAMPs include various bacterial cell wall
components such as LPS, peptidoglycan (PGN) and lipopeptides, as well as
flagellin, bacterial DNA and viral double-stranded RNA. DAMPs include
intracellular protein, heat shock proteins for example, as well as protein fragments
from the extracellular matrix. They function through one or more of their adapter
proteins (see Figure 1.6)

231

. Among all TIR domain-containing adaptors involved
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in TLR signalling, only MyD88 and TRIF play a role in TLR-mediated apoptosis
233

.

MyD88 has a toll-like receptor interacting (TIR) domain in its C-terminal region
and a death domain (DD) in its N-terminal. MyD88 dimerisation is shown to be
mediated through its intermediate domain and its death domain, but not through its
toll-like receptor interacting domain

234

. It interacts with the TLRs, except TLR3,

through its TIR domain and, and once stimulated its death domain interacts with IL1 receptor-associated kinase (IRAK) death domain, leading to the latter’s
recruitment. IRAK is then activated by phosphorylation and subsequently interacts
with TRAF6 leading to the activation of two signalling pathways and the resultant
TLR simulation of different other signalling pathways, including NF-κβ, IRF, MAP
kinases, p38 and JUN N-terminal kinases (JNKs) 235.

Of relevant interest, TLRs act as a “double edged sword” in modulating cell
survival either via directly affecting cellular apoptosis or indirectly via regulating
the immune response across different subsets of cancers

236

. TLRs can induce

apoptosis via affecting a downstream cascade of events that regulate a number of
molecules that include Fas-associated protein with death domain (FADD), type I
IFN, TNF-α, ROS and p38 MAPK

236

. TLR2 was the first to be described as a

death- inducing receptor, either after transfection, or directly in macrophages,
neutrophils and trophoblasts

236

. Another example is TLR3, whereby its

overexpression induces PARP cleavage 237 and its siRNA knockdown was found to
regulate apoptosis in breast and multiple myeloma human cancers 238.
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Conversely, TLRs were also found to play a pro-survival role. TLR3 and 4
triggering was shown to overcome p27-Induced growth arrest when type I IFN
signalling was blocked

239

. Also TLR9 ligation was found to induce pancreatic

stellate cells (PSCs) to become fibrogenic and secrete chemokines that promote
epithelial cell proliferation and to play an immuno-suppressive role in the tumour
microenvironment (TME) via induction of regulatory T cell recruitment and
myeloid-derived suppressor cell proliferation

240

. Another study showed that

increased STAT3 activation resulted in over-expression of TLR2 to promote
epithelial cell growth in gastric cancer

241

. Such opposing pro-survival and pro-

apoptotic roles of TLRs remain largely unknown, with different outcomes depend
mainly on cancer subsets and the associated immunological conditions.

1.7.2 MyD88 in cancer

MyD88 was shown to play a role in intrinsic oncogene-induced inflammation and in
tumour extrinsic inflammation via activating the signalling of NF-κB, MAPKs, the
phosphatidylinositide 3-kinases (PI3K)-Akt pathway, and IRFs 3, 5, and 7. To that
end, MyD88 was shown to contribute to the development of several cancers,
including skin, liver, pancreatic, and colon cancers.

Most predominantly, the clinical relevance of MyD88 was established when it was
found frequently mutated in diffused large B-cell lymphoma (DLBCL) patients,
particularly the activated B-cell-like (ABC) subtype 242. RNA interference screening
has also shown that MyD88 is essential for ABC DLBCL, whereby a frequent gain-
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of-function mutation at amino acid 265 (L265P) leads to constitutive activation of
NF-κB that subsequently promotes cell survival 243.

Other several studies have highlighted the role of MyD88 in tumouregensis and cell
survival. For example, MyD88 signalling in the epithelial cells was found to play a
role in skin carcinoma via the activation of EGFR–RAS–MAPK pathway in
keratinocytes

244

. Additionally, Myd88−/− mice were found to be more resistant

than wild type mice to the formation of papillomas, partially via a TLR4-depedant
activation

245

. Besides skin carcinoma, MyD88 mediates tumourigenesis in other

types of cancer as well. One study has shown the role of MyD88 in hepatocellular
carcinoma, whereby Myd88−/− male mice were resistant to diethylnitrosamine
(DEN)-induced carcinogensis via an IL-6 dependant mechanism

246

. MyD88

reduced the proliferation, migration, and invasion of MCF-7 cells and increased the
sensitivity of MCF-7 cells to paclitaxel treatment through the inhibition of
activation of NF-κB via PI3K/Akt 247. MyD88 was also shown to contribute to TLR
signalling and the subsequent development of liver fibrosis and cancer in
hepatocyte-specific TAK1-deleted mice 248 and its levels have been shown to play a
role in pro-tumourigenic transformation by interacting with the MAP kinase Erk,
thus activating the RAS pathway 249. Most recently, MyD88 was also found to play
a role in immuno-mediated antitumour activity, whereas if induced, together with
CD40, in chimeric T cell receptors (CART)-cells, results in controllable and potent
antitumour activity in preclinical solid tumour models 250.

Conversely, MyD88 inhibition in vivo impaired pancreatic inflammation and
tumourigensis by enhancing the capacity of DC-mediated induction of the
protumourigenic TH2-type response 251.
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Figure 1.6 Signal transduction downstream of MyD88-dependent and independent pathways. TLRs
that recognise pathogens are located on the plasma membrane (TLR1, 2,4,5,6), while those that
231
recognise viral protein are located on the endolysosomal compartment (TLR 3,7,9)
. They
231
function through one or more of the four adapter proteins: TICAM1, TIRAF, TICAM2 and MyD88 .
Adapted from Wang et al, 2014.
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1.7.2.1 MyD88 L265P somatic mutation

Treon et al. whole genome sequencing in Waldenstrom macroglobulinemia (WM)
allowed the identification of a somatic variant (T→C) at position 38182641 in
chromosome 3p22.2 that results in an amino-acid change from leucine to proline
(L265P) in the MyD88 gene

252

. Since then, several recent studies have confirmed

the high frequency of the MyD88 L265P somatic mutation in patients with WM and
IgM monoclonal gammopathy of unknown significance (IgM MGUS) by Sanger,
polymerase chain reaction (PCR), and allele-specific PCR (AS-PCR) assays 253 254.

As previously mentioned, it was found that ABC DLBCL cell lines expressing
MyD88 L265P inhibits MyD88/IRAK signalling, which diminishes NF-κB
signalling and promotes survival of MyD88 L265P–expressing WM cells

252

.

Moreover, it was shown that inhibition of MyD88 in L265P–expressing WM cells is
accompanied by decreased activation of Bruton tyrosine kinase (BTK), whereas
overexpression of MyD88 L265P enhances BTK phosphorylation 255.

1.7.3 TLR-MyD88 dependent cytokines signalling

One of the major MyD88-depdenant effects on TLR signalling, that is known to
play an important role in tumourigenesis and consequent cellular outcomes, is the
release of inflammatory cytokines

256 235

. Cytokines are small signalling molecules

that regulate cell-to-cell communication and are secreted by specific cells of the
immune system. They play a role in cellular growth, activation and differentiation
whereby their local secretion becomes aberrant in tumourigenesis 257.
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It was shown that the TLR-MyD88-dependent pathway activates the transcription of
NF-κB activator protein 1 and Elk-1 as well the induction of proinflammatory
ctyokines such as TNF-α, IL-6 and cyclooxygenase-2

258 259

. Activation of the NF-

κB p65 and activator protein 1 transcription factors was found to be reduced in
endotoxin-tolerant cells

260

. TLR7, -8 and -9 were also found capable of inducing

IFN production in a MyD88-dependent manner, involving the activation of the
interferon regulatory factor 5 (IRF-5) and IRF-717 transcription factors 261.

As previously discussed, it was also observed that the inhibition of the TLR-MyD88
signalling pathway in pancreatic tumour microenvironment is pro-tumourigenic
owing to the DC-mediated TH2-polarization of CD4+ T cells 262. Conversely, it was
shown that IL-10 produced by DC induces ubiquitination and subsequent protein
degradation of MyD88-dependent signalling molecules, such as IL-1 IRAK4 and
TRAF6, to moderate MyD88-dependent, but not MyD88-independent signalling
pathway 263.

1.7.3.1 Interleukin 6

IL-6 is a cytokine that acts as both a pro-inflammatory cytokine and an antiinflammatory myokin, acting as a prosurvival as well as a protumourigenic. It is
released as a result of NF-κB signalling, and affects a variety of biological functions
related to inflammation. In classic signalling, interleukin-6 stimulates target cells
via a membrane bound interleukin-6 receptor, which upon ligand binding associates
with the signalling receptor protein gp130. Gp130 is then dimerised, activates
JACK, resulting in the subsequent phosphorylation of tyrosine residues within the
cytoplasmic part of gp130. This leads to the engagement of phosphatase Src
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homology domains containing tyrosin phosphatase-2 (SHP-2) and activation of the
ras/raf/MAPK pathway.

Downstream effects of this signalling pathway include mediating STAT3, which
exhibits various effects on tumour cells and tumour microenvironment

264

. STAT3

is strongly associated with development of tumours of various etiology265. Although
IL-6 is predominantly known as a cytokine that promotes proliferation, yet there has
also been evidence of an “inverse” role for IL-6, whereby IL-6 enhances Fasinduced apoptosis in normal lung fibroblasts for example 266.

Anti-IL-6 treatment was originally developed for treatment of autoimmune diseases
267

, but due to the role of IL-6 in chronic inflammation; its depletion was also

considered for cancer treatment, with examples including colorectal cancer

268

and

multiple myeloma 269.

Of interest, there have been also several studies that highlighted the interplay
between MyD88 and IL-6 in tumouregensis. A recent study has showed that
Polymyxin B, a cyclic cationic polypeptide antibiotic widely used to counteract the
effects of endotoxin contamination, attenuates LPS-induced death but aggravates
radiation-induced death via TLR4-MyD88-IL-6 pathway 270. Another study showed
that the suppression of MyD88 expression blocked erlotinib (EGF-receptor
inhibitor)-induced IL6 secretion in vitro and increased the antitumour activity of
erlotinib in head and neck cancer cells 271.
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1.8

Hypothesis and aims of project

HDIs were shown to have good potency as therapeutic agents for certain
haematological malignancies. However, the particular molecular pathways that
regulate HDIs activities in cells are still largely unknown. One of the sensitivity
determinants identified by the previously performed shRNA genome-wide screen
was MyD88 227.

Based on the loss-of-function screen (section 1.6.4), and in agreement with the
literature (section 1.7), the main hypothesis of this study was that MyD88 is a
predictive sensitivity determinant for HDI treatment via a TLR-dependant
mechanism.

In order to address the hypothesis, the initial aim of the project was to verify that
levels of MyD88 alter cell fate on HDI treatment via a series of altering both
endogenous and ectopic MyD88 levels. Subsequently, it was of interest to identify
mechanistically how MyD88 alters cell fate on HDI treatment, through investigating
it’s role as a TLR signalling adaptor, and the role of its gain-of-function mutation,
L265P, coupled with monitoring changes in cellular cycle profiles and antiproliferative effects.

Conversely, it was of interest to understand how HDI treatment and cytokines
secretion influence MyD88 expression and regulation, which was pursued via a set
of experiments to study changes in MyD88 regulation, stability and acetylation
status and provide an explanation to how changes in such status might modulate its
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role a sensitivity determinant to HDI-treatment via investigating the interplay
between MyD88 and a particular HDAC, namely HDAC6.

In summary, the outcomes of this project would pave the way towards further work
to utilise MyD88 as a sensitivity determinant for HDI.
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CHAPTER 2 MATERIALS AND METHODS.
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2.1

Cell culture.

Cells were cultured at 37oC in a humidified 5% CO2 incubator. U2OS cells were
maintained in DMEM supplemented with 10% foetal calf serum (FCS) and 1%
penicillin/streptomycin (Invitrogen). The inducible U2OS-TET FLAG-MyD88 and
FLAG-K132R-MyD88 cell line, both created previously by Dr Maria New in the La
Thangue lab

272

, were maintained in DMEM supplemented with 5% Tetracycline-

negative FCS (PAA Laboratories), 100µg/ml G418 (Promega), 75µg/ml
hygromycin B (Invitrogen), and 1% pen/strep. Ectopic Flag-protein expression was
induced by the addition of doxycycline (Dox) (Sigma-Aldrich) at 1µg/ml according
to manufacturer’s instructions, with subsequent addition of Dox every 24 hours.

U2OS cell lines stably expressing both pCMV-FLAG-MyD88-WT and pCMVFLAG-MyD88-L265P, both also previously created by Dr Maria New, were
maintained in DMEM supplemented with 5% Tetracycline-negative FCS (PAA
Laboratories), 100µg/ml G418 (Promega), and 1% pen/strep.

HDAC6 shRNA-knockdown U2OS cell lines were created in U2OS cells using
HDAC6 or control shRNA lentiviral particles (Santa-Cruz), and stable clones were
selected for puromycin resistance as per the manufacturer's protocol.

U2OS cells were from ATCC. Cells were regularly tested with a Lonza
mycoplasma kit. Regular immunofluorescence microscopy with nuclear staining
confirmed a negative mycoplasma result. Cells were passaged twice a week and
used until 16 passages.
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2.2

Plasmids, transfections and transductions.

For transient transfection; cells were transfected using GeneJuice (Merck) and
harvested 24-72hour after transfection. USOS cells were transfected with siRNAs
against MyD88 (Smart-Pool Dharmacon) and non-targeting control NT2
(Dharmacon) using oligofectamine (Invitrogen) to a final concentration of 50nM
before harvesting.

The pCMV-FLAG-WT MyD88 mutant derivatives L265P and K132R were
previously created by Dr Maria New using oligonucleotides designed in accordance
with Stratagene’s QuikChange Site-Directed Mutagenesis kit.

pcDNA-Flag-HDAC6 and ΔBUZ were obtained from Dr. Heidi Olzscha, which
were previously given as a kind gift from T.P.Yao 124.

2.3

Drug Treatments.

Cells were treated with compounds SAHA (Sigma Aldrich), CXD101 (kind gift
from Dr. Susan Fotheringham), tubastatin A (Chemietek), bortezomib (Millenium),
at the indicated concentrations and for the indicated times before harvesting.

2.4

Antibodies.

The following antibodies were used; FLAG-M2 (Sigma), PARP (Cell Signalling),
actin (Sigma), HDAC6 (Cell Signalling), phospho-Chk1 S317 (Millipore), Chk1
(Cell Signalling), cleaved caspase 3 (Cell Signalling), MyD88 (Cell Signalling for
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immunoblotting and Abcam for immunohistochemistry), p53 (Santa-Cruz), IL-6
(Abcam) and acetylated lysine (Cell Signalling).

2.5

Fluorescence-activated cell sorting (FACS).

Trypsin-harvested cells were fixed in 70% ethanol/PBS overnight at 4oC and
incubated for 30 min with 1x RNAseA and 20ng/ml propidium iodide (Sigma).
Samples were run on a FACScan Accuri flow cytometer (BD Bioscience) and the
analysis was carried out using FACS Accuri C6 software.

2.6

Immunoblotting and Immunoprecipitation.

Seeded cells were washed with PBS, harvested by scraping or trypsinisation (in case
of FACS) and pelleted by centrifugation for 5 minutes at 1000 rounds per minute
(RPM) at 4°C, washed in PBS.

For immunoblotting, cells were lysed in 100uL RIPA buffer (Tris 50mM, NaCl
150mM, SDS 0.1 %, sodium deoxycholate 0.5 %, Triton X 100, NP40 1%) for 1
hour on ice. Extracts were centrifuged at 13200 RPM for 10 minutes to remove cell
debri.

For immunoprecipitation, cells were lysed in TNN buffer (50mM Tris-HCl pH 7.3,
150mM NaCl, 5mM EDTA, 0.5% igepal (NP-40), 0.2mM Na3VO4, NaF 50mM and
PIC) for 1 hour, and incubated overnight at 4oC with the appropriate antibody, after
which 30µl IgG beads were added and incubated for 2 hours at 4oC. The beads were
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washed four times with 1ml of TNN buffer, and boiled with SDS sample buffer
containing 2-mercaptoethanol for 5 minutes.

Protein concentration was determined using Bradford reagent (Bio-Rad), and equal
levels of protein loading were confirmed with Ponceau S staining before incubating
with the antibody, and unless otherwise indicated, equal amounts of total protein
were used. Total protein was resolved by denaturing sodium dodecyl sulphate
(SDS)–polyacrylamide gel electrophoresis before electrotransfer to polyvinylidene
fluoride (PVDF) membrane and probed with antibody overnight at 4°C. Membranes
were washed three times for 10 minutes with phosphate buffered saline
(PBST)/0.1% Tween 20). Membranes were incubated with corresponding secondary
horseradish Peroxidase (HRP)-antibodies for 1hr30min at room temperature before
washing three times with phosphate buffered saline with Tween 20 (PBST) as
above and signal detection using enhancen chemi-luminescence (Perbio).
Representative blots from at least three experiments are shown.

2.7

Immunofluorescence.

Cells were seeded onto coverslips, which were washed in PBS and fixed in 3.7%
formaldehyde for 15 minutes, then permeabilised in PBS containing 0.5% Triton X100 for 5 minutes and then blocked in 5% FCS/PBS for 30 minutes at room
temperature before incubation with primary antibody overnight at 4°C. Coverslips
were then washed three times in PBS 0.05% Tween-20 and incubated with
corresponding secondary antibodies for 30 minutes at room temperature: Alexa
Fluro 488 (green fluorescence) or Alexa Fluro 594 (red fluorescence). Finally,
coverslips were washed in PBS 0.05% Tween-20 and mounted onto microscope
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slides using Vectashield containing 4',6-diamidino-2-phenylindole (DAPI) (Vector
Laboratories). Protein expression and localisation was then visualized using a B202
light microscope (Olympus) and images were taken using OpenLab software
(Improvision). All samples were processed simultaneously, with three images taken
per sample, and representative sections are spanning the entire region of interest.

2.8

Colony formation assay (CFA).

U2OS-TET-Flag-MyD88 inducible cells were seeded at 1000 cells/well in 6-well
plates. Flag-MyD88 was induced for 4 hours prior to 24 hour of drug treatment as
indicated. At 9 days post drug-treatment, cells were washed twice in PBS, fixed in
methanol for 10 minutes and stained with crystal violet solution for 30 minutes
before extensive washing with water. Colonies were then automatically counted
using GelCount colony counter (Oxford Optronix).

2.9

Cytokine level analysis.

The BD™ CBA Human Inflammatory Cytokines Kit was used to quantitatively
measure IL-8, IL-1β, IL-6, IL-10, TNF, and IL-12p70 levels. This kit uses antibodycoated beads with unique fluorescence intensities to interact with a specific
inflammatory cytokine. The unique fluorescence intensities of each of the six beads
permit levels of several analytes to be simultaneously assessed and then measured
using fluorescence detection by flow cytometry.
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2.10 Immunohistochemistry pathology examination.

This protocol was optimised by Dr Semira Sheikh. Paraffin-embedded formalinfixed tissue on slides were cleared of paraffin in histoclear for 5 minutes, and
rehydrated through graded alcohol baths by incubation for 3 minutes in 100% IMS
twice followed by 70% IMS. After a rinse in water, sections were heated at 95oC for
20 minutes in 1mM EDTA pH9 for antigen retrieval. Slides were incubated in 0.5%
hydrogen peroxide for 15 minutes, and then washed in PBS for 5 minutes before
being blocked in serum for 20 minutes. Slides were incubated in the primary
antibodies overnight at 4oC, followed by incubation with corresponding anti-HRP
secondary antibodies, ABC reagent (Vector Laboratories) and then substrate (DAB;
Vector Laboratories). Slides were placed in hematoxylin (Sigma) for 60 seconds for
nuclear counterstaining and then mounted on coverslips in AquaTex (Merck).
Sections were examined under a light microscope.
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CHAPTER 3 . MyD88 expression regulates cell sensitivity to HDI treatment.
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3.1

Introduction.

HDIs were shown to exhibit good therapeutic indexes as antiproliferative agents in
the treatment of some cancers. However, the lack of knowledge of how they act at
the molecular level makes their use rather limited. An unbiased genome-wide lossof-function screen has shown reduced

An unbiased genome-wide loss-of-function screen, where an shRNA library was
library to silence a number of oncogenes involved in human cancer, helped
identifying several potential sensitivity determinants to HDI treatment, after
isolating colonies that have survived under conditions of 2µM SAHA treatment 227.

From the screen, 132 colonies were isolated, of which 17 survived under SAHA
treatment conditions, relevant shRNA inserts were identified by PCR, and 12 genes
were identified, including MyD88. As previously discussed, the screen identified
MyD88, whereby cells where MyD88 was depleted survived under said SAHA
treatment conditions 227.

As discussed in chapter 1, MyD88 interacts with a variety of TLRs, triggering the
activation of a cascade of events that leads to promoting the release of several
cytokines and subsequently moderating an inflammatory response

235

. MyD88 is

known to interact all TLRs through its TIR domain, excluding TLR3, and upon
ligand-simulation, its death domain interacts with IRAK’s death domain. IRAK is
then activated by phosphorylation leading to an interaction with TRAF6 and the
activation of a cascade of signalling pathways, including NF-κβ pathway 235.
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Moreover, MyD88 is known to play a role in cellular apoptosis and tumourigenesis
across a number of tumours such as in hepatocellular carcinoma, where MyD88deficient male mice were resistant to DEN-induced carcinogensis via an IL-6
dependant mechanism 246, and in skin carcinoma via activating EGFR–RAS–MAPK
pathway in keratinocytes

244

. MyD88 was role in immuno-mediated antitumour

activity has also been recently identified, whereas, together with CD40, in CARTcells, showing antitumorigenic effects in preclinical solid tumour models upon
induction 250.

In addition, its frequent mutation in DLBCL, MyD88 L265P, particularly the
activated B-cell-like (ABC) subtype, was found to be essential in promoting cell
survival via constitutive activation of NF-κB that subsequently promotes cell
survival 242 243.

Prior to the start of this project, previous work by Dr. Maria New has shown
interplay between MyD88 levels and cells sensitivity to HDI treatment. The main
focus of this chapter was to further confirm the previous findings by combining
different ectopic overexpression experiments and provide further evidence via
endogenous knowckdown approaches. The combination of both protocols aided at
avoiding driving conclusions based solely on potential off-site effects,
conformational changes, and negative or positive feedback loops induced by
increasing a protein expression at high levels, which might have inhibited its own
transcription or caused its own degradation.

87

The experiments conducted in this chapter have also been designed to explore that
interplay between MyD88 and HDI-induced apoptosis in more details. via a
combination of measuring apoptotic markers and cell-survival assays.
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3.2

Initial study into the effects of different HDIs across different cell lines.

Although SAHA was the HDI of choice throughout the previous development of the
shRNA loss-of-function screen, which made it reasonable to use it throughout the
course of this project, yet it was important to screen its apoptotic effect with respect
to other HDIs as well.

The percentages of apoptotic cells, those in sub-G1 phase, were measured by FACS
in untreated U2OS cells and cells treated with single concentrations of 5µM of
SAHA, CDX101 or tubstatin, for 0, 2, 4, 8, 24, 48 and 74 hours (Figure 3.1a). No
significant effect was noticed across treatment with the three HDIs up until 8 hours
of treatment. Noticeable apoptosis started to take place after 24 hours of treatment,
with the maximum percentage of cells in sub-G1 phase occurring after 48 hours.
Tubstatin was observed to be relatively the most potent compound with a maximum
response of 22.56% apoptotic cells, compared to CXD101 (16.4%) and SAHA
(12.35%). The response to the drugs started to decrease gradually thereafter,
showing similar or slightly lower levels of cells in sub-G1 phase at 72 hours.

Additionally, cells were treated with a variety of SAHA concentrations to determine
on the most optimal one for future experiments (Figure 3.1b). Cells treated with 10
and 20µM SAHA showed the highest efficacy, with not much noticeable difference
in the percentage of sub-G1 cells between the two concentrations (14.5% and 16.1,
respectively). Taking these results into account, as well as the previously reported
clinical Cmax range from 1µM to 9µM 273, it was therefore reasoned that SAHA is a
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suitable HDI choice, with 10µM concentration and 24 hours treatment course to be
used largely across future experiments.

It was also reasoned that using the same cell line used in the shRNA screen, U2OS,
was the optimum system to work with throughout the project. However, it was of
interest to see whether treating other cell lines, e.g. HeLa and A549, with the same
concentration of SAHA would result in different apoptotic fates.

U2OS cell line, originally known as the 2T line, is a human bone osteosarcoma
epithelial that was cultivated from the bone tissue of a fifteen-year-old human
female suffering from osteosarcoma. Established in 1964, the original cells were
taken from a moderately differentiated sarcoma of the tibia. U2OS are frequently
used to screen different effects of cancer therapeutic agents, same as HeLa cell line,
which is the oldest used human cell line

274

that was derived from cervical cancer

cells taken on February 8, 1951 from Henrietta Lacks, a patient who died of her
cancer on October 4, 1951

275

. A549 cells are adenocarcinomic human alveolar

basal epithelial cells that were first developed in 1972 by D. J. Giard, et al. through
the removal and culturing of cancerous lung tissue of a 58-year-old caucasian male
276

. Cells representative of the three cells lines where treated with different SAHA

concentrations (see figure 3.1c) for 24 hours and the changes in their sub-G1
populations was also measured by FACS. Marginal differences (< +/- 5%) between
the numbers of cells going into sub-G1 phase were noticed across the three cells
lines. Therefore, U2OS cell line was reasoned to be the experimental system of
choice.
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Figure 3.1 Initial analysis of the effects of different HDIs across different cell lines. (a) The
percentage of cells in sub-G1 phase of the cell cycle after treatment of U2OS cells with the
indicated drugs at 5µM for 0, 2, 4, 6, 24, 48 and 72 hours. (b) The percentage of cells in sub-G1
phase after treatment with increasing concentrations of SAHA for 24 hours. (c) The percentage of
cells in sub-G1 phase in U2OS, A549 and HeLa cells after 24 hours treatment with 10µM SAHA. All
data was normalized against vehicle control and is representative of three independent
experiments. Error bars represent SEM.
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3.3

MyD88 expression regulates cell sensitivity to HDAC inhibitor treatment.

One of the aims of this project was to investigate HDI treatment effects, apoptosis
in particular, and how could changes into MyD88 statuses and levels possibly alter
that. In order to determine the correlation between cellular MyD88 levels and
apoptosis on HDI treatment, ectopic MyD88 levels were measured in a U2OS stable
cell line expressing pCMV-Flag-MyD88 as well as in a conditionally regulated
U2OS cell line (induction upon doxycycline treatment) stably expressing ectopic
Flag-tagged MyD88 upon induction, in a Tet-on/Tet-off system, were used
(developed by Dr Maria New).

One experimental method that was frequently used throughout the project to
measure levels of apoptosis on HDI treatment is by observing Poly-ADP ribose
polymerase (PARP) and caspase 3 cleavage levels during immunoblotting. Cleaved
PARP is commonly used as a marker for apoptosis since its depletion plays a role in
regulating NAD and ATP levels, which are thought to play a role in apoptosis

277

.

Full-length PARP is a 116kDa protein and during apoptosis it is cleaved by caspase3, and possibly other caspases, into a 89kDa fragment

278

. Caspase-3 is an

executioner caspase that becomes activated during apoptosis, and contributes, when
activated by cleavage, to the proteolytic cleavage of many key proteins 279.

Cells expressing pCMV-Flag-MyD88 were shown to exhibit higher sensitivity to
apoptosis induced by SAHA in a dose-dependent manner with immunoblot results
showing an increase in both PARP (cleaved) and caspase 3 (cleaved) in cells
expressing Flag-MyD88 compared to cells lacking the same vector after 24 hours of
SAHA treatment at the same concentrations (Figure 3.2a).
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The same pattern was observed also when comparing uninduced cell (-DOX) to
those where Flag-MyD88 was ectopically induced (+DOX), showing a significant
increase in the levels of PARP (cleaved) and caspase 3 (cleaved) after 24 hours of 5
and 10µM SAHA treatment (Figure 3.2b).

It is worth nothing that variables including differences in SDS-gel batches,
chemiluminescence reagent batches and developing films exposure times; these
made it challenging to utilise cleaved PARP as a rather quantitative marker of
apoptosis across different technical experimental repeats.

To further confirm these findings, another assay that was used is colony formation
assay (CFA). CFA is an in vitro cell survival assay measuring the ability of a single
cell to undergo “unlimited” divisions to grow into a colony

280

. Unlike measuring

cleaved PARP levels, it does not give a direct measurement of cellular death, yet it
presents an additive measurement of cellular proliferation. Cells were seeded in
appropriate dilutions (1000 cells per a 34.8mm well, refer to section 2.8) where only
a fraction of cells, that survived after a drug treatment, would form colonies that
were later stained with a crystal violet dye and counted.

Changes into cellular proliferation and viability upon SAHA treatment with respect
to MyD88-levels were measured by CFAs. Ectopic MyD88 overexpression (+ Dox
in figure 3.2c) promoted an HDI-mediated inhibitory effect on cell growth as
presented by the significant fall in the number of colonies formed in cultures treated
with 5µM and 10µM SAHA treatments (for 24 hours). It was also noted that the
number of colonies formed when cells were treated with 20µM SAHA was very
small, irrelevant of MyD88 levels, which can be attributed to the unselective
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cytotoxicity of the drug at high concentrations and for an extended period of time.
Additionally, doxocyclin did not cause any changes in the number of colonies when
it was used on its own, ruling out any potential additive anti-proliferative effects it
might have caused.

These results suggest that MyD88 levels affect colony formation only during or
after SAHA treatment, and that cells proliferation is more sensitive to SAHA
treatment when MyD88 levels are high.

Moreover, experiments conducted by other members of the group has shown that
MyD88 was able to senstise cells to a variety of other HDAC inhibitors, such as
panobinostat, but not mechanistically unrelated agents (New et al, 2016.
Supplementary Table S1) 272. These results further confirmed that MyD88 regulates
cell sensitivity to HDI treatment.
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Figure 3.2 MyD88 sensitises cells to HDI-treatment. (a) Stable U2OS cell lines expressing an empty
vector (-) or a pCMV-Flag-MyD88 one in G418-enriched media (MYD88) were treated with SAHA (5
or 10µM for 24 hours) and subsequently immunoblotted with anti-MYD88, anti-PARP (cleaved),
anti-caspase-3 (cleaved), and anti-actin antibody. (b) Immunoblots of U2OS cells stably expressing
Tet-On inducible FLAG-tagged MYD88 in the absence (-) or presence (+) of doxycycline treated as
above. (c) Same cell line were grown in triplicate together with SAHA (5, 10 or 20μM) and, after 9
days, viable cell colonies was assessed by crystal violet staining (and quantitated). The untreated
control (no SAHA) cells are shown for comparison. Graphical representation with example colony
stains underneath (in triplicate). Statistical significance is indicated; * P≤0.05 and ** P≤ 0.01 and
error bars represent SD. Shown examples are representatives of three independent experiments.
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3.4

MyD88 knockdown reduced cells sensitivity to SAHA-associated
apoptosis.

To further validate the previous findings, which showed that increasing ectopic
MyD88 levels increases cells sensitivity to HDI treatment, it was essential to
establish whether the opposite effect would occur as well when the endogenous
MyD88 is depleted.

U2OS cells were transfected with MyD88 or non-targeting control (NT) siRNA
(50nmol/L for 72 hours) in the presence or absence of SAHA and cell lysates were
immunoblotted against anti-MyD88, anti-PARP (cleaved), anti-caspase-3 (cleaved),
and anti-actin (loading control) antibodies. Cells with high levels of endogenous
MyD88 levels (-MyD88 siRNA) displayed much greater sensitivity to apoptosis on
HDI treatment compared to cells where MyD88 levels were reduced by siRNA
(+MyD88 siRNA), as shown by PARP (cleaved) and caspase-3 (cleaved) levels (see
Figure 3.3a).

Additionally, FACS measurement showed that MyD88 siRNA depletion also
resulted in reducing cell population in sub-G1 phase after SAHA treatment. For
example, a 10µM SAHA treatment caused lower levels of sub-G1 cells where
MyD88 was knocked-down (4.6%), compared to those treated with the nontargeting control, where 11.4% of cells where in sub-G1 phase (see Figure 3.3b).

Of relevant interest, the same results were obtained in a series of similar
experiments, carried out by Dr. Semira Sheikh, in RIVA cells, an ABC-like DLBCL
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cell line, where MyD88 knockdown was also shown to be responsible for depleting
cellular sensitivity to HDI treatment (New et al, 2016, Figure 5c) 272.
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Figure 3.3 MyD88 knockdown reduces SAHA-induced apoptosis. (a) U2OS cells treated with MYD88
or control (NT) siRNA (50nM for 72hr) in the presence or absence of SAHA (5 or 10μM for 24hr) and
subsequently immunoblotted with anti-MYD88, anti-PARP (cleaved), anti-caspase 3 (cleaved) and
anti-actin antibody. (b) U2OS cells (in triplicate) from a) were analysed by flow cytometry. The subG1 phase (%) is shown. Statistical significance is indicated (**P≤0.01) and error bards represent SD.
Shown examples are representatives of three independent experiments.
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3.5

MyD88 changes cell cycle profiles.

Several components of the cell cycle machinery become functionally aberrant in
cancer via dysregulation of a variety of genetic- and epigenetic-regulated proteins
that governs the cell cycle progression from one phase to another. Tumour cells
usually exhibit cell-cycle arrest profiles that occurs at the G2/M and/or G1/S
interface(s), whereas regular checkpoints are compromised to allow tumour cells to
progress into S phase and further proliferate. Therefore, a plethora of
chemotherapeutic drugs have been developed to target such changes at the cell cycle
level

281 282

, including HDIs that have shown to affect cells in S-phase through, for

example, blocking the transcription of CTP synthase and thymidylate synthethase,
two genes involved in DNA synthesis

104

, or via disrupting the spindle assembly

checkpoint and chromosomal passenger proteins as discussed in chapter 1

165

. In

addition, it was shown that different HDACs are essential for cellular progression
into S-phase such as HDACs 1 and 2 role in maintaining S-phase chromatin and
DNA replication fork progression 283 .

On the other hand, MyD88 has shown to play a role in regulating cell cycle
progression as well. For example, overexpression of MyD88 resulted in p27
degradation; a tumour suppressor that plays a critical role in regulating progression
through the G1-S phases of the cell cycle as previously discussed 239.

Such observations suggested that cells in S-phase may be particularly sensitive to
HDI treatment, and therefore MyD88 might contribute to that role based on the
previous results.
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In order to test this hypothesis, FACS analysis of cellular profiles before and after
SAHA treatment was conducted under high MyD88 levels (-MyD88 siRNA) as
well as in cells with reduced MyD88 levels (+MyD88 siRNA) as shown in figure
3.4a. Neither changes into MyD88 levels alone, nor changes in MyD88 levels upon
SAHA treatment, altered the percentage of cells undergoing S-phase (figure 3.4b).

On the contrary, the number of cells in S-phase decreased significantly before and
after SAHA treatment, independent of MyD88 levels (Figure 3.4b). Although this
result recapitulates previous findings where HDACs were shown to be required for
S-phase progression and thus cells sensitivity to HDI treatment is partially
dependant on the percentage of cells in S-phase, regardless of MyD88 levels, yet the
result is not conclusive of whether cells in S-phase are more sensitive to SAHA than
in other phases of the cell cycle, a property that can be further explored.

It was therefore concluded that MyD88 does not contribute to HDI-mediated
changes into the S-phase on its own, and suggested that the MyD88-dependant
increase into sub-G1 population upon SAHA treatment observed in previous
experiments might indicate that it affected other phases of the cells cycle rather than
the S-phase, which was further investigated later.
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Figure 3.4 MyD88 has little effect on S-phase. (a) U2OS cells treated with MYD88 or control (NT)
siRNA (50nM for 72hr) in the presence or absence of SAHA (10μM for 24hr). Cells were harvested
and FACS analysed. The cell cycle profile of one of three triplicate plates is shown. (b)
Quantification of the S-phase phase of the cell cycle from a). The mean reading derived from
triplicate readings is shown, and the example shown is a representative of three independent
experiments.
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3.6

MyD88 cellular localisation.

In order to gain further insight on how MyD88 exhibits its role as a sensitivity
determinant to HDI treatment, it was important to identify its cellular localisation
and thereafter consider potential mechanistic interactions accordingly.

Using immunofluorescence, the localisation of MyD88 was shown to be mainly
cytoplasmic in U2OS cells expressing pCMV-Flag-MyD88 (+ MyD88) as shown in
Figure 3.5a. It was noted that MyD88 presented as small “speckle-like” condensed
structures. One explanation could be that MyD88 exhibited condensed forms or
aggregated structures in the cytoplasm, known as mydosomes, the formation of
which depends on MyD88 dimerisation via cytoplasmic accumulation of
sequestosome 1 (SQSTM1; also known as p62) and HDAC6, which are involved in
accumulation of polyubiquitinated proteins.284. Mydosomes can recruit and activate
IRAK

4,

which

in

turn

recruits

and

activates

IRAK1

MyD88:IRAK4:IRAK1/2 complex can then trigger NF-κB activation

or
285

2.

The

. Such an

explanation, along with over-ruling any artefacts-driven results, could have
supported the previous conclusion via staining for endogenous MyD88, yet
although several experimental attempts have been made, such a protocol proved to
be challenging and the results were not conclusive.

Moreover, as a potential biomarker, it was of further interest to look at the
localisation

of

MyD88

expression

in

human

tumour

tissue

by

immunohistochemistry (IHC). Immunohistochemistry involves the use of specific
antibodies to selectively image antigens in cellular tissues

286

. It is a widely used
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technique both in basic research and clinical practice to provide better
understanding of proteins and biomarkers localisation and distribution in a given
sample. The technique usually involves two main steps: slide preparation and
sample labelling.

IHC was performed in a small subset of biopsies from DLBCL patients with the
antibody for MyD88, alongside the relevant IgG control (Figure 3.5b). IHC results
have shown MyD88 to be expressed predominantly in the cytoplasm as well.
Unfortunately, the limited availability of tissue samples for this experiment, which
were mainly used to optimise the staining conditions, and the rather limited
information provided about treatment received by each patient, made it difficult to
draw conclusions out of this experiment about the impact of HDI treatment on
MyD88 levels or localisation.

However, further IHC examination across a wider cohort of patients with different
types of tumours was carried out by Dr. Semira Sheikh (New et al, 2016
supplementary Figure 3)

272

. A tissue microarray biopsies from patients with

DLBCL were compared with biopsies taken from patients with prostate and
colorectal cancer, and noncancerous tonsillar tissue biopsies; Waldenstrom
macroglobulinemia. High levels of MyD88 were apparent in the DLBCL sections,
but not prostate and colorectal cancer.
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Figure 3.5 MyD88 localisation. (a) U2OS stable FLAG-MYD88 or pCMV (-) expressing cells were
treated with SAHA (10µM) for 24 hr where immunoflourescence was carried out with ectopic FlagMyD88 (green). Merged images with nuclear DAPI (blue) are shown. (b) MYD88 expression in TMA
sections from a DLBCL patient stained for MYD88. IgG is was used as the negative control. All
represented sections were stained under the same conditions, within the same experiment
magnification is 20 and 63 times, and N=1.
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3.7

Conclusion.

Overall, initial studies into the effects of different HDIs on different tumour cell
lines survival have demonstrated that using U2OS cells as the biological system of
choice and SAHA as a pan-HDI seemed to be reasonable. Although further
investigations across an array of other cells lines utilising a wider variety of other
HDIs should be considered, taking gene expression profiles of these cell lines after
HDI treatment into account.

MyD88 was shown to be a valid sensitivity determinant to HDI treatment. Cells
sensitivity to SAHA treatment was shown to be sensitive to both endogenous and
ectopic MyD88 expression levels, where high levels of MyD88 senstised cells to
SAHA and caused more apoptosis.

Although MyD88 levels contributed to changing the percentage of cells in sub-G1
phase upon SAHA treatment, yet little effect on the S-phase was observed that
could be linked to MyD88 expression levels. However, and as expected, treatment
with SAHA significantly reduced the number of cells in S-phase, regardless MyD88
expression levels.

Furthermore, and in agreement with the literature, MyD88 was shown to be
expressed predominantly in the cytoplasm, in both U2OS cells

284

as well as in

TMA sections from DLBCL patients 243.
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CHAPTER 4 IL-6 and L265P-MyD88 sensitise cells to HDAC inhibition.
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4.1

Introduction.

MyD88 role as a TLR adaptor protein underlies its function in mediating its effect
on the inflammatory response via a cytokine-dependent mechanism as discussed in
section 1.7 of the introduction.

PRPs signatures stimulate PRRs of immune cells in effected regions, which in result
activate a number of pathways, inducing activation of MyD88-depedant TLRpathway, common to all TLRs except TLR3, which in turn stimulate a range of
signaling pathways including NF-κB, and enhance the transcription of the mRNA of
pro-inflammatory cytokines such as IL-6

256 235

.

IL-6 is an interleukin that consists of polypeptide cytokines with a four–α-helix
structure and a molecular mass of 21 to 28 kDa. It is transiently produced in
response to different stimuli, such as injuries and infections, and has pleiotropic
effects on inflammation and immune response, acting as both a pro-inflammatory
cytokine and an anti-inflammatory myokin. As a myokin, it is produced in muscles
in response to muscles contraction, particularly during high-intensity exercising,
exerting a number of anti-inflammatory functions in a fashion that is independent of
TNF or NF-κB signalling 287.

On the other hand, its pro-inflammatory function is dependant on NF-κB signalling.
Once released, Il-6 moderates a number of signalling pathways, including mediating
STAT3, which as previously described has several effects on tumour cells and
tumour microenvironment 264.
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HDACs have important roles in modulating a variety of innate and adaptive
immune response, particularly via IFN- and TLR-dependant pathways. IL-6 was
shown to be both positively regulated by HDACs-mediated transcription

288

, and in

other studies the opposite effects were noticed; as the case in repressions of TLR-4
mediated chromatin modelling 289.

The clinical significance of IL-6 was first established in association with its role in
autoimmune diseases

267

, which has been further extended for cancer treatment due

to its established role in modulating inflammation 268 269.

Several studies have shown an interplay between MyD88 and IL-6 in
tumouregensis, with examples including blocking erlotinib-induced IL6 secretion
upon MyD88 secretion; and therefore enhancing the antitumour activity of erlotinib
in head and neck cancer cells 271.

On the other hand, MyD88 activating mutation, MyD88 L265P, that is highly
present in DLBCL patients, 39%, and almost all WM patients (refer to section 1.7
of the introduction), was found to drive tumour growth and cytokine expression 242.
Intersetingly, gene expression profiling studies has shown high expression of IL-6
in WM samples
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. This MyD88 recurring somatic mutation was proved to be

associated with higher disease burden and progression; hence it can be considered
as a potentially useful prognostic biomarker 252 291.

The focus of this chapter was to develop an understanding of how changes in cells
response to HDI treatment as a function of MyD88 levels could affect the latter’s
role in cytokines regulation, and to further understand how changes into one or
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more cytokine(s) level(s) might affect MyD88 role as a sensitivity determinant to
HDI treatment. This chapter also investigated the changes in cells response when
the mutant L265P was expressed, and how that subsequently could alter cytokines
release levels.

4.2

Impact of MyD88 on cytokine expression upon HDI.

Prior to the initiation of this project, it was reasoned that as an inflammatory
mediator, MyD88 effects on cytokines production might reflect upon its previously
established role as a sensitivity determinant for HDI, and therefore further
investigation to understand that role was carried out.

U2OS cells stably expressing Tet-On FLAG-tagged MyD88, non-induced (-) or
induced (MYD), under doxycycline (DOX) treatment (1µg/ml; induction for 72
hours treatment) were harvested, nuclear fractions were extracted and
immunoblotted with anti-FLAG (for ectopic MyD88), NF-κB p65 and actin
antibodies as indicated (Figure 4.1a). It was observed that increasing levels of
ectopic MyD88 caused activation of NF-κB, which recapitulates previous literature
findings (refer to section 1.7).

It was then of interest to measure the extracellular levels of different cytokines
regulated by NF-κB with respect to MyD88 levels as well as SAHA treatment
conditions. A human inflammatory cytokine kit BD™ Cytometric Bead Array
(CBA) kit was used in this investigation for that purpose to monitor levels of six
inflammatory cytokines; namely IL-10, IL-8, IL-6, TNF-α, IL-12P70 and IL-1β (see
Figure 4.1b). The kit provides a series of particles with distinct fluorescence
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intensities to simultaneously detect and form complexes with multiple soluble
analytes (cytokines) in the fluid (cell culture media), which then provides a
fluorescent signal, proportional to the amount of cytokine, that can be measured
using flow cytometry.

U2OS cell lines stably expressing Tet-On inducible FLAG-tagged MyD88 were
seeded in triplicates and then treated with DMSO (control) and SAHA (10µM) for
24 hours in the presence and absence of doxycycline to induce ectopic MyD88
expression. Media was then collected from the cells cultures and levels of the 6
cytokines were measured by flow cytometery and subsequently plotted relative to
the control-treated MyD88-uninduced cells (Figure 4.1b).

The relative levels of the six inflammatory cytokines measured are shown in Figure
4.1b. A media alone control was used to role out the effect of the potential presence
of any inflammatory cytokines in the cell culture media fetal calf serum.

IL-12P70, IL-10, IL-1ß and TNF-α levels remained almost the same, and relatively
similar to their levels in media alone, across all different MyD88 levels and SAHA
treatment conditions (Figure 4.1b-iii, iv, v and vi respectively). Therefore, these
cytokines were not investigated any further during the course of this project.

However, MyD88 induction and SAHA treatment changed IL-6 (see Figure 4.1b-i)
and IL-8 (see Figure 4.1b-ii) levels significantly. IL-6 levels increased around
twelve folds whereas IL-8 increased almost 8 folds, upon MyD88 induction, which
is consistent with previous studies that have shown MyD88 to regulate the mRNA
levels of IL-6 and IL-8 production and their activation by NF-κB 292 293.
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Most interestingly, IL-6 levels were considerably reduced on SAHA treatment in
MyD88-induced cells (see Figure 4.1b-i). Previous studies have also shown the
effect of SAHA treatment on IL-6 expression and secretion levels, for example in
osteoarthritis patients

294

. It is worth noting that levels of IL-6 levels were slightly

higher in induced cells treated with SAHA treatment compared to uninduced ones
under the same SAHA treatment conditions (Figure 4.1b-i).

On the other hand, IL-8 levels upon SAHA treatment were not as sensitive to
MyD88 induction, with uninduced cells treated with SAHA showing 5-folds
increase. Also relatively similar levels of IL-8 were seen in MyD88 induced cells
media before and after SAHA treatment (Figure 4.1b-ii).

It was therefore of interest to further investigate the MyD88:IL-6:HDI interplay and
how it could regulate cellular apoptosis associated with HDI treatment. Other
members of the Cancer Biology group, University of Oxford, have also pursued
further investigation on the MyD88-HDI-apoptosis-IL-8 relationship as recently
published 272.
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Figure 4.1 Impact of MyD88 on cytokine expression upon HDI. (a) U2OS cells stably expressing TetOn inducible FLAG-tagged MyD88 under non-induced (-) or induced (MYD/+) doxycycline (DOX)
treatment conditions (1µg/ml; induction for 72 hr treatment) were harvested, nuclear fractions
were extracted and immunoblotted with anti-FLAG (for ectopic MyD88), NF-κB p65 and actin
antibodies as indicated. (b) Cells from (a) were treated with SAHA (S; 10µM) for 24 hours, and
relative levels of the indicated cytokines (IL6, IL8, TNFa, IL12p70, IL10, and IL1b) in the tissue culture
media were measured using BD Cytometric Bead Array Human Inflammatory Cytokine
measurement kit. The reading for preculture medium (M) is indicated. Mean values from triplicate
readings of three independent experiments.
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4.3

IL-6 neutralisation reduces MyD88-dependent HDI-mediated apoptosis.

Now that the relationship between MyD88 and IL-6 levels and its association with
HDI treatment was established, the next step was to investigate whether IL-6 played
a role in mediating MyD88 role as a sensitivity determinant to HDI treatment. An
antibody that was previously used to effectively neutralise IL-6 in cell culture was
used for the purpose of that experiment (advised by Dr Maria New) 295.

Apoptosis was abolished in U2OS cells stably expressing Tet-On inducible FLAGtagged MyD88 and treated with SAHA as well as the IL-6 neutralising antibody as
measured by PARP (cleaved) (Figure 4.2a), which suggested IL-6 role in
moderating MyD88 role in the apoptoic response to SAHA treatment.

The same pattern was observed when different sub-G1 cells populations under
SAHA treated conditions were compared by FACS (Figure 4.2b), whereby the
percentage of apoptotic cells declined to 16.32% when IL-6 was neutralised in
MyD88-induced cells, compared to cells where IL-6 was not neutralised (22.91%).
No significant effect was seen though before and after IL-6 neutralistion in
uninduced cells under the same SAHA treatment conditions.

In CFA, the number of USOS colonies formed by MyD88-induced cells were
reduced significantly as expected upon SAHA treatment, yet the change in that
number upon IL-6 neutralisation was quite moderate compared to the previous
differences in apoptotic levels before and after IL-6 neutralisation (Figure 4.2c-i and

113

ii). Interestingly though, in un-induced cells, the number of colonies has declined
significantly upon treatment with both IL-6 and SAHA.

One explanation for this could be that the interplay between MyD88 and HDI via an
IL-6 dependent mechanism majorly influences apoptosis rather than cellular growth
(Figure 4.2c-i and ii). Another explanation could be attributed to the treatment time
(9 days), which made MyD88-cells more vulnerable to SAHA toxicity, where the
differences before and after IL-6 neutralisation became insignificant. A third
explanation could be attributed to IL-6 proliferative effects, whereas if inhibited,
cellular progression would slow down, making it not possible to monitor changes as
a function of cells sensitivity to HDI treatment.

It is worth mentioning that (work done by Dr Semira Sheikh) treating RIVA cells
(ABD-DLBCL cells) with anti-TLR4 antibody has resulted in reducing SAHAmediated apoptosis as presented by reduced levels of PARP (cleaved) as shown in
Figure 5D at New et al., 2016 272.
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Figure 4.2 Interplay between IL-6 and MyD88 and its effect on HDI-mediated apoptosis. U2OS cells
stably expressing Tet-On inducible FLAG-tagged MYD88 were treated with SAHA (10µM; +) and
anti- IL6 neutralizing antibody (2 mg/mL) for 24 hours under noninduced (-) or induced (+)
doxycycline (DOX) treatment conditions (1µg/ml; induction for 72 hours prior to treatment). (a)
Cells were immunoblotted with anti-FLAG (for ectopic MYD88) or PARP (cleaved) and actin
antibodies as indicated. Quantification indicated that cleaved PARP decreased by over 50% upon
IL6 neutralization under conditions of MYD88 induction (+ DOX) and SAHA treatment. (b) U2OS
cells stably expressing Tet-On inducible FLAG-tagged MYD88 were treated as in (a) and analyzed by
flow cytometry for the level of sub-G1 phase cells (as a percentage of the total population).
Immunoblot shows the level of MYD88 (anti-FLAG) and actin. (c) Same cells line were grown in
triplicate together under the same treatment conditions and, after 9 days, viable cell colonies was
assessed by crystal violet staining (and quantitated). The untreated control (no SAHA) cells are
shown for comparison. Graphical representation with example colony stains underneath (in
triplicate) (c-i) with a representation of relative change in colonies numbers after induction (c-ii).
Statistical significance is indicated; *** P≤0.005 and ** P≤ 0.01 and error bars represent SD. Shown
examples are representatives of three independent experiments.
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4.4

Effect of IL-6 neutralisation on cell cycle progression.

To further understand how IL-6 altered cells response to HDI-mediated apoptosis in
a MyD88-expression-depedant way; it was of interest to investigate its influence on
cell cycle progression, a hypothesis that resonated with previous studies
highlighting the role of IL-6 in promoting cellular growth 265 296.

U2OS cells stably expressing Tet-On inducible FLAG-tagged MyD88 were treated
with the IL-6 neutralising antibody under MyD88 uninduced (-DOX) and induced
+DOX) conditions (Figure 4.3a) and cell cycle profiles were analysed by FACS. IL6 neutralisation under conditions of MyD88 induction resulted in a higher
percentage of cells in the G2 phase (40%) compared to both MyD88-induced cells
where IL-6 was not neutralised (33%), as well as uninduced cells treated with IL-6
neutralising antibody (29%). These results suggested an interplay between cell cycle
arrest in G2 and IL-6 neutralisation under conditions of MyD88 induction.

Because the cell-cycle profile of MyD88-induced cells treated with SAHA where
IL-6 was neutralised was similar to that of an active G2 checkpoint, G2 check-point
activation was studied. Protein lysates from cells under conditions of MyD88
induction, SAHA treatment and IL-6 neutralisation were immunoblotted to observe
levels of Chk-1 phosphorylation on serine 317 u (Figure 4.3b). Chk1 is usually
activated in response to replication blocks and certain forms of genotoxic stress
whereby phosphorylation of serines 317 and 345 occur, which leads to cell cycle
arrest during DNA damage

297

. Enhanced phosphorylation occurred at S317 upon

IL-6 neutralisation (Figure 4.3b), consistent with a role of Chk1 in the G2
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checkpoint and the increased cells population at G2 phase. An increase in
phosphorylation at S317 also occurred in uninduced cells, irrespective of SAHA
treatment conditions, although one would expect that, as a DNA damaging agent,
SAHA treatment would have enhanced S317 phosphorylation. However, the effect
in MyD88-induced cells was more apparent and dependent on SAHA treatment.
These results suggest that an effect of IL-6 is to allow cell-cycle progression via a
MyD88-mediated process and therefore to promote proliferation, whereby HDI
treatment is more likely to target proliferating cells, which might therefore provide
an explanation to the previously seen reduction of MyD88-dependant HDI-mediated
apoptosis when IL-6 was neutralised.

It is worth noting though that IL-6 is not the only cytokine that MyD88 might
mediate its cell cycle effects. Another previously mentioned example (chapter 1) is
a study where it was found that flagellin, a TLR5 agonist, can induce cell cycle
entry by overcoming p27-induced cell cycle arrest though a MyD88-dependent
pathway as well 239.
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Figure 4.3 Effect of IL-6 neutralisation on cell cycle progression. (a) U2OS cells stably expressing
inducible FLAG-tagged MYD88 were treated with IL-6 neutralising antibody (2µg/ml) for 24 hr under
non-induced (-) or induced (+) doxycycline treatment conditions (1µg/ml; induction for 72 hr
treatment). Cells were harvested and FACS analysed. The mean reading derived from triplicate
readings is shown. (b) Cells from (a) were harvested and immunoblotted with anti-phospho-Chk1
(S317), Chk1 and actin antibodies as indicated. SAHA (10µM) treated cells were also included in the
immunoblot analysis. Error bars represent SD. Shown examples are representatives of three
independent experiments.
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4.5

MyD88-L265P mutation sensitises cells to HDI.

As discussed in section 4.1, MyD88 is expressed at high levels in the hematopoietic
lineage with L265P mutant being its most abundant isoform in a large number of
ABC subtype of DLBCL and in almost all WM patients. Due to the significance of
its clinical expression profile, L265P became an interesting research target recently,
with several research groups screening its potential use as a biomarker across
different types of cancers. Recently, a patient diagnosed with WM with secondary
skin infiltration by clonal lymphoplasmacytic cells was also identified as MyD88L265P positive 298. L265P is believed to be an oncogenic gain-of-function mutation,
which augments signalling through NF-κB. It was reasoned therefore that L265P
might have an impact on MyD88 as a sensitiser to HDI treatment.

U2OS cells were transfected with an empty vector (-), FLAG-MyD88 (WT), or
FLAG-L265P. Different concentrations of SAHA or DMSO were added, and 24
hours later cell lysates were immunoblotted. Cells transfected with the mutant-type
MyD88-L265P showed higher levels of PARP (cleaved) and caspase 3 (cleaved)
upon SAHA treatment compared to those expressing the wild type Flag-MyD88
(Figure 4.4a).

The relevant normalised quantification of caspase 3 (cleaved) shows approximately
20% increase of expression levels in cells transfected with the L265P plasmid
treated with 10uM of SAHA compared to cells transfected with the WT MyD88
under the same SAHA treatment conditions (Figure 4.4b).
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It is worth mentioning that reduced levels of FLAG-L265P in SAHA-treated cells
were reproducibly observed in a noticeable number of similar experiments (as
shown in Figure 4B at New et al., 2016

272

); with the reasons for the reduction

remained unclear. Yet, the enhanced levels of PARP (cleaved) and caspase 3
(cleaved) remained always enhanced compared to those of the wild type. That might
be explained whereas the L265P mutant is transcribed into a MyD88-protein
version of different stability compared to the wild type. Several protein rescue
experiments were conducted, yet a conclusive result could not be drawn due to the
continuously changing levels of L265P expression.

These results were further confirmed, by Dr Semira Sheikh, in two pathologically
relevant ABC-like DLBCL cell lines, RIVA (MyD88 wild-type) and HBL-1
(heterozygous L265P-MyD88), whereby it was found that HBL-1 cells were more
sensitive than RIVA cells to SAHA treatment

272

. Additionally, a very recent study

has shown panobinostat to act synergistically with ibrutinib in diffuse large B cell
lymphoma cells with MyD88 L265 mutations 299.
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Figure 4.4 HDI effect on Wild type MyD88 vs L265P mutant. (a) U2OS cells were transfected with
empty vector (-), FLAG-MYD88 (WT), or FLAG-L265P. SAHA (5, 10, or 20µM) or DMSO (0) was
added, and 24 hours later, cells were immunoblotted with FLAG, caspase-3 (cleaved), or actin
antibodies. (b) Graph represents the quantitated caspase-3 (cleaved) from (a).
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4.6

L265P influence on cytokines levels.

The next step of investigating how L265P might act as a sensitiser to MyD88’s role
as a sensitivity determinant to HDI treatment is to study whether that effect is also
influencing IL-6 expression levels and therefore might provide an explanation
within the context of the previous results.

Using the BD™ Cytometric Bead Array (CBA), the relative levels of IL-6 in media
were measured in cell cultures expressing pCMV-Flag-WT MyD88 wild type as
well as derivative L265P (Figure 4.5), before and after SAHA treatment. L265P
showed a 25-fold increase in IL-6 levels, compared to a 10-fold increase in case of
the wild-type.

Most significantly, IL-6 levels in the mutant cells dropped considerably post-HDI
treatment, exhibiting 2-times fold IL-6 expression level compared to the control,
almost similar to that of the wild-type cells after treatment with SAHA as well.
Collectively, these results suggest that the increased sensitivity of cells expressing
L265P could reflect on the ability of IL-6 to promote proliferation, which confers
with previous studies.

MyD88-L265P signalling was found to be constitutively active in both WM and
DLBCL cells leading to increased levels of MyD88-L265P, IRAK and TRAF6
oligomerization and NF-κB activation. Also TAK1, a signalling protein, was found
to be an essential mediator of MyD88-L265P-driven signalling, cellular
proliferation and cytokine secretion in malignant B cells 254.
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All together, these results provided promising evidence that MyD88 could be
considered as a molecular candidate of potential interest to assess how the ABC
subgroup in general, and the L265P subgroup in particular, responds to HDAC
inhibitor-based therapeutics.
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Figure 4.5 L265P influence on IL-6 expression. Relative levels of IL-6 in tissue culture medium (M)
measured using BD Cytometric Bead Array Kit. Mean values from triplicate readings are shown in
U2OS expressing WT or L265P MYD88 in the presence or absence of SAHA treatment (5µM). Error
bars represent SD. Shown examples are representatives of triplicates of three independent
experiments.
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4.7

Conclusion.

Inducing ectopic MyD88 in FLAG-WT U2OS cells was coupled with an increase in
the NF-κB p65 expression, which has subsequently resulted into the activation of
several cytokines, including IL-6 and IL-8. Yet, only IL-6 levels changed upon
SAHA treatment (Figure 4.1).

Further investigation showed that IL-6 neutralisation reduced cellular sensitivity to
HDI treatment in cells rich with MyD88. That effect was more pronounced at the
apoptotic level (Figure 4.2), which could be explained as a function of the autocrine
action of IL6 in mediating cell sensitivity to HDAC inhibitors 300 301.

It was also shown that IL-6 release as a consequence of MyD88-dependent
signalling enabled cell cycle progression through the G2 phase check point which
promoted faster cellular proliferation, making cells more vulnerable to HDI
treatment, whereas IL-6 neutralisation resulted in cell cycle arrest at the G2-phase
and the phosphorylation at S317, and therefore can explain the reduced overall
cellular sensitivity to HDI treatment. These results recapitulates previous studies
showing HDIs affecting mainly proliferative cells 302.

L265P, MyD88’s gain-of-function mutation in ABC DLBCL and WM patients
252

243

, was shown to also sensitise cells to HDI-mediated apoptosis (Figure 4.4). That

result coincided with an increase in the levels of IL-6 secretion in cells expressing
L265P, which might therefore explain the enhanced sensitivity of L265P-expressing
cells to SAHA treatment within the highlight of the previous findings (Figure 4.5).
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CHAPTER 5 MyD88 acetylation.
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5.1

Introduction.

After the identification of MyD88 as a potential sensitivity determinant to HDI in
the shRNA loss-of-function screen, a set of different experiments were subsequently
deployed to further explore whether manipulating MyD88 levels would alter cells
response to HDI treatment. Cells expressing high levels of ectopic MyD88 have
exhibited higher apoptotic profiles, and vice versa, those cells where endogenous
MyD88 was depleted became less sensitive to SAHA treatment (Chapter 3).

As a TLR adaptor protein, it was reasoned that different MyD88 levels would
trigger different cellular responses as a result of modulating NF-κB pathway
activation and inflammatory cytokine release. It was shown that MyD88-assoicated
IL-6 release prompted apoptosis upon HDI treatment (Chapter 4). However, these
results did not provide an explanation to the molecular interaction between MyD88
and HDACs, and how could HDIs inhibition of deacetylation would inactivate
MyD88.

As an HDI, SAHA has been previously shown to induce lysine acetylation in
histone, for example in NB cells, where a quantitative proteomics study detected
and quantified 28 histone lysine acetylation marks, the majority of which induced
by SAHA 303.

Moreover, a recent study has shown that TLR4 gene transcription is epigenetically
suppressed by treating Sprague–Dawley rats with kainic acid-induced seizures with
SAHA 304.
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As a result, it was hypothesised that the interplay between HDI and MyD88 may
occur through promoting the latter’s acetylation directly, or indirectly via the
acetylation of associated proteins.

Until the initiation of the relevant background work by other members of the group
and the publishing of this work, MyD88 acetylation has not been reported in the
literature. Yet, directly prior to initiating this project, Dr Maria New, in
collaboration with Benedikt Kessler’s group, has been able to identify an acetylated
lysine residue in MyD88 by tandem mass spectrometry analysis, whereby lysine (K)
132 was identified as a MyD88 acetylated residue

272

. Altogether, these

observations formed the fundamentals to pursue further validation of MyD88
acetylation by SAHA, and to investigate how such an interaction would affect
MyD88-HDI interplay and the subsequent effects on cellular apoptosis.

5.2

MyD88 is acetylated.

In order to validate the previous findings, cells stably expressing pCMV-Flag-WT
MyD88 were treated with SAHA (to promote acetylation) for 16 hours and then
immunoprecipitated with FLAG (MyD88) or nonspecific antibody (NS) prior to
immunoblotting with MyD88 (FLAG) and acetyl-lysine antibody (Ac-K).

It was observed that a band appeared when the MyD88-immunoprecipitated protein
lysates of the SAHA-treated-cells were probed with the Ac-K antibody, which
overlapped with another band at the same molecular weight when the membrane
was probed with FLAG-MyD88 (Figure 5.1a).
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Conversely, a much weaker band was apparent at the same molecular weight in
untreated cells upon probing with the Ac-K antibody (Figure 5.1a). Upon
quantification, the relative change in the intensity of the acetylation band,
normalised to the relevant control band, was shown to be almost twice the intensity
SAHA-treated cells (Figure 5.1b).

In order to validate that this interaction is MyD88-specific, a non-specific IgG
control of the same species as the MyD88 antibody was used, where a band at the
same molecular weight was almost non-existent.

Furthermore, the endogenous MyD88 was also found to be acetylated in U2OS cells
upon SAHA treatment (work conducted by Dr Maria New). These results
collectively confirmed previous findings showing that MyD88 was acetylated.

129

a)

in

IP
NS

-

+

-

+

MYD88
-

+

: SAHA
FLAG (MYD88)
Ac-K (MYD88)

b)

Normalised Ac-K (MYD88)

1.2
1
0.8
0.6
0.4
0.2
0
-

+

: SAHA

Figure 5.1 MyD88 is acetylated. (a) Cells stably expressing FLAG-MYD88 were treated with SAHA (+;
10µM) for 16 hours and immunoprecipitated with FLAG (M88) or nonspecific (NS) antibody prior to
immunoblotting with MYD88 and acetyl-lysine antibody (Ac-K). Input (2%) level of MYD88 is shown.
Shown example is representative of three independent experiments. (b) Graph represents the
quantitated Ac-K (MYD88) from (a).
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5.3

MyD88 acetylation enhances HDI cellular apoptosis.

In order to further determine which of the MyD88 10 lysine residues could be
acetylated, an inducible cell line where MyD88 acetylation was mutated by sitedirected mutagenesis was used against inducible Flag-WT MyD88. In the mutant
cell line, Lysine 132 (K132), the MyD88 acetylated residue identified by previous
mass spectrometry experiments, was replaced by arginine 132 (R132) to silence the
MyD88 acetylation, where the mutant K132R could be induced upon doxycycline
addition (provided by Dr Maria New).

FLAG-MyD88 WT and FLAG-K132R inducible U2OS cell lines were induced for
2 days with doxycycline (DOX). Cells were harvested and MyD88 and its lysinedeficient mutant immunoprecipitated with anti- FLAG antibody and immunoblotted
with anti-FLAG or Ac-K antibody (Figure 5.2a).

No acetylation was observed when the ectopic MyD88-K132R protein was
expressed in cells, while, on the contrary, the immunoprecipitated WT-MyD88
showed noticeable Ac-K signal (Figure 5.3a). This result confirmed that the lysine
residue previously identified by mass spectrometry, K132, is acetylated.

Furthermore, it was then of interest to compare the properties of WT MyD88 to its
K132R mutant. To monitor changes in cellular apoptosis, WT MyD88 cells were
immunoplotted against those overexpressing the K132R mutant under the same
SAHA no-/treatment conditions. As one would now expect, upon SAHA treatment,
cells where WT MyD88 was induced showed higher levels of PARP (cleaved)
compared to those where ectopic MyD88 was not induced, which confirmed the
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previous results (chapter 3) where cellular apoptosis on SAHA treatment was
dependent on MyD88 levels (Figure 5.2b). Overexpression of K132R further
sensitised cells to SAHA treatment, resulting in higher PARP (cleaved) levels in
K132R-MyD88 cells treated with SAHA, compared to WT-MyD88 cells treated
with the same SAHA concentration (Figure 5.2b), whereby upon quantifying levels
of normalized PARP (cleaved) expression K132R-overexpressing cells showed 5folds compared to 3-folds in case of cells overexpressing WT-MyD88 (Figure 5.2c).

To further validate that K132R-MyD88 promotes more apoptosis compared to the
WT, FACS analysis was used to measure changes in the number of cells in sub-G1
phase. 23.6% of the cells overexpressing K132R and treated with SAHA went into
sub-G1 phase, compared to 15.24% in case of cells overexpressing WT and treated
with the same SAHA concentration (Figure 5.2d). It was also noticed that the subG1 populations across the two isoforms prior to SAHA treatment were the same,
suggesting that the subsequent changes in sub-G1 levels was a property associated
with HDI treatment (Figure 5.2d).

Overall, these results suggested that MyD88 was thus a direct target for acetylation,
and acetylation impacted on its biological properties, particularly those related to its
role as a sensitivity determinant to HDI.
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Figure 5.2 K132R mutant sensities cells to SAHA treatment. (a) (i) FLAG-MYD88 WT, FLAG-K132R, or
control (-) inducible U2OS cell lines were induced for 2 days with doxycycline (DOX). Cells were
harvested and MYD88 or its mutant immunoprecipitated with anti- FLAG antibody and
immunoblotted with anti-FLAG or anti-acetyl-lysine antibody. Input is indicated (inset). (ii) Graph
represents the quantitated Ac-K from (i) (b) Stable Tet-On inducible U2OS cell lines expressing WT
or K132R FLAG-MYD88 were treated with SAHA (10µM) for 16 hours under noninduced (-) or
induced (+) doxycycline (DOX) treatment conditions (1 mg/mL; induction for 72 hours prior to
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(c) The graph represents quantitation of PARP cleavage from (b). (d) Level of sub-G1 in stable TetOn inducible U2OS cell lines expressing WT or K132R FLAG-MYD88 U2OS under noninduced (-) or
induced (+) doxycycline (DOX) treatment conditions by flow cytometry, upon SAHA treatment
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5.4

MyD88 acetylation alters its protein stability.

Further to previous findings, it was still unclear how MyD88 acetylation affects its
properties. One assumption was that MyD88 acetylation would affect its stability.
As previously discussed (chapter 1), acetylation can regulate protein stability in a
refined mode and by several mechanisms 176. The acetylation of lysine residues can
block ubiquitination at the same residue, thereby preventing proteasomal
degradation. An example is p53, which is tightly controlled by the Mdm2 E3 ligasedriven proteasomal degradation pathway. Acetylation abolishes complex formation
between p53 and Mdm2, whereas an unacetylatable p53 mutant strongly interacts
with Mdm2, resulting in p53 degradation 182.

Additionally, nonproteasomal degradation may also be facilitated by acetylation, as
in the case of the acetylation of non-proteasomal protein HNF-6. It was seen that
acetylation increases HNF-6 half-life, whereas a mutant incapable of being
acetylated is degraded non-proteasomally 305.

Therefore, it was relevant to compare the protein stability levels of MyD88, which
can be acetylated (WT), and MyD88 which cannot be acetylated (K132R). A timecourse treatment of stable U2OS cells expressing Tet-On inducible WT or K132R
FLAG-MyD88 with cycloheximide (100µM) was carried and the lysates were
immunoblotted with FLAG, p53, and actin antibody (control).
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Cycloheximide is commonly used to compare stability levels since it inhibits
protein synthesis via acting specifically on the 60S subunit of ribosome and thus
inhibiting translation elongation

306

. As seen in the immunoblot and the relevant

quantitation graph (Figure 5.3), the mutant K132-MyD88 demonstrated a much
higher half-life compared to the WT. To further confirm these findings, an
alternative method to measure changes in protein turnover levels should be used,
such as differential scanning fluorimetry (DSF) 307 or pulse-chase analysis 306.

This result might provide an explanation to how HDI-treatment affects MyD88
status and therefore its role in mediating apoptosis via a TLR-dependant
mechanism, whereby the increase in the half-life of the hypoacetylated version
(K132R) proposed that MyD88 acetylation, at least in part, promotes its signalling
capacity. Although an explanation could not be made available, yet it is worth
noting that since K132R is not acetylated, the change in its stability might be due to
another set of molecular events, other that acetylation.
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Figure 5.3 MyD88 acetylation affects its turnover. Stable U2OS cells expressing Tet-On inducible.
WT or K132R FLAG-MYD88 were treated with cycloheximide (100µM) for the indicated time and
immunoblotted with FLAG, p53, and actin antibody. Immunoblot quantitation of FLAG-MYD88
relative to actin performed using ImageJ software, with N=1.
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5.5

Recognition of acetylated MyD88 by bromodomain proteins.

Further to establishing that MyD88 contribution into sensitising the cells to HDIs
could be controlled by its K132 acetylation residues, and that silencing this site
changed protein stability status, it was of interest to understand how that acetylation
residue could be recognised, and whether that recognition and the subsequent
acetylation would make MyD88 subject to structural changes that could be further
translated into changes in its activity as an HDI-treatment sensitivity determinant.
Interestingly, BRD-containing proteins were the only proteins known to date of
pursuing this part of the project which could identify acetylated lysine resides on
chromatins, where they could act as readers of this post-translational modification
(see chapter 1). Therefore, a broad-spectrum bromodomain inhibitor, bromosporine,
was used for that purpose.

The addition of bromosporine to U2OS cells stably overexpressing induced WT
FLAG-MyD88 on its own at 3µM did not cause any significant cell death, however,
it had significantly diminished cellular apoptosis caused by SAHA as measured by
PARP (cleaved) and caspase 3 (cleaved) levels (Figure 5.4a). That effect was
exclusive to cells expressing high levels of MyD88, since the same levels did not
change after treating uninduced ones with both SAHA and bromosporine (Figure
5.5a).

It was then attempted to identify which particular bromodomain protein was
important for recognition of MyD88, one that could potentially act as a reader for
this acetylation site that recognises the acetylation residue and modulate the protein
stability or the subsequent cellular outcome.

137

Previous work by Dr Maria New proposed BRWD3 as a potential BRD-containing
reader, taking into account its cytoplasmic co-localisation with MyD88 as well its
established role in JAK/STAT signalling 308.

TLR activation, where MyD88 is known to play a key role, causes release of
interferon and pro-inflammatory cytokines, after which interferon activates the
JAK/STAT signalling pathway

309

. Additionally, the L265P mutant promoted cell

survival by spontaneously assembling a protein complex containing IRAK1 and
IRAK4, leading to a downstream cascade of events that included JAK kinase
activation of STAT3, and secretion of IL-6 242.

To further validate that hypothesis, U2OS cells stably overexpressing WT FLAGMyD88, induced and uninduced, were treated with SAHA for 24 hours, and the
protein lysates were immunoprecipitated with FLAG antibody (for MyD88) as well
as non specific IgG of the same strain (control), prior to blotting for endogenous
BRWD3 and FLAG MyD88. An interaction between the ectopically overexpressed
MyD88 and BRWD3 occurred (Figure 5.4b), while no signal was detected at the
same molecular weight in case of probing for uninduced cell lysates and nonspecific pull down, which conforms to previous results.

To further establish whether that interaction is acetylation-residue-dependant, the
same protocol was followed, yet this time WT cells were compared against their
K132R mutant. The interaction between the ectopically overexpressed MyD88 and
BRWD3 disappeared in case of the mutant K132R (Figure 5.4c).
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These results collectively established a clear interplay between MyD88 acetylation
residue, K132, and BRWD3 as its potential reader, which might provide an
explanation to how HDI-treatment influences MyD88 role in sensitising cells to
HDI treatment via an acetylation-dependant mechanism that contributes to its role
as a TLR adaptor protein.

It is worth noting that more recent studies have shown YEATS domains (named
after Yaf9, ENL, AF9, Taf14 and Sas5) to also bind to histone lysine residues 310, in
addition to Lys residues that are modified by crotonylation (a newly discovered
acetylation-based PTM) 311, which therefore opens the door for further identification
of more MyD88 lysine acetylation readers.
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Figure 5.4 Acetylated MyD88 is recognised by bromodomain proteins. (a) Stable Tet-On inducible
U2OS cell lines expressing WT were treated with SAHA (10µM) and/or bromosporine (3µM) for 24
hours under noninduced (-) or induced (+) doxycycline (DOX) treatment conditions (1 mg/mL;
induction for 72 hours prior to treatment). Cells were immunoblotted for MyD88 (anti-FLAG), PARP
(cleaved), caspase 3 (cleaved) and actin antibody. (b) FLAG-MyD88 WT and (c) FLAG-K132R, or
control (-) inducible U2OS cell lines were induced for 2 days with doxycycline (DOX). Cells were
harvested and MyD88 or its mutant immunoprecipitated with anti- FLAG (FL) or non-specific (NS)
antibody and immunoblotted with anti-FLAG or BRWD3. Input is indicated (inset). Shown examples
are representatives of three independent experiments.
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5.6

Conclusion.

The changes in cellular cycle profiles under SAHA treatment conditions were
shown to be dependant on MyD88 levels, suggesting an interplay between MyD88
and HDI. Previous work indicated endogenous MyD88 acetylation upon SAHA
treatment, and further results confirmed the same results in ecoptic MyD88. To
further explore that hypothesis, acetylation residue at location 132 was identified,
by massspectrometry (Dr Maria new/Dr Benedikt Kessler). Additional investigation
showed the K132 residue to be responsible for MyD88 acetylation, whereby its
silencing yielded a more stable form of MyD88, K132R, that is not subject to
acetylation.

Moreover, the hypoacetylated form of MyD88, K132R, promoted higher cell death
under SAHA treatment conditions, compared to the WT-MyD88, as shown by both
immunoblotting and FACS analysis. Respectively, K132R was shown to be more
stable with longer half-life, a result that might provide an explanation on how
MyD88 acetylation influenced its activity as a sensitivity determinant to HDI
treatment.

Additionally, in a collaboration with Dr. Reuben M. Tooze’s group, Leeds Institute
of Molecular Medicine, University of Leeds, Leeds, United Kingdom, a
bioinformatics analysis was performed to identify a gene-signature at the genomewide level that could be associated with MyD88 expression levels across several
cases of DLBCL. This GO (gene ontology) analysis showed that each ABC
subgroup–specific cluster expressed a high content of lysine acetylation targets,
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above the average lysine acetylation content of the top 500 genes. Therefore, it was
concluded that in the ABC subgroup, MyD88 expression is associated with an
enriched set of genes, which, in addition to their GO term, are related through their
high level of lysine acetylation. For more details refer to New et al., 2016 272.

MyD88 capacity to promote HDI-induced apoptosis was compromised by
bromosporine treatment, where levels of PARP (cleaved) and caspase 3 (cleaved)
under SAHA treatment conditions were reduced in cells overexpressing ectopic
MyD88 when bromosporine was introduced. Also previous preliminary data
suggesting MyD88 recognition by BRD-containing proteins, namely BRWD3, was
further confirmed by mechanistic interactions between MyD88 and BRWD3, a
property that was found to be exclusive to its WT when compared against its
K132R mutant.
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CHAPTER 6 MyD88 interplay with HDAC6.
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6.1

Introduction.

MyD88 was identified as a sensitivity determinant to HDI in the loss-of-function
screen, and its role in moderating cells response to SAHA treatment has been
investigated (chapter 3). Its K132 acetylation residue was found important in
regulating its activity, where if lost; its capacity to sensitse cells to HDI treatment
changes (chapter 5). Therefore, it was of interest to identify which HDAC(s) might
be responsible for these effects.

Although the reason has not been established at the time of this study, yet existent
literature alongside previous results of this project indicated that MyD88 is thought
to be present as aggregated structures or condensed forms, primarily in the
cytoplasm (chapter 3), and therefore it was reasoned that an interplay is likely to
occur with a co-localised HDAC(s). HDAC6 is the only HDAC that its known to be
expressed predominantly in the cytoplasm.

HDAC6 belongs to class II of the HDAC family, and it contains an internal
duplication of two catalytic domains that appear to function independently of each
other (Chapter 1). Its roles in controlling protein stability and expression and cell
fate was linked to its effect on different substrates, such as modulating metastasis
via deacetylating α-tubulin and destabilising the microtubular network 121 122 as well
as modulating proteasomal degradation of misfolded proteins and the formation of
polyubiquitinated aggregates via a p97/VCP-dependant pathway 123 124.

HDAC6 also modulates a number of heat shock Hsp90-mediated regulatory
processes via deacetylating Hsp90 and the subsequent recruitment of chaperone
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complexes, which are involved in the control of the stability of a variety of
downstream factors, and thus stimulating an acetylation-dependent protein
degradation 125 126.

Most relatively, previous studies have shown the suppressive effect of HDAC6 on
MyD88 signalling, where HDAC6, together with SQSTM1, were required for the
aggregation of the MyD88 via accumulation of polyubiquitinated proteins

312

.

Additionally, knocking down SQSTM1 and HDAC6 showed an effect in promoting
formation of the MyD88-TRAF6 complex and conversely decreased interaction of
the ubiquitin-specific negative regulator CYLD with the complex 312.

Therefore, it was reasoned that an interaction between MyD88 and HDAC6 might
take place, whereas if valid; it might impact its regulation of cellular response to
HDI treatment.
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6.2

HDAC6 moderates MyD88 expression.

It was shown that when MyD88 was acetylated; its stability became aberrant
(chapter 5). Taking into account the cytoplasmic localisation of both HDAC6 and
MyD88, it was of interest to further study the relationship between changes in
MyD88 levels and those of HDAC6.

In order to investigate that; a cell line where HDAC6 was silenced has been made.
HDAC6 shRNA (h) lentiviral particles that are transduction-ready and contain a
target-specific construct that encodes a 19-25 nt (plus hairpin) shRNA designed to
knock down HDAC6 gene expression were used to make a HDAC-deficient cell
line. In parallel, control shRNA lentiviral particles containing a construct that
encodes a scrambled sequence, which would not lead to the specific degradation of
any known cellular mRNA, were used to make a control cell line.

When HDAC6 was knocked down, cells capacity to express MyD88 proteins was
lost (Figure 5.6a). It was therefore reasoned, taking previous effects of MyD88
acetylation status on its stability in account, that the absence of HDAC6 rendered
MyD88 in the acetylated form and subsequently promoted its degradation.

Furthermore, MyD88 levels seemed to decrease when U2OS cells were treated with
SAHA (Figure 5.6a), which might also be linked to decrease in HDAC6 levels. To
further validate that this effect was HDAC6-dependant, both HDAC6-KD cells
(+shRNA) and control cells (-shRNA) were treated with an HDAC6-specific
inhibitor, namely tubstatin (tub) (discussed in more details in section 1.4). It was
seen that the increase in tubstatin concentrations was coupled with a decrease in the
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levels of MyD88 (Figure 6.1b) in control cells. Again, MyD88 was absent in cells
treated with HDAC6 inhibitor (Figure 6.1b). Collectively, these results have
suggested that HDAC6 plays a role in MyD88 expression.

These results were in accordance with other experiments run by other members of
the group, whereby, for example, stable A549 HDAC6 shRNA (+) showed lower
levels of apoptosis compared to control A549 HDAC6 shRNA (-) cells when both
were treated with tubastatin 272.
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Figure 6.1 MyD88 levels are proportional to HDAC6 levels. Control (-) and HDAC6 knockdown (+;
stable shRNA knockdown) U2OS cells were treated with SAHA (a) and tubstatin (b) at the indicated
concentrations for 24 hours and analyzed by immunoblotting for HDAC6 and MYD88. Actin was the
loading control. Shown examples are representatives of three independent experiments.
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6.3

HDAC6 interacts with MyD88.

The next step of the investigation was to test if there was an interaction between
MyD88 and HDAC6, and whether that interaction is dependant on MyD88
acetylation status. U2OS cells harvested and immunoprecipitated with anti-MyD88
antibody and immunoblotted with anti-MyD88 or anti-HDAC6 antibodies. An
obvious interaction between HDAC6 and the endogenous MyD88 was observed
upon immunoprecipitation (Figure 6.2a), which validates the previous hypothesis.

In order to validate that the interaction observed between MyD88 and HDAC6 is
dependant on MyD88 acetylation, lysates from FLAG-MyD88 WT and its FLAGK132R mutant were also immunoprecipitated and immunoblotted with anti-FLAG
or anti-HDAC6 antibody. Only the WT MyD88 showed an interaction with
HDAC6, with the mutant showing a much less degree of interaction (Figure 6.2b).
Although that this result suggested that MyD88 K132 residue is vital for its
interaction with HDAC6, yet the presence of an interaction signal with the K132R
mutant, at rather low levels, indicates that either MyD88 harbours other acetylation
residues that also interacts with HDAC6, in addition to its 132 acetylation site, or
other regions of MyD88 might also interact with HDAC6. Nevertheless, these
results confirmed that MyD88 is a substrate for HDAC6 acetylation.
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independent experiments.
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6.4

HDAC6 promotes MyD88 protein stability.

Although transcriptional regulation at the gene levels rarely reflect on protein
expression at the post-transcriptional level, mainly due to the regulation control at
different levels, yet there have been instances where changes in mRNA levels
strongly correlated with changes in protein levels with the assumption that
regulation of gene expression of these genes could be tightly controlled at the levels
upstream of translation. An example is a transcriptome study that showed the
transcript and protein levels could correlate when a gene‐specific RNA‐to‐protein
(RTP) conversion factor independent of the tissue type was introduced, thus
significantly enhancing the predictability of protein copy numbers from RNA levels
313

. Taking previous results showing a reduction of MyD88 protein levels upon

HDAC6 depletion into account, it was of interest to further study whether that
modulation happens at the post-transcriptional level only, or whether transcriptional
events contribute to that interaction as well.

When the corresponding levels of MyD88 RNA were measured by RT-PCR, there
were no differences at RNA levels of MyD88 between the control cells and HDAC6
KD cells. As a conclusion, it was assumed that the decrease in MyD88 protein
levels upon changing HDAC6 levels was not a result of reduced transcription;
instead it may be due to an effect on protein turnover subject to HDAC6-mediated
stability (Figure 6.3a).

The next step was to investigate whether HDAC6 knockdown is responsible for
reducing MyD88 protein stability and promoting its degradation. Protein levels are
not solely determined by its synthesis rate, but also rates of its degradation. The
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intracellular degradation of proteins usually occurs through two main pathways: the
ubiquitin-proteasome pathway and lysosomal-mediated proteolysis degradation. In
the lysosomal proteolysis pathway proteins are uptaken by lysosomes, whereby they
are further digested by a number of enzymes, proteases included. The uptake of
proteins by lysosomes is governed by a variety of pathways, such as autophagy and
endocytosis 314.

The common pathway that is known to be the major pathway of selective protein
degradation in eukaryotic cells is ubiquitin-proteasome pathway. Ubiquitin, a highly
conserved 76-amino-acid polypeptide that is highly conserved in all eukaryotes, is
attached to the amino group of the side chain of a lysine residue, whereas it
functions as a marker that targets cytosolic and nuclear proteins for proteolysis.
Additional ubiquitins are added subsequently forming a multiubiquitin chain,
making polyubiquitinated proteins subject to recognition and degradation by a large,
multisubunit protease complex; the proteasome.

Knowing that HDAC6 controls MyD88 expression at the post-transcriptional level,
it was hypothesised that MyD88 down-regulation by HDAC6 neutralisation might
involve the proteosomal degradation pathway. Bortezomib (Velcade) is an FDAapproved ubiquitin-proteasome pathway inhibitor that is widely used to study
changes in protein degradation via the ubiquitin-proteasome pathway. It acts
through inhibiting the chymotrypsin-like activity of the β5 subunit of the
proteasome, which is associated with the rate-limiting step of proteolysis 315.

A time-course treatment of control (-shRNA) and HDAC6-KD cells (+shRNA) with
brotezomib (100nM) was carried and the lysates were immunoblotted with MyD88,
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HDAC6, and actin antibody. When HDAC6 KD cells, where MyD88 was
previously shown to be absent, were treated with brotezomib, MyD88 started to
occur clearly after 5 hours of the treatment (Figure 6.3b). This result suggested that
the less stable version of MyD88, which is acetylated in absence of HDAC6, could
be rescued from degradation by inhibiting the ubiquitin-proteasome pathway.

In order for this result to be more conclusive, other ubiquitin-proteasome inhibitors
with different mechanisms of action should be further utilised. Examples include
Mg-132, another commonly used proteosomal inhibitor, that also acts through
binding to β-subunits of the proteasome, or an inhibitor of a different mode of
action such as lactacystin, that becomes hydrolised in cells and covalently modifies
the N-terminal threonine of subunit X in the mammalian 20S proteasome.

One potential explanation for this result is that HDAC6 capacity to deacetylate
MyD88 renders the latter less vulnerable to proteosomal degradation and thus
increasing its stability. Further work to explore other potential MyD88 degradation
pathways that might be influenced by HDAC6, such as autophagy and lysosomal
degradation, was under its way, yet conclusive results could not be obtained due to
time constraints.
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Figure 6.3 Proteasome inhibition rescues MyD88 in absence of HDAC6. (a) RT-PCR of MyD88 RNA in
control (WT) and HDAC6 (KD) cells. Actin was used as control. (b) Control (-) and HDAC6
knockdown (+; stable shRNA knockdown) U2OS cells were treated with cycloheximide (100µM) for
the indicated time and immunoblotted with MyD88, HDAC6, and actin antibody. Shown examples
are representatives of three independent experiments.

154

6.5

Mechanism of MyD88 protein control by HDAC6.

Previous results showing MyD88 as an HDAC6 substrate that promotes its stability
via blocking ubiquitin-proteasome pathway led to further interest in deciphering the
mechanistic interplay between MyD88 and HDAC6. Previous reports have
indicated that HDAC6 is selectively involved in the polyubiquitin-positive, but not
polyubiquitin-deficient, aggresomes

124

. The presence of an ubiquitin binding

domain (the BUZ finger) previously suggested the possibility that the association of
HDAC6 with aggresomes might be mediated by its binding to polyubiquitinated
misfolded proteins

124

. It was also found that HDAC6 was associated with the

dynein motor complex, a family of cytoskeletal motor proteins that move along
microtubules in cells, and recruited polyubiquitinated proteins to dynein

124

. It was

therefore reasoned that HDAC6-BUZ domain might be responsible for the
protesomal-linked interaction between MyD88 and HDAC6 that was previously
described.

U2OS HDAC6-KD cells (+shRNA) were transfected with HDAC6-FLAG WT and
HDAC6-FLAG ΔBUZ (missing the BUZ domain) plasmids (Figure 6.4a), and
lysates from harvested cells were immunoblotted against FLAG-HDAC6,
endogenous MyD88 and actin (as a control) antibodies (Figure 6.4b). It was
observed that cells transfected with the WT plasmid have successfully expressed
endogenous MyD88, while MyD88 levels in cells transfected with the ΔBUZ
plasmid were nearly undetectable. This result suggested that the BUZ domain might
be responsible for HDAC6 interplay with MyD88, although such an interpretation
could not be fully conclusive due to the rather weak ΔBUZ-Flag signal, which could
have been antibody-dependant.
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To further validate this hypothesis, lysates from HDAC-KD cells that were
transfected with both plasmids, WT and ΔBUZ, were immunoprecipitated and
immunoblotted against FLAG-HDAC6 and MyD88. An interaction between WTHDAC6 and MyD88 took place. However, and despite its higher FLAG expression
levels compared to WT, no interaction was detected between HDAC6 ΔBUZ and
MyD88. It is worth noting that FLAG-HDAC6 bands were, albeit weak, detectable
in the control lanes (-), which might suggest a certain degree of antibody lack of
specificity or potential “leakage” in the cell line.

These results clearly suggested that HDAC6-BUZ domain plays a role in HDAC6
interaction with MyD88 and therefore that might explain, in part, how HDAC6
regulates MyD88 stability and the subsequent modulation of HDI-mediated cellular
response via, at least partially, the ubiquitin-proteasome pathway. However,
whether that interaction could be directly linked to the previously observed MyD88
acetylation-dependant stability and protein turnover needs to be further investigated
in cells that express the K132R mutant version of MyD88.
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Figure 6.4 HDAC6 BUZ domain is required for HDAC6 interaction with MyD88. (a) A schematic
showing HDAC6-WT and HDAC6-ΔBUZ plasmids domains composition. (b) U2OS HDAC6-KD
(+shRNA) cells were transfected with empty vector (-), FLAG-HDAC6 (WT), or FLAG- ΔBUZ. Cells
were immunoblotted with FLAG, MyD88, or actin antibodies. (c) Cells from (b) were
immunoprecipitated with anti- FLAG antibody and immunoblotted with anti-FLAG or anti-MyD88
antibody. N=1.
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6.6

Conclusion.

MyD88 stability, and thus its necessary presence to act as a TLR adaptor that
modulates HDI-mediated apoptosis, was found to be largely in control by HDImediated acetylation, and it was reasoned that a co-localised HDAC, namely
HDAC6, could play a role in mediating that control.

MyD88 was absent in cells where HDAC6 was depleted my means of shRNA
knockdown. That result was further confirmed when cells were treated with a
selective HDAC6 inhibitor, tubstatin.

To further explore that interplay, a set of mechanistic immunoprecepitation
experiments confirmed an interaction between MyD88 and HDAC6. That
interaction was absent in case of the K132R mutant, which confirms that the
interaction is dependant on MyD88 acetylation capacity.

Interestingly, HDAC6 regulation of MyD88 was found to be restricted to changes at
the post-transcriptional levels only, whereby proteosomal inhibition rescued MyD88
in HDAC6-deplated cells, suggesting that HDAC6 influence on MyD88 stability
might be regulated via the ubiquitin-proteosome pathway.

That hypothesis was further validated when the interaction between MyD88 and
HDAC6 was lost when the ubiquitination domain of the latter, its BUZ domain, was
absent.
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These results provided substantial about the interaction between MyD88 and
HDAC6, which could provide a coherent explanation of how HDI-treatment
influenced MyD88 levels and therefore its role in promoting a cascade of
downstream effects, that eventually included apoptosis. However, further
investigation of other degradation pathways, via Hsp90 for example, alongside
studying any potential interactions with other HDACs should not be ruled out
(discussed later, chapter 7).
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CHAPTER 7 Discussion.
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7.1

Conclusions.

7.1.1 MyD88 expression levels regulate sensitivity to HDIs.

The central scope of this project was to validate MyD88 as a potential sensitivity
determinant to HDIs after its discovery at the genome-wide shRNA loss of function
screen

227

. Functional analysis of MyD88 levels confirmed previous results and

revealed its influence on cellular apoptosis on HDI treatment, where as inducing
overexpression of ectopic MyD88 enhances cells response to SAHA treatment, and
conversely silencing endogenous MyD88 reduces, yet does not completely abolish,
their apoptosis. These results were an interpretation of the change into the levels of
PARP (cleaved), caspase 3 (cleaved) and percentage of cells in sub-G1 phase as
markers for apoptosis, and changes in cells capacity to form colonies in CFA as an
indicator of cellular growth.

As a potential future biomarker that could be ultimately used in the clinic, MyD88
localisation was determined in both in vitro, by immunofluorescence, as well as in
vivo samples, by IHC. MyD88 was found to be predominantly located
cytoplasmically, although in some instances (experiments conducted by other group
members) it could be seen in the nucleus. Due to limited access to patients’ samples,
it was hard to establish a conclusion on MyD88 localisation or any potential relocalisation upon HDI treatment. These results where in agreement with the
literature, where MyD88 was shown to be expressed predominantly in the
cytoplasm, in both U2OS cells 284 as well as in TMA sections from DLBCL patients
243

.
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Future experiments to further confirm MyD88 localisation should be conducted,
such as cellular fractionation and immunoblotting the resultant fractions 316.

7.1.2 IL-6 sensitises cells to HDIs through a MyD88-dependent mechanism.

As a toll receptor protein modulator, MyD88 role in regulating inflammatory
pathways and cytokines release was of an interest

258

. MyD88 was shown to

influence NF-κB expression, whereas the overexpression of MyD88 coincided with
high levels of NF-κB. It was reasoned therefore that this might have an affect upon
the release of various cytokines. A cytokines screen was carried out, showing
changes in both IL-6 and IL-8 levels in the tissue culture media to be dependent on
changes in MyD88 levels. Furthermore, treating cells overexpressing MyD88 with
SAHA coincided with a reduction in IL-6 secretion. In accordance, neutralising IL6 in cells rich with MyD88 reduced HDI apoptotic effects on cells as validated by
levels of PARP (cleaved) and the percentage of cells in sub-G1 phase. These results
can be explained within the scope of HDACs roles in modulating innate and
adaptive immune response, particularly via IFN- and TLR-dependant pathways,
where IL-6 was shown to be both regulated by HDACs-mediated transcription
repressions of TLR-4 mediated chromatin modelling

289

. Another explanation can

be provided within the scope of interplay between MyD88 and IL-6, where previous
studies have shown MyD88 and IL-6 interplay in tumouregensis, via, for example,
blocking erlotinib-induced IL6 secretion upon MyD88 secretion 271.
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However, neutralising extracellular IL-6 in cells overexpressing MyD88 did not
cause major differences in cellular proliferation as shown in CFA experiments
before and after SAHA treatment. That could be explained within the highlight of
IL-6 function as a proliferative cytokine, whereas its depletion slowed down
colonies growth unspecifically and therefore SAHA effects could not be
pronounced.

Also it was noticed that IL-6 allowed cell-cycle progression via a MyD88-mediated
process, whereby neutralising IL-6 stimulated more cells to go into the G2 phase as
well as enhancing the phosphorylation of S317.
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7.1.3 Somatic mutation in MYD88 influences HDAC inhibitor sensitivity.

L265P substitution is frequently observed in the ABC subtype of DLBCL and
Waldenstrom macroglobulinemia as an oncogenic gain-of-function mutation, which
augments signalling through NF-kB, and therefore it was of an interest for further
investigation within the scope of this project

298

. Cells expressing L265P happened

to be more sensitive to SAHA treatment when compared to cells expressing WTMyD88 as observed in differences in PARP (cleaved) levels as well as sub-G1 cells
populations. Moreover, L265P expression coincided with higher IL-6 secretion,
which greatly dropped upon SAHA treatment. Such results support previous
literature that suggests the potential use of L265P as a prognostic biomarker, where
its expression was shown to be associated with higher disease burden and
progression 252 291

Additionally, a collaborating group used a bioinformatics approach to determine at
the genome-wide level whether a gene signature correlated with MyD88 expression
by screening gene expression datasets derived from DLBCL clinical biopsies. When
the 500 most correlated genes with MyD88 expression were clustered according to
GO descriptors; each ABC subgroup–specific cluster had a high content of lysine
acetylation targets. Thus, in the ABC subgroup, MyD88 expression was associated
with an enriched set of genes, which, in addition to their GO term, are related
through their high level of lysine acetylation 272.
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7.1.4 MyD88 is acetylated.

Acetylation was shown to play a vital role in regulating several protein functions,
by altering protein stability, localisation and interactions 317. Many of these cellular
proteins are relevant to cancer cell proliferation and tumourigenes, and targeting of
such acetylation can be a viable cancer therapy approach 317.

Previous work has identified MyD88 to be acetylated at its K132 residue, a novel
finding that was further investigated with respect to its role as a sensitivity
determinant to HDI treatment. MyD88 was found to be acetylated upon
immunoprecipitation and immunoblotting against an acetylated lysine antibody.
When treated with SAHA, a mutant lacking the K132 acetyaltion residue, K132R,
sensitised cells to higher levels of cellular apoptosis compared to the WT as seen by
the increase in the levels of PARP (cleaved) levels as well as the number of cells in
sub-G1 phase. Interestingly, K132R mutant was shown to be more stable, which
might reflect on the effect of acetylation on MyD88 protein turnover. It is worth
noting that since K132R is not acetylated, the change in its stability could not be
exclusively attributed to change in acetylation status, with the likelihood of having a
different unknown mechanism involved.
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7.1.5 Acetylated MyD88 is recognised by a bromodomain reader.

A broad-spectrum bromodomain inhibitor, bromosporine, reduced cells response to
HDI treatment, whereas only the acetylated version of MyD88 was recognised by
the cytoplasmic domain reader BRWD3.

7.1.6 MyD88 is an HDAC6-substrate.

The established role of HDAC6 in MyD88 aggregate formation and its localisation
in the cytoplasm made it a good candidate for studying how it could possibly
control MyD88 status and the subsequent cellular fate on HDI treatment. Reduction
in HDAC6 cellular levels by shRNA knockdown was shown to downregulate
MyD88 levels and therefore reduced cells sensitivity to SAHA. That was shown to
happen mainly due to an interaction between HDAC6 and the acetylatable form of
MyD88, where the K132R mutant did not display an interaction with HDAC6.

One possible explanation could be made within the scope of MyD88-folding status,
aggresome formation and HDAC6 activity. For example, one study has shown that
cells treated with HDIs contained microaggregates, but these microaggregates were
not transported to microtubule organising centers, and thus were never degraded 318.
Therefore, and despite that HDAC6 BUZ domain recognised the polyubiquitin on
the MyD88 Mydosomes, which should lead to its degradation, yet another protein
might protect MyD88 from aggregation, or also the formation of these microaggregates might fail to be transported to microtubule organising centers and
therefore degradation does not take place.
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That interplay was shown to happen at the post-transcriptional level only, whereas
inhibiting the proteosomal degradation of the acetylated MyD88, in absence of
HDAC6, promoted protein stability. It was also shown that the HDAC6 BUZ
domain, which is mainly responsible for its ubiquitin binding activity, was vital in
the interaction with MyD88, whereas if absent HDAC6 would lose its MyD88interaction capacity.

Figure 7.1 is introducing a suggested working model of the study; illustrating the
role of MyD88 as a potential sensitivity determinant to HDI-treatment via an IL-6dependant mechanism, in a loop that is suggested to be dependant on HDAC6
influence on MyD88 acetylation status.
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Figure 7.1 Model depicting the role of MyD88 as a sensitizer to HDAC inhibitor treatment. It is
envisaged, through its role as an adaptor protein in TLR-dependent signaling, that in untreated
lymphoma cells (left-hand diagram), MYD88 augments Nf-kB activity, which thereby increases the
expression of target genes, including cytokine genes like IL-6. The autocrine action of IL-6 retains
cells in the proliferative state and augments cell sensitivity to HDAC inhibitors. Acetylated MYD88 is
deacetylated by HDAC6. Upon treating cells with HDAC inhibitor (right), increased acetylation of
MyD88 occurs, resulting in reduced MyD88 and Nf-kB activity, lowering IL-6 expression and thereby
prompting growth inhibition through reduced IL-6 levels. It is suggested that altered MYD88
acetylation contributes to the antiproliferative effects of HDAC inhibitor treatment by preventing
the autocrine growth-promoting action of cytokines like IL-6. Adapted from New et al., 2016.
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7.2

Project limitations.

7.2.1 Cell line system.

HDIs approved for clinical include Vorinostat for CTCL; romidepsin for CTCL and
PTCL; belinostat for refractory PTCL and panobinostat for multiple myeloma.
However, the genome-wide loss of function screen where MyD88 was identified as
a potential sensitivity determinant to HDIs was conducted in U2OS cells

227

, and

therefore it was reasoned to use the same system to carry on this project.

Generally speaking, although a comparison of the different effects of SAHA
treatment among other cell lines took place at the start of this project, yet it could
not be conclusive and it would be interesting to validate the hypothesis in other cell
lines, particularly those known to be more sensitive to HDI treatment. For example,
RIVA and HBL cells were used, by Dr. Semira Sheikh, to show that levels of
MyD88 dictates cells sensitivity to SAHA treatment

272

. However, all experimental

cell lines are known to have mutations that makes them different compared to their
actual genomic tissue profiles

319

, that is in addition to their lack of evolution,

complexity and heterogeneity capacity, as opposed in a tumour 320

Also, and despite its convenience as an experimental tool, utilising overexpression
systems might be disadvantageous. For example, the use of Tet-on MyD88 WT and
mutant cells lines required doxycycline addition, which might affect cellular
proliferation and metabolism. Additionally, whether ectopic proteins behave similar
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to endogenous ones and whether their overexpression changes cellular translation
and transcription remains questionable.

7.2.2 Measuring apoptosis.

One of the limitations of this project was the measurement of cell death only by
immunoblotting for PARP (cleaved), caspase 3 (cleaved) and measuring sub-G1
phase population by FACS. Additional methods that could be used to validate this
project’s findings further include Annexin V staining to differentiate between
apoptotic and necrotic cell death 321 and MTT assays to measure drug effect on cell
metabolism and therefore viability 322.

Also although that apoptosis was the major focus of this project since the aim was
to have a direct measurement of cellular sensitivity to HDI treatment, yet other
cellular outcomes, such as autophagy, should be taken into account in future studies.

7.3

Future directions.

7.3.1 MyD88, a biomarker for HDI-treatment.

The results of this study paves the way for further investigation to establish MyD88
as a biomarker to stratify patients who are more likely to respond to HDI treatment.
Several case studies have proposed L265P to be a valid potential biomarker for WM
and ABC DLBL patients

323

, yet the acetylation status of MyD88 and the
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subsequent potential use of HDI as the treatment of choice are still to be thought
after.

In order to achieve this, further experimentation to validate the molecular findings
and link them to potential clinical applications should be considered in the future.
Examples of validating the molecular findings include measuring changes in WM
and ABC DLBCL cells sensitivity to SAHA treatment in co-relation with MyD88
levels, acetylation signature and its mutation status, and decide on the quantitative
validity across a wide array of general population samples versus WM and ABC
DLBCL samples across each of there three features. Once one (or more) of these
molecular feature(s) prove(s) molecular viability, then the development of high
sensitivity, cheap and standardised antibodies, optimised for clinical samples,
should be achieved.

Following that development phase, the assay should be trialled in a comprehensive
clinical trial to test its accuracy and reproducibility in the target group and
understanding its limitations at end-points during the course of development, while
conforming with the approval criteria, as those suggested, for example, by FDA’s
Center for Drug Evaluation and Research for defining the biomarker qualification
process. as discussed in chapter 1

216

. Once such trials are concluded, then the

potential approval for MyD88 levels, acetylation or mutation status clinical use
should be placed within the relevant context of use, level of evidence and said
qualification criteria 216.

Moreover, correlating the findings of this study with existent as well as future
clinical data that indicate different MyD88 expression and/or acetylation levels in
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different subsets of patients can be significantly important in patients’ stratification,
and investigating whether the MyD88-mediated antioproliferative effects of HDIs is
a universal feature, or rather limited to certain types of cancer. For example, a
recent study has shown that high levels of MyD88 staining can be associated with
advanced stage and poorer survival in high-grade serous ovarian carcinomas,
compared to improved survival in low-grade serous ovarian carcinomas 324.

7.3.2 MyD88-HDAC6 interplay via ubiquitination and Hsp90.

The results of this project suggested that the acetylatable version of MyD88 was
subject to protesomal degradation in absence of HDAC6. Several experimental
attempts have been made to develop more in depth understanding of how MyD88
acetylation status might affect its ubiquitnation, potentially via HDAC6, for
example his-ubiquitin pull down; yet results were not conclusive due to low-binding
affinity of antibodies used at the time of running that experiment. Also, albeit
HDAC6 and MyD88 cytoplasmic localisation, it can be of interest to see whether
other HDACs would have the same effect on MyD88.

Another interesting set of experiments that have been under their way is to establish
whether the interaction between HDAC6 and MyD88 involves Hsp90. Hsp90 has
been identified as an HDAC6-substrate. Inactivation of HDAC6 leads to Hsp90
hyperacetylation, its dissociation from an essential cochaperone, p23, and a loss of
chaperone activity. In HDAC6-deficient cells, Hsp90-dependent maturation of the
glucocorticoid receptor (GR) is compromised, resulting in GR defective in ligand
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binding, nuclear translocation, and transcriptional activation 126. As Hsp90 is known
to play a role in protein folding and stabilisation, it will be interesting to see
whether its activation by HDAC6 will have an effect on MyD88 protein turnover
rates.

7.3.3 HDAC6 in immuno-oncology.

Immuno-oncology, the use of the immune system to treat cancer, has been recently
on the rise, with several novel therapeutics under developed, including the recently
approved CAR-T cell therapy CTL019 for the treatment of pediatric, young adult r/r
B-cell ALL.

HDAC6 was shown to influence T-cell activation and survival for cancer
immunotherapy 325. Another line of investigation that was initiated on as part of this
project but could not be completed due to time limitation was to identify the
potential role of HDAC6 acetylation on programmed death-ligand 1 (PD-L1)
regulation. Programmed death-ligand 1 (PD-L1) is a 40kDa type 1 transmembrane
protein that has been speculated to play a major role in suppressing the immune
system and is currently the target of several immunotherapy approaches. Potential
interaction routes that are suggested include Epigenetic changes in master stimuli,
such as IFN-gamma, will affect the expression of the whole cluster of genes,
suggesting that epigenetic regulation could also work as an indirect mechanism to
control the antigen presentation through the modulation of these master stimuli,
modulation of an upstream target, for example a human gene which encodes a
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protein called the class II, major histocompatibility complex, transactivator (CIITA)
or via direct regulation of the epigenetic signature at the PD-L1 promoter.

7.4

Project Summary.

Although a growing interest in HDAC biology has grown over the past few years
after the introduction of successful HDIs to the clinical setting, yet our
understanding of how these agents work at the molecular level is still at its genesis.
MyD88 has been identified as a potential sensitivity determinant to HDI treatment
in a genome-wide loss-of-function screen

227

. The screen identified genes that were

likely to sensitise cells to HDI-induced apoptosis. Altering MyD88 ectopic and
endogenous levels were shown to play a role in mediating cells response to HDI
treatment.

As a TLR adaptor, MYD88 role on controlling cytokines secretion upon HDI
treatment was further investigated, and it was found that increased levels of
extracellular IL6 played an important role in modulating cells sensitivity to HDI
treatment. Moreover, the neutralisation of extracellular IL6 reduced the apoptotic
effects of HDIs and captured cells in G2 phase.

MYD88 somatic gain of function mutation that exists frequently in DLBCL and
Waldenstrom macroglobulinemia was further investigated within the context of
interest of this project, and the results of showed that L265P impacted cellular
sensitivity to HDI-treatment. The increased sensitivity of cells expressing L265P
could reflect upon the ability of IL-6 to promote proliferation, which was further
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confirmed by the results showing high level production of IL-6 in case of
overexpressing the mutant ectopically.

An acetylation site at residue K132 was identified. The K132R- mutant derivative
exhibited increased protein stability and caused higher levels of IL-6 secretion and
HDI-induced apoptosis, relative to wild-type MyD88, establishing a mechanistic
connection between MyD88 acetylation and cytokine signalling. Furthermore, that
interaction was further explained within the context of utilising BRWD3 as an
acetylation reader that HDACs can use to identify MyD88.

That relation was further investigated within the context of the interplay between
HDAC6 and MyD88, where the former was found to be a key upstream regulator of
the latter, through an acetylation-dependant mechanism, whereby HDAC6 inhibitors
could subsequently have an impact on MyD88 activity. The reduced level of
MyD88 in HDAC6-depleted cells is consistent with the observed increase in halflife of the hypoacetylated K132R mutant, proposing that deacetylation by HDAC6
renders MyD88 capacity for signalling. Furthermore, it was shown that this
interaction did not include changes at the post-transcriptional level, whereas
inhibiting the HDAC6-mediated proteosomal degradation of the acetylated MyD88
promoted protein stability, a property that was found to be attributed to HDAC6
ubiquitination domain.

Collectively, the results of this study paves the way for further investigation on the
use of HDIs in different cancer types, taking MyD88 levels and its acetylation status
into account.
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