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Overview

MicroRNAs (miRs) are regulatory small noncoding RNAs that control expression of target
genes by inhibiting translation and directly targeting messenger RNA (mRNA) transcripts for
degradation [1]. The mature miR binds to its target by partial complementarity, usually in the
3'UTR of target MRNA. Each miR has a specific complementary seed sequence, around 7 or
8 nucleotides long. By binding to the seed sequence on the mRNA, the miR can either cause
the target MRNA to be destroyed, or merely inhibit subsequent translation of the mRNA [2-
4]. A single miR can regulate multiple targets [5].

miR expression profiles have been used to classify cancers, reviewed in [6], and
investigations into breast cancer expression profiles have discovered abnormally high levels
of particular miRs [7-10]. Studies are underway to identify the mechanisms underlying the
deregulation of miRs and their association with cancer [11]. In breast cancer a small number
of miRs have been found to be significantly deregulated in breast cancer tissue compared
with non-malignant breast tissue [7, 9, 10, 12].

Expression profiling of miRs comparing normal breast tissue and breast tumours have found
that miR-155 is upregulated in breast cancer and can act as an oncomir [9-11]. Since miRs
operate by inhibiting the translation of their target mMRNA, one could speculate that miR-155
targets might be critical in breast tumour progression and metastasis.

The aim of this work was to investigate the oncogenic role of miR-155 in breast cancer.
Chapter 1 is a literature review focussed on miR-155 in breast cancer, including the clinical
relevance of miR-155, functional characterisation, regulation of miR-155 and target genes of
miR-155. In the review, a comprehensive list of all confirmed miR-155 target genes was

compiled, in order to act as a resource for future researchers investigating the functional



significance of miR-155 dysregulation. The review also encompasses the origin of this miR
and subsequent processing. The main aim of the literature review was to establish the field of
knowledge, in order to identify areas of interest for future research: areas involving miR-155
in breast cancer that had not been fully explored.

In Chapter 2 the upregulation of miR-155 by p63 and mutant p53 in breast cancer is
investigated, as well as the novel downstream target of miR-155, ZNF652. ZNF652 was an
appealing target gene to investigate, as it was found to repress drivers of invasion and
metastasis and could be a key downstream target of miR-155 and thus be the basis for miR-
155’s oncogenic effects in breast cancer. The discovery that miR-155 was upregulated by p63
and mutant p53 was exciting, as the regulation of miR-155 is an area that has not previously
been thoroughly researched (as revealed by the literature review in Chapter 1).

The regulation of miR-155 is a theme that is continued in Chapter 3, which investigates
which p63 isoform is responsible for the regulation of miR-155. The scope of this work was
broader and not limited to breast cancer alone, as the mechanism of miR-155 regulation could
be relevant to any of the cancer types in which miR-155 is upregulated. The TAp63 and
ANp63 isoforms have opposing effects in cancer, and understanding the mechanism of
regulation of miR-155 could aid our understanding of how miR-155 becomes highly
upregulated in invasive breast cancers. Furthermore, this understanding could be used to
better diagnose or treat patients with invasive breast cancer.

Finally, Chapter 4 summarises the results and implications of this research.
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Abstract

miR-155 is an oncogenic microRNA with well described roles in leukemia. However,
additional roles of miR-155 in breast cancer progression have recently been described.

A thorough literature search was conducted to review all published data to date examining the
role of miR-155 in breast cancer. Data on all validated miR-155 target genes was collated to
identify biological pathways relevant to miR-155 and breast cancer progression. Publications
describing the clinical relevance, functional characterisation, and regulation of expression of
miR-155 in the context of breast cancer are reviewed. 147 validated miR-155 target genes
were identified from the literature. Pathway analysis of these genes identified likely roles in
apoptosis, differentiation, angiogenesis, proliferation and EMT. The large number of
validated miR-155 targets presented here provide many avenues of interest as to the clinical
potential of miR-155. Further investigation of these target genes will be required to elucidate
the specific mechanisms and functions of miR-155 in breast cancer. This is the first review
examining the role of miR-155 in breast cancer progression. The collated data of target genes
and biological pathways of miR-155 identified in this review suggest new avenues of

research for this oncogenic microRNA.



Introduction

MicroRNAs (miRNAs) are small noncoding RNAs which control expression of target genes
by either inhibiting protein translation or directly targeting mRNA transcripts of target genes
for degradation (1). Each miRNA has a specific seed sequence 7-8 nucleotides long, which
directly binds to complementary sequences in regulatory regions of target genes. These
binding regions are often in the 3’ UTR of target genes, but increasingly are being reported in
other non-coding regions such as promoter or intronic regions (2). The short length of the
seed sequence facilitates the targeting of many transcripts by a single miRNA (3). Some
estimates suggest that 30% of all eukaryotic genes are regulated by miRNAs (4; 5). miR-
155, a miRNA widely reported to be involved in lymphoma, is also now emerging to have a
role in the progression of solid cancers (6). This review will focus on the microRNA miR-

155, and its role in breast cancer.

miRNAs were discovered in 1993 when the C.elegans lin-4 gene, which is transcribed but not
translated, was found to regulate levels of LIN-14 protein (7; 8). Since this discovery there
have been over 500 miRNAs described, regulating a wide range of genes and cellular
processes, although the total predicted number of unique miRNAs encoded by the human
genome is estimated to be over 1000 (9). Many of these miRNAs are organised as gene
clusters and transcribed as multicistronic messages — for example, the MIRH1 gene encodes 6
different miRNAs (10). The transcription and processing of miRNAs has been well
characterised, and is depicted in Figure 1 using miR-155 as an example. miRNAs originate
from a ~70 nucleotide RNA hairpin pre-miRNA processed from the RNA transcript of the
host gene (11) (in the case of miR-155, the host gene BIC). The pre-miRNA is typically

cleaved by the Drosha and Dicer exonucleases into a ~22 nucleotide RNA duplex. One strand



of the duplex becomes the mature miRNA and is usually the functional, regulatory unit (12;
13) while the other is designated miR* and is usually degraded. The mature miRNA is loaded
into Argonaute proteins, forming the RNA Induced Silencing Complex (RISC). The mature
miRNA may then bind to its target by partial complementarity of target gene mRNA and

either inhibit translation or cause degradation of the mRNA.

The miR-155 host gene, BIC, was first described in 1989 and postulated to be involved in the
progression of lymphoma (14). In 2002, Lagos-Quintana et al identified miR-155 as a
regulatory RNA (15). Subsequently, studies have focussed on the roles of miR-155 in
lymphoma (16-19), and also in viral infection, cardiovascular disease and solid cancers (6;
20-22). miR-155 has over 400 predicted gene targets (23) and more than 100 confirmed bona
fide targets . There is now an emerging role of miR-155 in breast cancer progression (20; 21;

24) which is the focus of this review.
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Figure 1: Cellular processing and downstream effects
of miR-155 in breast cancer

The pri-miR-155 RNA hairpin transcript is processed from the RNA transcript of the BIC
gene. Transcription of BIC is promoted by Smad4, and inhibited by BRCAL. After
processing by Drosha, Pasha, Exportin-5 and Dicer, the mature miR-155 forms a complex
with Argonaute proteins called the RNA Induced Silencing Complex (RISC), in order to

inhibit the translation of miR-155 target MRNAs, such as RhoA, FOXO3A and SOCS1. The



inhibition of target genes by miR-155 in breast cancer can cause such effects as an increase in

EMT, cell plasticity, cell survival, growth, chemoresistance and radioresistance.

Clinical Relevance of miR-155 in Breast Cancer

Studies show the expression level of miR-155 is upregulated in breast cancer with high levels

of miR-155 associated with clinicopathological markers, tumour subtype and poor survival

rates, summarised in Table 1 (21, 25-34).

miR-155 Tissue type Ref

1 in breast cancer 76 Breast tumour (25)
10 Normal breast

1 in breast cancer 363 Breast tumour (26)
177 Normal breast

1 in ER- tumours 93 Breast tumour (27)
5 Normal breast

1 in malignant breast tissue 34 Breast tumour (28)
6 Normal Breast

1 in PR+ tumours Serum — 13 breast cancer patients, 8 (29)
healthy patients

1 in grade IT and III tumours Tumour, normal adjacent tissue and (30)

1 in ER- PR- tumours serum from 68 breast cancer patients
Tissue and serum from 40 healthy
patients

Associated with higher tumour grade, 92 Breast tumour and normal adjacent (31)

advanced tumour stage, lymph node

tissue

10




metastasis

1 in 41 of 45 invasive 45 Invasive breast tumour (32)
1 2 of 17 noninvasive tumours 17 Noninvasive breast tumour

1 in 55 breast tumours 77 breast tumour (21)
1 31 recurrent tumours 11 Normal breast

38 Recurrent breast tumour

1 in breast metastases 13 Breast tumour and paired metastasis | (33)
1 in tumours 8 Breast tumour and normal adjacent (34)
tissue

Table 1 — Summary studies examining miR-155 expression in breast cancer

Of 29 miRNAs found to be dysregulated in breast cancer, the majority were downregulated,
with only miR-155 and miR-21 significantly upregulated (25). Expression levels of 15 of
these dysregulated miRNAs independently predict the invasive potential of breast tissue
samples (25). A small microarray study of 8 fresh breast tumour samples found miR-155 was
upregulated in the breast tumours compared to normal adjacent tissue (34). In a larger study,
62 breast carcinomas were analysed to determine miR-155 levels. Out of 17 non-invasive
tumours, only 2 (12%) exhibited a high level of miR-155 expression. Conversely, 41 of the
45 invasive tumours (91%) displayed miR-155 upregulation (32). In a further study
expression levels of FOXO3A, a miR-155 target gene, was determined in 77 primary breast
tumours, 38 recurrent tumours and 11 normal tissue samples. Results showed miR-155 was
upregulated and FOXO3A downregulated in a majority of primary tumours, and also that

high miR-155 and low FOXO3A expression was associated with recurrent tumours after

11




radiotherapy or chemotherapy (21). These studies linked miR-155 expression to both
invasiveness and recurrence of breast tumours, and demonstrated that expression levels of

miR-155 and its specific target genes are of potential clinical prognostic value.

In a robust study of lung, stomach, prostate, colon, pancreatic tumours and 363 breast
tumours, Volinia et al. globally compared miRNA expression levels in multiple tumour and
pooled normal tissue samples to identify dysregulated miRNAs in tumour samples.
Comparisons of normal and tumour tissue derived from each individual tissue showed that
miR-155 expression was upregulated in breast, colon and lung cancers. Interestingly, miR-
155 was one of only two miRNAs (the other being the miR-200 family) found to be
upregulated in both breast and lung cancer, implying that these microRNAs may be part of a

common mechanism in the development of cancer in these organs (26).

miR-155 expression levels have been shown to be associated with metastasis events and
invasive properties of breast cancer. In one study, increased miR-155 expression was
associated with high tumour grade, advanced stage and lymph node metastasis (31). Disease
free and overall survival were also negatively correlated with miR-155 levels, further
showing the potential of miR-155 as a miRNA of clinical interest. These findings were
further supported by two studies involving microarray analyses of FFPE breast cancer

samples, which found that miR-155 expression was upregulated in metastases (28, 33).

Since miR-155 is associated with poor prognosis and/or metastasis, a correlation of miR-155
levels with breast cancer clinicopathological markers would be expected. Analysis of 93
breast cancers for both miRNA levels alongside mRNA levels, to classify tumour subtypes,

showed miR-155 levels were significantly upregulated in basal-like tumours and in estrogen
12



receptor negative (ER-) tumours (27). The correlation with basal-like tumours has particular

clinical relevance due to the poor prognosis of this tumour subtype.

Studies have investigated whether serum samples could be used to identify aberrant miRNA
expression levels in breast cancer patients. In a small study of 21 patients Zhu et al. found
that multiple miRNAs could be detected in sera and the miRNA levels correlated with the
levels in tissue samples (29). The expression of miR-155 was higher in the serum of PR+
breast cancer patients than in the serum of PR- patients (29). Further studies confirmed these
findings, with a significant correlation (R?=0.853) between miRNA levels in fresh breast
cancer tissue and matched serum samples (30). They confirmed that miR-155 was
upregulated in breast cancer, and also that high miR-155 was associated with grade Il and 111
tumours and ER- and PR- tumours (30). The detection of miR-155 expression levels in serum
is a potential clinical prognostic indicator of tumour grade and hormone receptor status. The
relationship of PR status and miR-155 expression is unresolved with two studies reporting
contradictory results (27, 29). The topic of serum miRNAs is also somewhat controversial,
with some studies suggesting that serum miRNA levels are robust (35; 36), and others
claiming that the miRNAs often used as normalisation controls are highly variable in sera
samples, and thus miRNA quantification in sera is not reproducible (37). This suggests
analysis of serum alone is not sufficient to determine whether miR-155 is differentially
expressed. Since the number of samples in these studies is generally low, resolution requires

a more robust study.

Taken together, these studies show miR-155 expression is upregulated in breast cancer,
consistent with its status as an oncomiR, and is associated with more aggressive breast

tumours. However, the relationships between miR-155 and clinicopathological markers, such
13



as ER and PR status and tumour subtype, is inconsistent, probably due to small sample sizes
and methodological aspects. For example, the upregulation of miR-155 expression in PR+
tumours was only identified in one study of a small number of samples (29). Further studies
are required to confirm, and elucidate the basis, of the relationship between miR-155 and

hormone receptor status.

Functional characterisation of miR-155 oncogenic activities in breast cancer

An important step in determining the clinical significance of miR-155, is to determine
whether high expression levels are causally related to the development of breast cancer. In
vitro effects of altering miR-155 expression levels were assessed in a panel of breast cancer
cell lines (21). miR-155 expression was inhibited by anti-miR in HS578T cells. An anti-miR
is a 2"-O-methyl oligoribonucleotide that inhibits the action of a miRNA. One proposed
mechanism for anti-miR action is antisense binding to the mature miRNA positioned in the
RISC (38). The HS578T cell line expresses high levels of endogenous miR-155, and anti-
miR-155 application resulted in cell cycle arrest and induction of apoptosis, implicating miR-
155 in these processes (21). Conversely, ectopic overexpression of miR-155 in BT474 cells,
which express very low levels of endogenous miR-155, promoted cell proliferation and
survival and also improved chemoresistance (21). Taken together, these findings demonstrate
that miR-155 has a role in cell proliferation and apoptosis, two cellular processes frequently
aberrant in cancer. Similar results have also been reported in breast cancer cell lines MDA-
MB-231 and MCF-7 where ectopic miR-155 overexpression increased proliferation, while
inhibition of miR-155 expression by a specific anti-miR inhibits proliferation and increases

radio-sensitivity of cells in vitro (20; 31).

14



Xenografted human breast cancer cells in immunodeficient mice provide in vivo confirmation
of miR-155 as an oncomiR. Xenografts of MDA-MB-231 cells showed reduced tumour
volumes compared to control xenografts when anti-miR-155 is expressed, while
overexpression of miR-155 accelerated tumour growth (20). Similar, a xenograft of MDA-
MB-468 cells, with low endogenous miR-155 expression, showed accelerated tumour growth
when miR-155 was overexpressed (24). In the same study, knockdown of miR-155 in an
orthotopically transplantated mouse tumour cell line inhibited tumour growth (24). Contrary
to this, a recent study using the 4T1 mouse mammary model showed that miR-155 had no
effect on growth of the primary tumour (39).

Although numerous studies show miR-155 is upregulated in human breast cancer, the cause
of aberrant miR-155 levels is not well characterised. TGFp treatment of NMuMG (normal
murine mammary gland) cells results in significant upregulation of miR-155 and an epithelial
to mesenchymal transition (EMT) (32). TGFp is known to drive EMT, where immobile
epithelial cells alter their morphology to become motile mesenchymal cells to promote
invasion (40) and consequently cancer progression (41; 42). INNMuMG cells, Smad4, a key
signalling molecule in the TGFf pathway, can bind to the BIC promoter and enrich miR-155
expression levels, thereby augmenting the TGFp EMT process (32). Knockdown of miR-155
in NMuMG cells by anti-miR suppressed, and ectopic overexpression of miR-155 enhanced
TGFB-mediated EMT (32). Furthermore a key molecule in EMT, RhoA, is a target of miR-
155, and expression of RhoA is reduced when miR-155 is ectopically expressed. When RhoA
was expressed without its 3'UTR (containing the miR-155 seed sequence) the EMT
phenotype caused by miR-155 was abrogated (32). The ability to reverse a severe
phenotypical change by reexpressing just one of the targets of miR-155 alludes to a potential
therapeutic approach. Many miRNAs are known to have a role in metastasis and EMT (43),

so in light of these findings it is plausible the basis of miR-155 in promoting breast cancer, in
15



particular the higher grade invasive breast cancers, is from the promotion of EMT. However,
the findings from the 4T1 mouse model (39) contradict the findings in the NMuMG cell line
(32). Unfortunately, both of the cell lines are of mouse origin. A miR-155 target gene in a
mouse model will not necessarily be a target gene in humans, as the 3'UTR region of
transcripts is a common location for miRNA seed sequences, and is not highly conserved
between mice and humans. These conflicting results call into question the suitability of using

a mouse-specific model for a miRNA study.

Regulation of miR-155 expression

Perhaps the most remarkable recent finding in relation to the role of miR-155 in breast cancer
is the involvement with BRCAL1. BRCAL, the breast cancer susceptibility gene, is involved
in DNA damage repair and cell cycle progression. Mutations of BRCAL are associated with
a high risk of developing breast cancer (24). In a recent study, mouse embryonic stem cells
expressing the R1699Q BRCAL underwent spontaneous differentiation. The mutant cells
displayed high levels of miR-155, and overexpression of miR-155 in BRCA1 wild type cells
gave a similar phenotype to the mutant, indicating that BRCA1 was acting through miR-155
(24). In mice, a loss of functional BRCAL results in miR-155 upregulation. These results
were recapitulated in human cell lines, where deficient BRCA1 cells have 50-fold higher
miR-155 levels compared to those with functional BRCAL (24). Furthermore, the transient
overexpression of BRCAL reduces expression of miR-155. In clinical samples it was found
that miR-155 levels were two to six fold higher in BRCAL mutant tumours (24). The
mechanism of BRCA1 regulation of miR-155 was through direct binding of BRCAL protein

to the miR-155 promoter. This in turn recruits histone deacetylase (HDAC) to repress the

16



expression of BIC and thus miR-155 (24). This close association with the breast cancer

susceptibility gene reinforces the importance of miR-155 in breast cancer.

Target genes of miR-155
The function of microRNAs are limited to inhibition of their target mMRNA and consequent
effects on cellular processes. miR-155 clearly has a role in breast cancer, and understanding

this role requires the identification of critical miR-155 target genes.

Targetscan is an in silico prediction software commonly used to identify putative target genes
of particular miRNAs by alignment of the 7 or 8 nucleotide seed sequence with the 3> UTR
of 30,858 human transcripts based on conservation between human and mouse sequences
(23). Targetscan version 6 predicts 440 miR-155 targets (23; 44) based on sequence
homology and conservation. Confirmation of these potential targets requires validation in
vitro. To this end, we conducted literature search to identify published validated miR-155
target genes. A target was defined as validated when there was a specific luciferase 3 UTR
reporter assay, which defines if miR-155 directly targets the transcript, together with at least
one other quantitative method, such as gRT-PCR or Western blot analysis, to assess the

repression of the expression levels of the endogenous target gene.

Supplementary Table 1 displays a comprehensive list of 147 validated target genes identified
in a wide range of miR-155 studies (45-87), and their prediction status by Targetscan. 103
target genes (including 11 target genes validated in other studies) were identified in a single
high throughput next generation sequencing (NGS) study and validated by luciferase reporter

assay (50). The remaining 44 target genes and their method of validation are displayed in
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Supplementary Table 2. Of the validated miR-155 target genes, approximately half (48%)
were predicted by Targetscan software (23; 44). This highlights the drawbacks in relying on
in silico prediction tools to investigate potential mMiRNA targets. The discrepancy between
predicted and observed miR-155 binding sites is affected by miR-155 targeting non-
conserved sites in target genes, as Targetscan by default searches for seed sequences
conserved between human and mouse. Performing a Targetscan search irrespective of site
conservation predicts 2390 potential miR-155 targets, and encompasses all but 9 validated
target genes. This is the first comprehensive collation of all known miR-155 target genes, and

will be a valuable resource for future reference and research.

Although only a fraction of validated miR-155 target genes have a confirmed role in breast
cancer, a number of the targets are involved in cancer-related pathways such as apoptosis,
proliferation and EMT (20; 21; 32; 88; 89), as shown in Figure 2. The presence of validated
miR-155 targets in these pathways highlight the importance of miR-155 in cancer

progression.
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Figure 2 - miR-155 target genes involved in cancer-related pathways
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Validated miR-155 target genes are present in multiple pathways associated with cancer and

cancer progression, including but not limited to: EMT, proliferation, block of differentiation,

apoptosis, sustained angiogenesis. Pathway analysis was completed using DAVID

bioinformatics resource (v 6.7).
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Conclusion

As an oncomiR, expression levels of miR-155 are consistently upregulated in breast tumour
samples. Studies have defined the clinical significance of miR-155 in breast cancer with an
association with clinical markers, more aggressive tumours and decreased survival. However,
there are some contradictory findings reported, for instance the varied association of miR-155
with hormone receptor status. It is also unclear as to whether miR-155 functions initiate
cancer, or predominantly promotes tumour progression. In a mouse model, miR-155 has been
shown to transform B-cells (90) but in breast cells has only been shown to enhance cancerous
properties of tumour cells. More investigation is required to fully understand the significance

of aberrantly high levels of miR-155 in breast cancer.

Exploration of the function of miR-155 in breast cancer cell lines and xenograft models
shows that miR-155 enhances tumour growth, promotes cell proliferation, inhibits apoptosis
and acts as a mediator of TGFp-driven EMT. In particular, the role of miR-155 in EMT has
promising therapeutic potential, given that miR-155 levels have been shown to be elevated in
invasive tumours and in breast tumour metastases. The large number of validated miR-155
targets presented in Supplementary Table 1 provide many avenues of further investigation as
to the clinical potential of miR-155. The further investigation of these targets will be
required to confirm the mechanistic and regulatory actions of miR-155, and their contribution

to breast cancer.
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Supplementary Tables

Supplementary Table 1 — Validated miR-155 target genes and prediction status by

Targetscan

An extensive literature search identified published validated miR-155 target genes.

Validation was defined as luciferase reporter assay and at least one other method.

Prediction of miR-155 targeting was determined using Targetscan (v 6.0), searching for

conserved sites between human and mouse. Alternative gene names are given in bracket

Not Not predicted

miR-155 Target Gene Accession No. Predicted | predicted | (nonconserved) | Reference
AGTRL (ATIR) NM_000685 X (45-48)
AICDA (AID) NM_020661.2 X (49)
ANAPC16 (C100rf104) | NM_173473.2 X (50)
APAF1 NM_013229.2 X (50)
ARID2 NM_152641 X (50; 51)
ARL15 NM_019087.2 X (50)
ARLS6IP5 NM_006407.3 X (50)
ARMC?2 NM_032131.4 X (50)
ARNT NM_001668 X X (52)
BACH1 NM_206866 X (50-52)
BCL2 NM_000633.2 X (53)
BCORL1 NM_021946.4 X (50)
C100rf26 NM_001083913.1 | X (50)
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C160rf62 NM_020314.4 (50)
C3orf18 NM_016210.4 (50)
C5orf44 NM_001093755.1 (50)
CARDI1 NM_032415.3 (50)
CARHSP1 NM_014316.2 (50)
CASP3 NM_004346 (54)
CCDC41 NM_016122.2 (50)
CDC40 NM_015891.2 (50)
CEBPB NM_005194 (51; 52; 55-57)
CHD9 NM_025134.4 (50)
CIAPINI NM_020313.2 (50)
CKAP5 NM_001008938.1 (58)
CLUAP1 NM_015041.1 (50)
CREB1 (CREB) NM_004379.3 (59)
CSFIR (CD115) NM_005211 (52)
CSNK1AL NM_001025105.1 (50)
CTLA4 NM_005214 (60)
CUX1 (CUTLL) NM_181552 (52)
CYP2U1 NP_898898.1 (50)
DCUNID2 NM_001014283.1 (50)
DET1 NM_017996.3 (50)
DHX40 NM_024612.4 (50)
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E2F2 NM_004091.2 (50)
EIF2C4 NM_017629.2 (50)
ETS1 NM_001143820 (48; 50)
EXOSC2 NM_014285.5 (50)
FADD NM_003824 (54; 61)
FAM135A NM_001105531.2 (50)
FAM177A1 NM_173607.3 (50)
FAM199X (CXorf39) | NM_207318.2 (50)
FAMO1A1 NM_144963.2 (50)
FGF7 (KGF) NM_002009 (62)
FOXO3 (FOXO03A) NM_001455 (21; 63)
GABARAPLL NM_031412.2 (50)
GATM NM_001482.2 (50)
GCET2 (HGAL) NM_152785.4 (64)
GCFC1 (C210rf66) NM_016631.3 (50)
GNAS NM_016592.2 (50)
GOLT1B NM_016072.4 (50)
HBP1 NM_012257.3 (50)
HIFLIA NM_001530 (52)
HIVEP2 NM_006734 (50; 51; 57)
1GJ NM_144646.3 (50)
IKBKE (IKKE) NM_014002 (61; 65)
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ILL3RAL NM_001560 (66)
ILL7RB NM_018725.3 (50)
INPP5D (SHIP1) NM_001017915 | X (67-71)
INPP5F NM_014937.2 (50)
INTS6 NM_012141.2 (50)
IRAK3 (IRAKM) NM_007199 (72)
JARID2 NM_004973 X (50; 52; 73)
KBTBD2 NM_015483.2 (50)
KIAA0430 NM_014647.3 (50)
KIAA1274 NM_ 0144312 | X (50)
KLHL5 NM_015990.4 (50)
LCORL NM_153686.7 (50)
LNX2 NM_015093 X (50)
LRIF3 (CLorf103) NM_018372.3 (50)
LRRC59 NM_018509.3 | X (50)
LSM14A NM_001114093.1 | X (50)
MAP3K10 NM_0024463 | X (50)
MAP3K14 NM_003954.2 | X (50)
MASTL NM_001172303.1 (50)
MBNL3 NM_018388.3 | X (50)
MCM8 NM_032485.4 (50)
MED13L NM_015335.4 (50)
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MEF2A NM_005587.2 (50)
MORC3 NM_015358.2 X (50)
MPP5 NM_022474.2 X (50)
MRPL18 NM_014161.3 X (50)
MRPS27 NM_015084.2 X (50)
MYBLL NM_001080416.2 (50)
MYD88 NM_001172567 X (74)
MYO10 NM_012334 (57)
MYO1D NM_015194.1 (50)
MYST3 NM_001099412.1 X (50)
NARS NM_004539.3 X (50)
PAK2 NM_002577.4 (50)
PCDH9 NM_203487.2 (50)
PDCD4 NM_014456.3 X (50)
PHC2 NM_198040.2 (50)
PHF14 NM_014660.3 X (50)
PHF17 NM_199320.2 (50)
PICALM NM_007166 X (50; 52)
PKN2 NM_006256.2 (50)
POLE3 NM_017443.4 X (50)
PRKARLA NM_002734.3 (50)
RAB11FIP2 NM_014904.2 (50)
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RACL NM_006908.4 (50)
RAPGEF2 NM_014247.2 (50)

RHEB NM_005614.3 | X (50)
RHOA NM_001664 (32)

RIPK1 NM_003804 (61)
RNF123 (KPC1) NM_022064 X (75)
SAP30L NM_0246325 | X (50)
SATBL NM_002971.3 | X (76)
SDCBP NM_005625.3 | X (50)
SECISBP2 NM_024077.3 (50)

SKI NM_003036 X 77

SLA NM_001045556 | X (52)
SLC33A1 NM_004733.3 | X (50)
SLC35F2 NM_017515.4 (50)
SMADL NM_005900 X (57)
SMAD2 NM_005901 X (50; 78)
SMAD5 NM_005903 (51; 57; 79)
SMARCA4 NM_001128849.1 | X (50)
SOCs1 NM_003745 X (20; 75; 80)
SOX6 NM_017508.2 (81)

SPIL (PU.1) NM_001080547 (52; 82)
TAB 2 (MAP3K7IP2) | NM_015093 X (50; 72; 83; 84)
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TAF5L NM_014409.3 X (50)
TBC1D14 NM_020773.2 X (50)
TBCA NM_004607.2 X (50)
TCF12 NM_207036.1 X (50)
TLE4 NM_007005.3 (50)
TOMM20 NM_014765.2 (50)
TP53INP1 NM_033285 (50; 85; 86)
TRAK1 NM_001042646.1 X (50)
TRIP13 NM_004237.3 X (50)
TSGA14 NM_018718.1 (50)
TSPAN14 NM_030927.2 (50)
UBQLNL1 NM_013438.4 X (50)
VPS18 NM_020857.2 (50)
WEE1 NM_003390 (50; 87)
WHSC1L1 NM_023034.1 X (50)
WWC1 NM_001161661.1 (50)
ZKSCAN5 NM_014569.3 X (50)
ZNF248 NM_021045.1 (50)
ZNF254 NM_203282.2 X (50)
ZNF273 NM_021148.2 X (50)
ZNF28 NM_006969.2 X (50)
ZNF611 NM_030972.3 X (50)
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ZNF652

NM_001145365.1

(50; 51)

ZNF83

NM_001105549.1

(50)
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Supplementary Table 2 — Validated miR-155 target genes and validation method

Predicted miRNA target genes were validated by luciferase 3> UTR reporter assay and at least one other method. * next generation

sequencing, T immunohistochemistry, I stable isotope labelling by amino acids in cell culture, § enzyme-linked immunosorbent assay,

|| fluorescence activated cell sorting.

Target gene Accession No. 3’ UTR Western | gRT- Other

luciferase | blot PCR

assay Reference
AGTR1 (AT1R) NM_000685 X X X Radioreceptor binding (45-48)
AICDA (AID) NM_020661.2 X X (49)
ARID2 NM_152641 X NGS* (50; 51)
ARNT NM_001668 X X X MRNA microarray (52)
BACH1 NM_206866 X X X NGS, mRNA microarray (50-52)
BCL2 NM_000633.2 X Anti-miR (53)
CASP3 NM_004346 X X Flow cytometry (54)
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CEBPB NM_005194 X X X IHCT, mRNA microarray (51; 52; 55-57)
CKAP5 NM_001008938.1 | X X SILACH (58)
CREB1 (CREB) | NM_004379.3 X X (59)
CSF1R (CD115) NM_005211 X X X Flow cytometry, mMRNA microarray (52)
CTLA4 NM_005214 X Flow cytometry (60)

CUX1 (CUTLY) NM_181552 X X X MRNA microarray (52)

ETS1 NM_001143820 | X X NGS (48; 50)
FADD NM_003824 X X Flow cytometry (54; 61)
FGF7 (KGF) NM_002009 X ELISAS, FACS| | (62)
FOXO3 NM_001455 X X

(FOXO3A) (21; 63)
GCET2 (HGAL) | NM_152785.4 X X X (64)
HIF1A NM_001530 X X X MRNA microarray (52)
HIVEP2 NM_006734 X X NGS (50; 51; 57)
IKBKE (IKKE) NM_014002 X X X miR-155 inhibitor (61; 65)
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IL13RA1 NM_001560 X X (66)
INPP5D (SHIP1) | NM_001017915 | X X Bead chip array, anti-miR, IHC (67-71)
IRAK3 (IRAKM) | NM_007199 X X (72)
JARID2 NM_004973 X X miRNA sponge (+luciferase and RT-PCR),
MRNA microarray, NGS (50; 52; 73)

MYD88 NM_001172567 | X X (74)
MYO10 NM_012334 X (57)
PICALM NM_007166 X X MRNA microarray, NGS (50; 52)
RHOA NM_001664 X X (32)
RIPK1 NM_003804 X X (61)
RNF123 (KPC1) | NM_022064 X X (75)
SATB1 NM_002971.3 X X miR-155 inhibitor (76)
SKI NM_003036 X X Anti-miR (77)
SLA NM_001045556 | X X MRNA microarray (52)
SMAD1 NM_005900 X X (57)
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SMAD2 NM_005901 X X NGS (50; 78)
SMADS NM_005903 X X X (51; 57; 79)
SOCS1 NM_003745 X X X IHC (20; 75; 80)
SOX6 NM_017508.2 X X X (81)

SPI1 (PU.1) NM_001080547 | X X X MRNA microarray (52; 82)

TAB2 NM_015093 X X X NGS (50; 72; 83; 84)
TP53INP1 NM_033285 X X X IHC, NGS (50; 85; 86)
WEEL1 NM_003390 X X NGS (50; 87)
ZNF652 NM_001145365.1 | X X X NGS (50; 51)
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Abstract

Loss of p53 function is a critical event during tumorigenesis, with half of all cancers
harbouring mutations within the TP53 gene. Such events frequently result in the expression
of a mutated p53 protein with gain-of-function properties that drive invasion and metastasis.
Here, we show that the expression of miR-155 was up-regulated by mutant p53 to drive
invasion. The miR-155 host gene was directly repressed by p63, providing the molecular
basis for mutant p53 to drive miR-155 expression. Significant overlap was observed between
miR-155 targets and the molecular profile of mutant p53-expressing breast tumors in vivo. A
search for cancer-related target genes of miR-155 revealed ZNF652, a novel zinc finger
transcriptional repressor. ZNF652 directly repressed key drivers of invasion and metastasis,
such as TGFB1, TGFB2, TGFBR2, EGFR, SMAD2 and VIM. Furthermore, silencing of
ZNF652 in epithelial cancer cell lines promoted invasion into matrigel. Importantly, loss of
ZNF652 expression in primary breast tumors was significantly correlated with increased local
invasion and defined a population of breast cancer patients with metastatic tumors.
Collectively, these findings suggest that miR-155 targeted therapies may provide an attractive

approach to treat mutant p53-expressing tumors.
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Introduction

The p53 tumor suppressor is a transcription factor that plays a pivotal role in the
prevention of neoplastic transformation. Disruption of the p53 pathway is arguably a
universal requirement for the development of cancer and is ultimately achieved through either
direct mutation of the TP53 gene or indirect inactivation of downstream p53 signalling
pathways. However, inactivation of the tumor suppressor function of p53 is not the only
outcome of a TP53 mutation. Increasing evidence suggests that the mutated p53 protein
exhibits traits consistent with the acquisition of an oncogenic gain-of-function (1, 2). For
example, mutations of TP53 gene are frequently missense, involve similar codons within the
p53 DNA binding domain and are expressed at remarkably high levels in tumor cells (1).
Somatic TP53 mutations occur in approximately 20% of breast tumors, which in turn define a

population of particularly aggressive breast lesions associated with a poor prognosis (3, 4).

It is postulated that mutant p53 acquires new oncogenic properties as a result of local
or global distortion of the protein structure, exposing previously hidden binding interfaces to
facilitate gain-of-function interactions with novel binding partners. In particular, mutant p53
has been shown to acquire the ability to sequester p63 and p73, and this is thought to promote
tumor invasion and metastasis (5, 6). So what are the key downstream target genes of p63 and
p73 that are deregulated to promote tumor progression in cancer cells expressing mutant p53?
Recent studies have identified the metastasis suppressors SHARP1 and cyclin G2 as critical
mutant p53 targets that are deregulated through loss of p63 signalling (6). The expression of
these two genes alone defined a subset of particularly aggressive breast tumors associated
with poor patient outcome (6). Such examples demonstrate the potential utility of targets of

mutant p53 as robust clinical prognostic tools and therapeutic targets in mutant p53
45



expressing tumors, however a complete understanding of the mechanisms and pathways
exploited by mutant p53 to drive tumorigenesis remain poorly understood. A major aspect of
the anti-metastatic activity of p63 resides in its ability to regulate non-coding RNAs (7) and
microRNA processing complexes (8), yet the ability of mutant p53 to dysregulate these
pathways remains unexplored. We report here that mutant p53 inactivates the p63 signalling
pathway to up-regulate the expression of an oncogenic microRNA, miR-155. In turn,
elevated miR-155 levels promote cellular transformation and invasion through the targeting

of key suppressors of metastasis.
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Results

miR-155 promotes migration, invasion and amoeboid transformation

Several microRNAs have been recently implicated in the promotion of tumorigenesis
and have emerged as potential therapeutic targets. In particular, miR-155 is considered as an
oncomiR as it is up-regulated in breast tumors (9) and this increased expression is associated
with the promotion of tumorigenesis (10). To gain a wider appreciation for the role of miR-
155 during breast tumorigenesis, we measured miR-155 levels in established breast cancer
cell lines of epithelial (non-invasive) and mesenchymal (invasive) origin (11). Indeed, miR-
155 was undetectable in epithelial cell lines, but was highly expressed in 4 out of 5 of
mesenchymal cell lines (Supplementary Figure 1), suggesting an upregulation of miR-155
during epithelial to mesenchymal transition (EMT) of breast cancers. Importantly, this
observation was not restricted to breast cancer cell lines, as miR-155 levels were absent in the
majority of epithelial lines from the NCI-60 panel of cancer cell lines whilst showing
significantly higher expression in the mesenchymal lines (Figure 1A). To assess whether
miR-155 can drive EMT in breast tumors, we stably expressed miR-155 in the ZR-75-1
epithelial breast cancer cell line. Although present at only modest levels as compared to some
mesenchymal breast cancer lines (Supplementary Figure 2), exogenous miR-155 dramatically
enhanced the ability of ZR-75-1 cells to migrate in a scratch-wound assay (Figure 1B).
Expression of miR-155 also endowed ZR-75-1 cells with a newly acquired ability to invade
through matrigel (Figure 1C). Interestingly, miR-155 expression also induced an amoeboid
transformation of the ZR-75-1 epithelial cell line, as characterised by the enlarged
filamentous cytoplasm with frequent protrusion of lamellipodia from these ZR-75-1 cells

expressing miR-155 (Figure 1D).
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Figure 1. miR-155 expression drives invasion in ZR-75-1 and MCF-10A cells
A. The relative expression levels of miR-155 were determined in the NCI-60 panel. Cell
lines were classified as epithelial and mesenchymal based on the E-cadherin /

vimentin protein ratio (38).

B. The ability of ZR-75-1 cells (control or miR-155) or MCF-10A cells (control or miR-
155) to migrate was determined by a scratch-wound assay using Incucyte (Essen).
Phase images were taken every 120 minutes and relative wound width was calculated

in real-time using Incucyte software.

C. ZR-75-1 cells (control or miR-155) or MCF-10A cells (control or miR-155) were
plated in the upper chamber of a CIM-16 plate coated with 5% matrigel. Invasion was

measured in real-time using an xCelligence RTCA DP analyser.

D. ZR-75-1 cells (control or miR-155) or MCF-10A cells (control or miR-155) were
seeded at 10% confluence and grown for 12 days. Cells were stained for F-actin using
a phalloidin antibody, with lamellopodia and cell size scored as described in Materials
and Methods. Representative images of ZR-75-1 cells (control or miR-155) are

shown.

E. The expression of EMT related genes in ZR-75-1 cells expressing miR-155 was
determined using a low density PCR array. Data are presented as a fold change in
expression relative to ZR-75-1 expressing a scrambled RNA sequence (control). Data

presented is an average of three independent biological replicates.
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To ensure that these observations were not restricted to the ZR-75-1 cell line, miR-
155 was also stably expressed in the non-malignant breast epithelial cell line, MCF-10A
(Supplementary Figure 2B). Exogenous miR-155 enhanced the ability of MCF-10A cells to
migrate (Figure 1B) or invade through matrigel (Figure 1C) to levels similar to those
observed in ZR-75-1 cells. Although miR-155 was able to enhance the frequency of
lamellipodia protrusions from MCF-10A cells (Figure 1D), it did not alter the size of the
MCF-10A cells (data not shown). These findings indicate that miR-155 has general pro-
migratory and pro-invasive characteristics in epithelial breast cell lines, although the mode of

transformation (i.e. amoeboid) may be specific to cell lines.

To examine the altered transcriptional events associated with the miR-155-mediated
amoeboid transformation of ZR-75-1 cells and accompanying pro-migratory and pro-invasive
characteristics, the expression levels of 84 EMT-related genes (see Materials and Methods)
were assessed by real-time PCR (Figure 1E). Indeed, expression of miR-155 in ZR-75-1 cells
was associated with a significant up-regulation of numerous mesenchymal markers, with the
major transcriptional reprogramming by miR-155 converging upon the TGF-B signalling
pathway. Therefore, we proposed that miR-155 may be aberrantly driving the TGF-p
signalling pathway in the absence of an exogenous TGF-B ligand. Indeed, the addition of
exogenous TGF-B to ZR-75-1 cells phenocopied the effects of miR-155 expression, as
characterised by an increased invasive capacity and an amoeboid transformation involving
enlarged cytoplasm and increased frequency of lamellipodia (Supplementary Figure 3). Thus,
our findings demonstrate that miR-155 aberrantly stimulates the TGF-p pathway in the

absence of exogenous TGF-p.

miR-155 is a target microRNA of mutant p53
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Mutant p53 and miR-155 expression are both associated with invasive properties in
vivo (2, 10), which prompted us to investigate whether they promote malignant
transformation through a similar oncogenic axis. We initially determined if miR-155 can
phenocopy mutant p53 in its ability to drive invasion and mensenchymal transformation
when expressed in the same genetic background. Expression of miR-155 in H1299 cells
significantly enhanced their invasive capabilities and drove a mesenchymal phenotype with
close resemblance to that observed upon induced mutant p53 expression (Supplementary
Figure 4). These observations indicate that miR-155 and mutant p53 may drive overlapping
oncogenic pathways. Since mutation of TP53 is considered an early event during breast
tumorigenesis (12, 13), we speculated that miR-155 may be a down-stream target of mutant
p53 that reprograms the cancer transcriptome to drive invasion and metastasis. Indeed,
induced expression of either the p53 mutant R248Q or R282W in the p53-null H1299
background was associated with a dose-dependent increase in MIR155HG (the precursor
transcript for miR-155) expression or mature miR-155 levels (Figure 2A). We next examined
if endogenous mutant p53 can constitutively regulate the expression of miR-155 levels. The
mesenchymal breast cancer cell line BT549 possesses the highest miR-155 levels of those
tested (Supplementary Figure 1) and also expresses an endogenous p53 mutant, R249S.
Knockdown of this endogenous p53 mutant in BT549 cells resulted in a significantly reduced
level of miR-155 (Figure 2B), confirming a role for mutant p53 in the aberrant activation of

miR-155.
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Figure 2

Figure 2. miR-155 expression is regulated by p63
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expression. Relative MIR155HG expression levels or mature miR-155 levels were
determined by specific RT-PCR. Induction of p53 R248Q and p53 R282W proteins

were determined by Western blot analysis.

. Endogenous mutant p53 (R249S) expression was silenced by transient transfection of
a specific siRNA targeting p53 (see Materials and Methods). Relative miR-155
expression was determined by an ABI Tagman miRNA assay. Knockdown of

endogenous p53 R249S was confirmed by Western blot analysis.

. The expression levels of miR-155 and p53 status of a cohort of 100 breast tumors

were derived from a publically available dataset (GSE19536).

. Publically available gene expression profiling of the cohort of 100 breast tumors from
(C) was used to segregate the cases into breast cancer subtypes. The expression levels
of miR-155 were significantly different across the subtypes, as determined using a 1-

way ANOVA.

. DNA-p63 complexes were immunoprecipitated from MCF-10A cell lysates using a
p63 antibody (or IgG control) and normalised against two unrelated genomic regions
(see Materials and Methods). Fold enrichment of a putative p63-RE within the
MIR155HG gene (as compared to 1gG control) was determined. The anti-p63
antibody (H-129) detects both the TAp63 and ANp63 isoforms. The ability of p53 to
bind this response element was determined in H1299 cells upon induction of wild-
type p53 protein. Fold enrichment of p53 within this region of the MIR155HG gene
was determined by ChIP analysis following induction of p53-WT in EI H1299 cells

for 24 hours.
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F. Endogenous p63 was silenced in MCF-10A cells through constitutive lentiviral-
mediated expression of a specific ShRNA targeting the p63 transcript. Relative
expression levels of MIR155HG or mature miR-155 were determined by specific RT-
PCR in MCF10A cells expressing p63-specific ShRNA (which targets both the TAp63
and ANp63 isoforms) or a non-targeting control shRNA (as above). Knockdown of
p63 expression was confirmed by real-time PCR (using primers that detect both the
TAp63 and ANp63 isoforms) or through Western blot analysis (using the H-129

antibody that detects both TAp63 and ANp63 isoforms).
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We next examined if miR-155 was up-regulated by mutant p53 in vivo, which was
achieved through the analysis of a publically available cohort of 100 breast tumors in which
both the global microRNA expression levels had been profiled and the TP53 gene sequenced.
Indeed, miR-155 expression levels were significantly higher in breast tumors with p53
mutations as compared to those with wild-type p53 (Figure 2C). Furthermore, miR-155
expression was most elevated in the basal breast tumors, the most aggressive breast cancer
subtype frequently associated with p53 mutations (Figure 2D). Collectively, these

observations support the notion of miR-155 as a mutant p53 target gene in breast tumors.

miR-155 is directly repressed by p63

Mutant p53 drives invasion and metastasis through inactivation of targets such as p63
(5, 6), ablating the p63 signalling pathways responsible for the suppression of invasion and
metastasis. Therefore, we examined a role for p63 in the transcriptional control of
MIR155HG. In silico analysis using the p63Scan software (14) identified a putative p63
response element (RE) in the 3™ exon of the MIR155HG gene. Chromatin
immunoprecipitation (ChIP) experiments were used to subsequently demonstrate that
endogenous p63 was directly recruited to this consensus p63-RE in MCF10A cells (Figure
2E). Knockdown of p63 also resulted in a significantly increased expression level of both the
MIR155HG transcript and the mature miR-155 (Figure 2F). Collectively, these findings
indicate that p63 functions as a direct transcriptional repressor of miR-155. Previous
observations have also shown that miR-155 was repressed by wild-type p53, albeit through
an unknown mechanism (15). Indeed, induction of wild-type p53 in H1299 cells repressed
MIR155HG expression (Supplementary Figure 5). Our studies provide mechanistic insight
into this repression, as ChIP analysis demonstrates that this induced wild-type p53 protein is

also recruited to this newly identified p63-RE located within the MIR155HG gene (Figure
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2E). These findings suggest a redundancy of function between wild-type p53 and p63 in the
regulation of miR-155 expression via transcriptional repression of the precursor MIR155HG

transcript.

Identification of downstream targets of the miR-155 » mutant p53 axis

Having established miR-155 as a downstream oncomiR of mutant p53, we sought to
identify the specific targets of the miR-155 ¢ mutant p53 axis that drive invasion in breast
tumors. To obtain an understanding of the landscape of miR-155 targets, a comprehensive list
of bone fide miR-155 targets was collated from the literature (Supplementary Table 1).
Selection criteria for these published miR-155 target genes included both the demonstration
of endogenous transcript regulation by miR-155 and validation of the miR-155 seed sequence
through a reporter assay. This list contains 140 genes and is enriched with known tumor
suppressors. Therefore, we speculated that mutant p53 may indirectly down-regulate the
expression of these genes through aberrant up-regulation of miR-155. A relationship between
the defined miR-155 targets and mutant p53 in breast cancer was examined through analysis
of publically available transcript profiles of 251 p53-sequenced primary breast tumors (4).
Remarkably, 42 of these 140 miR-155 targets (30%) showed a significantly lower expression
in breast tumors with mutant p53 compared with tumors with wild type p53 (Figure 3A;
Supplementary Table 2). These 42 genes can be considered as the key downstream targets of
the mutant p53 « miR-155 axis and are therefore likely to play critical roles in the suppression

of breast cancer invasion and metastasis.
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Figure 3. Four genes commonly regulated by the mutant p53°miR-155 axis are
associated with poor metastasis-free survival

A. Of the 140 published miR-155 target genes (see Supplementary Table 1), the

expression of 42 of these genes was significantly correlated with mutant p53 status in

vivo (4). Loss of expression of 4 of these 42 genes predict metastasis in vivo, as

determined from a publicly available dataset of 78 breast tumors (16).

B. Kaplan-Meier plots derived from publically available survival data associated with a
cohort of 78 breast tumors with metastasis-free survival data (16). Expression of
ZNF652, PCDC4, TCF12 and IL7RB was sourced from expression microarray
analyses. Tumors were ranked for gene expression, with those tumors below the
median expression level of the cohort defined as ‘Low Expression’ and those tumors

above the median expression level of the cohort defined as ‘High Expression’.

The potential of the expression of these 42 genes to predict breast cancer metastasis
was evaluated through the analysis of a publically available dataset of expression profiling in
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78 breast tumors (16). Low expression of four genes (ZNF652, PDCD4, TCF12 or IL17RB)
was associated with a significantly higher frequency of metastasis-related poor outcomes
(Figure 3B). This suggests that these four miR-155 ¢ mutant p53 targets drive pathways that
prevent breast cancer invasion and metastasis. ZNF652 was considered an excellent candidate
for further investigation as this gene encodes a classical zinc-finger DNA binding
transcription factor that functions as a transcriptional repressor (17, 18), potentially

orchestrating downstream pathways of the miR-155 « mutant p53 axis.

ZNF652 is an epithelial marker and suppresses tumor cell invasion

Initially we measured ZNF652 transcript and protein levels in breast cancer cell lines,
and found they are highly expressed in some epithelial cell lines, but are significantly down-
regulated in mesenchymal cell lines (Figure 4A and B). The expression profile of ZNF652 in
these cell lines resembles an inverse reflection of their miR-155 expression profiles (see
Supplementary Figure 2A), which is consistent with previous reports demonstrating that miR-
155 targets the ZNF652 transcript through a specific seed sequence in the 3’UTR (19, 20).
Indeed, over-expression of miR-155 markedly reduced endogenous ZNF652 protein levels in
the H1299 epithelial lung carcinoma cell line (Figure 4C), further demonstrating ZNF652 as a
miR-155 target. In a wider survey of ZNF652 expression in breast cell lines using gene
expression microarray data of 51 breast cancer cell lines (21) classified into luminal
(epithelial) and basal B (mesenchymal) (11), the expression of ZNF652 is highly negatively
correlated with the expression of vimentin, a well-known mesenchymal marker (r?=0.33,
p<0.0001) (Supplementary Figure 6). The luminal (epithelial) cell lines have a significantly
higher expression of ZNF652 compared with the basal B (mesenchymal) cell lines
(p<0.0001) that express high levels of vimentin. These data define ZNF652 as a novel marker

for breast epithelial cells and indicate that ZNF652 expression is down-regulated during
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mesenchymal transformation, presumably in response to up-regulation of miR-155. We
further examined if the loss of ZNF652 alone is sufficient to drive invasion. ZNF652
expression was silenced in H1299 cells using a mixture of two specific sSIRNAs, and their
subsequent capacity to invade through matrigel assessed (Figure 4D). Ablation of ZNF652
expression resulted in a significant increase in the invasive potential of H1299 cells. These
data indicate that ZNF652 is a key downstream target of the miR-155 « mutant p53 axis that

regulates the invasive properties of tumor cells.
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Figure 4
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Figure 4. ZNF652 is an epithelial cell marker which is down-regulated in EMT by miR-

155

A

Nuclear extracts from a panel of epithelial and mesenchymal breast cancer cell lines
were screened for ZNF652 protein expression with a specific polyclonal anti-ZNF652

antibody (17). Equal loading was determined by Lamin A/C.

Relative mRNA expression of ZNF652 was determined in a panel of cell lines by

specific RT-PCR.

ZNF652 protein levels were determined in H1299 cells following constitutive

expression of miR-155 (described and characterised in Supplementary Figure 4).

. Knockdown of ZNF652 expression using a 50:50 mixture of two specific SIRNA

oligonucleotides in H1299 resulted in an enhanced ability of H1299 cells to invade
into matrigel, as determined in real-time using an xCelligence RTCA DP analyser.
ZNF652 transcript levels were determined by real-time PCR following siRNA-

mediated knockdown for 48 hours.

In silico screening of the classical promoter regions (10kB upstream), first introns and
3’UTRs of TGFB1, TGFB2, TGFBR2, EGFR, SMAD2 and VIM identified multiple
putative ZNF652 binding sites (BS), as illustrated in schematic diagram. ChIP
analysis was performed in ZR-75-1 cells using a specific ZNF652 antibody, with the
fold-enrichment of ZNF652 bound at each putative ZNF652 binding site determined
relative to an IgG control and normalised against two unrelated genomic regions (see

Materials and Methods).
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ZNF652 is a master regulator of the EMT gene network

ZNF652 is a repressor of gene transcription (17), and we hypothesised that this
transcription factor may suppress invasion and metastasis through constitutive repression of
key drivers of mesenchymal transformation. Identification of the key ZNF6562 targets will
further elucidate the downstream regulatory network responsible for metastasis in mutant
p53-miR-155 expressing breast tumors. We identified putative consensus ZNF652 DNA
binding sequences (AnNGGGTTAA) (18) in the classical promoter region, first intron or 3’
UTR of TGFB1, TGFB2, TGFBR2, EGFR, SMAD2 and VIM (Figure 4E). Direct recruitment
of endogenous ZNF652 to these gene regulatory elements within TGFB1, TGFB2, TGFBR2,
EGFR, SMAD2 and VIM was demonstrated through ChIP analysis in ZR-75-1 cells (Figure
4E), confirming these genes as direct targets of ZNF652. Silencing of ZNF652 expression in
the ZR-75-1 cell line also resulted in a de-repression of several of these target genes,
including TGFB1, TGFBR2, EGFR and VIM (Supplementary Figure 7). EMT gene
expression profiling (as described in Figure 1E) was subsequently performed to assess the
global influence of loss of ZNF652 expression on ZR-75-1 cells. There was considerable
overlap between the EMT gene expression profiles in response to loss of ZNF652 expression
or over-expression of miR-155 (Supplementary Figure 8), suggesting that a large proportion
of EMT gene regulation by miR-155 may be facilitated through its ability to target ZNF652.
The identified ZNF652 targets converge upon the TGF-B signalling pathway, as was
observed for miR-155. Thus, we hypothesize that ZNF652 may suppress invasion through
repression of the TGF-B signalling pathway. Indeed, forced expression of ZNF652 ablated
the ability of exogenous TGF- to activate SMAD proteins, as demonstrated using a SMAD
reporter assay (Supplementary Figure 9). Collectively, the data suggest that ZNF652 is a

master repressor of the EMT gene network.
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ZNF652 suppresses invasion in vivo

The potential of ZNF652 to suppress invasion in vivo was evaluated in human breast
tumors by staining tumor microarrays of paraffin embedded formalin fixed tissues with our
affinity purified polyclonal anti-ZNF652 antibody (Figure 5A). ZNF652 protein levels were
assessed in 112 breast tumors of known invasive potential, as assessed by the TNM scoring
available for each tumor. There is a highly significant association of low ZNF652 levels and
increased propensity for tumor invasion in distant organs or structures (p < 0.001; Fisher
exact test), thus demonstrating that ZNF652 is a bone fide suppressor of tumor cell

dissemination and invasion.
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Figure 5
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Figure 5. Loss of ZNF652 expression is associated with increased tumor invasion in vivo
A. Immunohistochemistry was performed on breast tissue microarrays to determine
ZNF652 expression in vivo. ZNF652 expression was significantly associated (*
indicates p<0.001, Fisher exact test) with tissue invasion as assessed by the TNM
staging (where ‘low’, ‘medium’ or ‘high’ indicates T2, T3 or T4 classifications,
respectively) as defined by the American Joint Committee on Cancer. Tissues were
classified as low ZNF652 expression when there was negligible staining of 95% of

the breast tumor nuclei.

B. Schematic diagram representing the proposed mechanism of mutant p53 driving EMT

and tumor cell invasion through a pathway involving miR-155 and ZNF652.

Based on our evidence, we propose that epithelial cancers expressing mutant p53
acquire enhanced invasive and metastatic potential through up-regulation of miR-155. This
oncomiR drives invasion by directly repressing the target transcript ZNF652, which as a
consequence causes the de-repression of a network of EMT genes and acquisition of an
invasive cell phenotype (summarised diagrammatically in Figure 5B). Collectively, this study
provides evidence that miR-155 targeted therapies may provide an attractive approach to treat
mutant p53 expressing breast tumors. Furthermore, histological assessment of the key targets
of the mutant p53 < miR-155 axis may have prognostic implications in the clinical

management of breast cancer patients.
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Discussion

miR-155 drives breast cancer cell transformation and invasion

This study implicates a role for miR-155 in the transformation of the ZR-75-1 and
MCF-10A epithelial breast cells (Figure 1). It is of particular interest that miR-155 could
impart pro-migratory and pro-invasive properties to the non-malignant MCF-10A cell line, as
these findings potentially indicate that miR-155 possesses transforming capabilities in the
breast epithelium. In addition, miR-155 drove an amoeboid transformation of ZR-75-1 cells.
The amoeboid transition of epithelial tumor cells represents a major mode of migration and
invasion (22). This pro-invasive amoeboid transformation was associated with the formation
of lamellipodia, which are typically restricted to highly mobile and invasive cells (23),
properties not frequently associated with the epithelial ZR-75-1 cell line. Our findings are
consistent with the pre-existing notion of miR-155 as a breast cancer oncomiR. Previous
studies have shown that ectopic expression of miR-155 mimics in the MCF-7 or BT-474
breast cancer cell lines was associated with increased proliferation rates (10, 24).
Furthermore, the ectopic expression of miR-155 mimics in the MDA-MB-231 breast cancer
cell line accelerated the growth of mammary fat pad tumor xenograft tumors in vivo (10). Our
findings suggest that these previously observed oncogenic activities of miR-155 in breast
cancer cell lines result from its ability to rearrange the actin cytoskeleton to reconfigure the

cell with a pro-invasive morphology (Figure 1).

In contrast to our findings, a previous report suggests that ectopic expression of miR-
155 did not drive a mesenchymal phenotype in the NMuMG murine mammary epithelial cell
line (25). Furthermore, ectopic expression of miR-155 had no influence on the proliferation

or primary tumor growth of 4T1 murine mammary cell lines (26). In fact, findings from
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Xiang et al suggest that miR-155 suppresses the ability of 4T1 cells to undergo EMT. Indeed,
it appears that the biological activity of miR-155 in human cell lines (10, 24) is vastly
different to that observed upon miR-155 expression in mammary cell lines that originate from
mice (25, 26), suggesting a lack of conservation of miR-155 seed sequences in its target

3’UTRs across these two species.

The complex regulation of miR-155 expression

Herein, we demonstrated that either p53 or p63 can directly repress miR-155 levels
through direct association with the promoter of MIR155HG. As such, a gain-of-function
mutation in the TP53 gene would act as a double-edged sword to activate miR-155 levels
through both a loss of wild-type p53-mediated repression and also through the inactivation of
p63-mediated repression as a result of the oncogenic activities of mutant p53 (5, 6). Findings
from Adorno et al suggest that the presence of TGF-B is a critical factor for mutant p53 to
sequester p63 from its target genes. Therefore, it is tempting to speculate a role for TGF-f in
the regulation of miR-155 expression. This is indeed the case, as miR-155 has been
previously shown to be upregulated upon TGF-B treatment (25). The nature of the
relationship between miR-155 and TGF-B is quite complex, as we demonstrated that the
major transcriptional reprogramming by miR-155 converged upon the TGF-p pathway and
ectopic expression of miR-155 aberrantly sensitised cells to exogenous TGF-B (Figure 1 and
Supplementary Figure 3). Collectively, these observations suggest that miR-155 and TGF-3

exist in a positive feedback loop.

Targets of the mutant p53 * miR-155 axis
We suggest that ZNF652, PDCD4, TCF12 and IL17RB are critical targets of the mutant p53 «

miR-155 axis in breast cancer (Figure 3), thus implicating them as suppressors of breast
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cancer invasion and metastasis. Consistent with this hypothesis, PDCD4 has been previously
shown to inhibit motility and invasion of breast cancer cell lines in vitro (27, 28) and is
down-regulated in invasive breast carcinomas in vivo (29). Likewise, loss of IL17RB
expression is a strong biomarker for clinical outcome in breast cancer patients receiving
tamoxifen monotherapy (30). Our findings are consistent with a similar role for ZNF652 as a
suppressor of breast cancer cell invasion. We demonstrate that ZNF652 directly represses
TGFB1, TGFB2, TGFBR2, EGFR, SMAD2 and VIM; genes that have all been previously
implicated in the promotion of mesenchymal transformation and invasion (6, 31-34). As
such, we have defined a new role for ZNF652 as a master regulator of the EMT gene

network.

In conclusion, we have identified miR-155 as a novel target of mutant p53 ¢ p63 axis.
Elevated miR-155 levels promote cellular transformation and invasion through the targeting
of key suppressors of metastasis, such as ZNF652. Collectively, these findings suggest that
miR-155 targeted therapies may provide an attractive approach to treat mutant p53-

expressing tumors.
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Materials and Methods

Cell culture, plasmids and treatments

H1299 cells were maintained in DMEM supplemented with 10% FBS. ZR-75-1 and BT549
cells were maintained in RPMI supplemented with 10% FBS and 1mM sodium pyruvate.
H1299 cells with inducible expression of wild-type or mutant p53 are as described previously
(35). H1299 and ZR-75-1 were engineered to express either miR-155 or a non-targeting SCR
control through retroviral mediated transduction with viruses generated by the pMSCV-Puro-
GFP-miR-155 or pGIPZ-non-targeting (Open Biosystems) vectors, followed by selection in
500ng/mL puromycin (Sigma Aldrich, Castle Hill, NSW). To silence gene expression in cell
lines, cells were transfected with 10 uM of various specific siRNA molecules (Qiagen,
Doncaster, VIC; listed in Supplementary Table 3) and transfected using lipitoid transfection
reagent following manufacturer’s protocol (36). For constitutive knockdown, the pGIPZ
lentiviral shRNAmir system expressing two independent ZNF652-specific ShRNA
oligonucleotides (V3LHS_ 368392 or V2LHS_229362) or a p63-specific ShRNA
oligonucleotides (V2LHS_24250) was used in accordance with the manufacturer’s protocol

(Open Biosystems, Huntsville, AL).

Immunofluorescence

Cells were plated at 10% confluence on glass cover slips and grown for 12 days. Where
indicated, cells were treated with 2ng/mL TGF-B. Media was refreshed every 3 days. For
actin staining, media was removed from cells followed by 1 x wash with warmed PBS. Cells
were fixed with warmed 4% PFA for 15 minutes and blocked in 1% BSA/PBS for 20
minutes. Cells were washed in PBS and permeabilised for 5 minutes with 0.1% Triton-
X/PBS. Phalloidin antibody (diluted 1:500 in 0.1% Triton-X/PBS) was added and incubated

for 1 hour at room temperature in the dark. Cells were washed 2 x with PBS and mounted in
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Vectashield mounting medium with DAPI (Vector Laboratories, Burlingame, CA). Cells
were imaged using Olympus IX70 inverted microscope.

To score cell size, the major and minor axis of the cells was measured. To score
lamellopodia, cells with lamellopodia (visualised with actin stain) were counted. Total cell
numbers were determined by DAPI stain. Analysis was performed using ImageJ software

over >4 fields of view. A minimum of 100 cells were counted per condition.

Isolation of RNA, RT-PCR and microRNA analysis

Briefly, total RNA was extracted from cells using RNeasy mini kit (Qiagen), with
quantitative real-time PCR performed as previously described (37). Specific primers for real-
time PCR are listed in Supplementary Table 3. Low density PCR arrays of 84 EMT -related
genes were performed using the Human Epithelial to Mesenchymal Transition RT?Profiler
PCR Array System (SABiosciences, Frederick, MD) as per manufacturer’s protocol. MiR-
155 analysis was performed using the ABI Tagman miRNA assay for miR-155, normalising

levels to U6, U48 and miR-16 according to the standard protocol.

Western blot analysis and Chromatin Immunoprecipitation (ChIP)

Western blot and ChIP analysis are described Supplementary Materials and Methods.

Invasion/Migration Assays

Real-time invasion assays were performed using the xCelligence Real-Time Cell Analyzer
(RTCA) DP (Roche, Castle Hill, NSW), as per the manufacturer’s protocol. Briefly, sub-
confluent cell cultures were collected in serum free media and plated at 2x10* cells per well
in the top chamber of a CIM-Plate 16 pre-coated with 5% matrigel (BD Biosciences). DMEM

containing 10% FCS was used as a chemo-attractant. Real-time migration assays were
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performed using Incucyte (Essen, Michigan, USA). Phase images were taken every 15

minutes and wound closure and cell confluence calculated using specific Incucyte software.

Breast tissue microarrays and immunohistochemistry

Breast tissue microarrays BR951, BR961 and BR963 were sourced from US Biomax Inc.
Immunohistochemistry was performed to determine ZNF652 expression. Briefly, slides were
heated at 50°C for 2 hours followed by dewaxing 3 x 5 min with xylene, rehydration 3 X 5
min with 100% ethanol and 2 x 3 min with PBS. Slides were subsequently treated with 1:100
dilution H,O, in PBS for 5 min at RT followed by 2 x 3 min wash in PBS. Slides were
immersed in citrate buffer and microwaved on high for 3 min (until boiling) followed by 15
min on low. Cooled slides were washed 2 x 3 min in PBS. Slides were blocked in 5% rabbit
serum in PBS at RT for 30 min and incubated with an affinity purified rabbit polyclonal
antibody against ZNF652 (17) overnight at 4°C. Slides were washed 2 x 3 min in PBS
followed by addition of biotinylated rabbit specific secondary antibody (Dako Australia,
Cambellfield, VIC) at 1:400 in blocking solution and incubated for 1 hr at RT in a humid
chamber. Streptavidin (1:500 dilution in PBS) was added and incubated for 1 hr at RT in a
humid chamber. DAB and H,0O; solutions were added and incubated at RT for 6 min.
Sections were counterstained with Lillie-Mayer haematoxylin for 15-30 sec, washed once
with water and dehydrated through 3 x 5 min washes 100% ethanol and 3 x 5 min washes

with xylene. Slides were subsequently mounted in DPX.
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Supplementary Materials and Methods

Western blot analysis

Briefly, cells were resuspended in Buffer A (10mM Hepes, 10mM KCI, 1.5mM MqgCl,,
0.34M sucrose, 10% glycerol) supplemented with 25 x protease inhibitor (Roche). Triton X-
100 was added to a final concentration of 0.1% followed by incubation on ice for 8 minutes.
Nuclei were pelleted by centrifugation for 5 minutes (1,300 x g, 4°C). Nuclear pellets were
subsequently lysed in lysis buffer (50mM Tris-HCI (pH 7.5), 250mM NaCl, 1mM EDTA,
50mM NaF, 0.5% Triton-X 100, 0.1mM NazVO,) with 1x protease inhibitor cocktail.
Lysates were sonicated 1x 15 seconds at 25% amplitude and clarified (13,200 rpm, 4°C) for
15 min. Western blot analysis was performed as previously described (Kumar et al., 2005).
Antibodies used for western blot were: mouse a-p53 DO-1 (Santa Cruz Biotechnology, Santa
Cruz, CA), mouse a-f actin (Sigma Aldrich), mouse a-Lamin A/C (BD Biosciences, San
Jose, CA), rabbit a-ZNF652 (Kumar et al., 2006), a-mouse 1gG HRP linked (GE Healthcare,

Munich, Germany), a-rabbit IgG HRP linked (GE Healthcare).

Chromatin Immunoprecipitation (ChIP)

Cell lines were collected and DNA and proteins were cross-linked by addition of 1%
formaldehyde for 9 min with rotation at RT. To stop cross-linking, 625mM cold glycine was
added, mixed and centrifuged for 5 minutes at 300 g. Cells were subsequently washed twice
with 50 mL cold PBS. Cell pellets were lysed in 400 uL SDS Lysis buffer (1% SDS, 10mM
EDTA, 50mM Tris-HCI pH 8.1) with protease inhibitors, followed by sonication (6 x 15 sec;
30% amplitude) using vibracell sonicator (Sonics and Materials Inc, Newtown, CT, USA).

Following clarification, lysates were diluted 10-fold in dilution buffer (0.01% SDS, 1.1%
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Triton X-100, 1.2mM EDTA, 16.7mM Tris-HCI pH 8.1, 167mM NaCl) and inputs collected.
Lysates were precleared with Protein A sepharose beads with BSA and sonicated salmon
sperm DNA (ssDNA) at 4°C with rotation for 2 hours. Lysates were subsequently incubated
with 4 pg rabbit a-ZNF652, rabbit a-p63 H-129 (Santa Cruz) or rabbit 1gG at 4°C with
rotation overnight. Immune complexes were precipitated with Protein A sepharose with
sSDNA at 4°C with rotation for 2 hours. Beads were washed once each with low salt immune
complex wash buffer (20mM Tris-HCI pH 8, 150mM NaCl, 2mM EDTA, 1% Triton X-100,
0.1% SDS), high salt immune complex wash buffer (20mM Tris-HCI pH 8, 500mM Nacl,
2mM EDTA, 1% Triton X-100, 0.1% SDS), LiCl immune complex wash buffer (L0OmM Tris-
HCI pH 8, ImM EDTA, 0.25M LiCl, 1% NP-40, 1% sodium deoxycholate) and twice with
TE buffer (10mM Tris-HCI pH 8, 1ImM EDTA). Specific immune complexes were eluted in
250uL SDS elution buffer (1% SDS, 0.1M NaHCO3). Cross-links were reversed by addition
of 10uL 5M NaCl and heating at 65°C for 16 hours, followed by addition 10puL 0.5M EDTA,
20puL 1M Tris-HCI pH 6.5 and 4pL 10mg/mL Proteinase K and heating at 45°C for 1 hour.
DNA was extracted using standard PCR purification kit (Qiagen). Levels of specific
promoter DNAs were determined by real-time PCR using specific primers (Supplementary

Table 3). Three independent biological replicates were performed.

Kumar R, Manning J, Spendlove HE, Kremmidiotis G, McKirdy R, Lee J et al (2006).
ZNF652, a novel zinc finger protein, interacts with the putative breast tumor suppressor
CBFA2T3 to repress transcription. Mol Cancer Res 4: 655-65.

Kumar R, Neilsen PM, Crawford J, McKirdy R, Lee J, Powell JA et al (2005). FBXO31 is

the chromosome 16q24.3 senescence gene, a candidate breast tumor suppressor, and a
component of an SCF complex. Cancer Res 65: 11304-13.
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Supplementary Tables

Supplementary Table 1. Published miR-155 targets.

Accession

Number

NM_013229.2
NM_152641
NM_019087.2
NM_006407.3
NM_032131.4
NM_001668
NM_000685
NM_206866
NM_021946.4
NM_173473.2
NM_001083913.1
NM_020314.4
NM_018372.3
NM_016631.3
NM_016210.4
NM_001093755.1
NM_032415.3
NM_014316.2
NM_004346.3
NM_016122.2
NM_015891.2
NM_005194
NM_025134.4
NM_020313.2
NM_015041.1
NM_005211
NM_001025105.1
NM_005214

NM_181552

APAF1
ARID2
ARL15
ARLGIP5
ARMC2
ARNT
ATIR
(AGTR1)
BACH1
BCORL1
C100rf104
C100rf26
C16orf62
Clorf103
C21orf66
C3orf18
CSorf44
CARD11
CARHSP1
CASP3
CCDC41
CDC40
CEBPB
CHD9
CIAPIN1
CLUAP1
CSF1R
CSNK1A1

CTLA4

Reference

(@)
(1.2
(@)
(@)
1
3
(4-7)
(1-3)
(@)
(@)
(@)
(@)
1)
1)
1)
1)
1
1
®)
1)
1)
(2,39-11)
1)
1)
1)
(3.12)
1)
(12)

©)
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NM_207318.2
NM_183075.2
NM_001014283.1
NM_017996.3
NM_024612.4
NM_004091.2
NM_017629.2
NM_001143820
NM_0142855
NM_003824
NM_001105531.2
NM_173607.3
NM_144963.2
NM_002009
NM_001455
NM_031412.2
NM_001482.2
NM_016592.2
NM_016072.4
NM_012257.3
NM_001530
NM_006734
NM_144646.3
NM_014002
NM_001560
NM_018725.3
NM_001017915
NM_014937.2
NM_012141.2
NM_007199
NM_004973
NM_015483.2
NM_014647.3
NM_014431.2
NM_015990.4
NM_153686.7
NM_015093
NM_018509.3

NM_001114093.1

CuXx1

CXorf39

CYP2U1

DCUN1D2

DET1

DHX40

E2F2

EIF2C4

ETS1

EXOSC2

FADD

FAM135A

FAM177A1

FAM91A1

FGF7

FOXO03

GABARAPL1

GATM

GNAS

GOLT1B

HBP1

HIF1A

HIVEP2

1GJ

IKBKE

IL13RA1

IL17RB

INPP5D

INPP5F

INTS6

IRAK3

JARID2

KBTBD2

KIAA0430

KIAA1274

KLHL5

LCORL

LNX2

LRRC59

(@)

(@)

(@)

1)

1)

1)

1)
7
(@)
(8.13)
(@)

1)

1)
(20)
(14,15)
(@)

(@)

(@)

1

1

©)]
1.211)
1
(13,16)
(18)
1
(25-29)
1)

1)
17
(1,3,19)
1

1

1)

(@)

(@)

(@)

1)

1)
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NM_002446 3
NM_003954.2
NM_015093
NM_001172303.1
NM_018388.3
NM_032485.4
NM_015335.4
NM_005587.2
NM_015358.2
NM_022474.2
NM_014161.3
NM_015084.2
NM_001080416.2
NM_001172567
NM_012334
NM_015194.1
NM_001099412.1
NM_004539.3
NM_002577.4
NM_203487.2
NM_014456.3
NM_198040.2
NM_014660.3
NM_199320.2
NM_007166
NM_006256.2
NM_017443.4
NM_002734.3
NM_014904.2
NM_006908.4
NM_014247.2
NM_005614.3
NM_001664
NM_003804
NM_022064
NM_024632.5
NM_005625.3
NM_024077.3

NM_003036

LSM14A

MAP3K10

MAP3K14

MAP3K7IP2

MASTL

MBNL3

MCM8

MED13L

MEF2A

MORC3

MPP5

MRPL18

MRPS27

MYBL1

MYD88

MYO10

MYO1D

MYST3

NARS

PAK2

PCDH9

PDCD4

PHC2

PHF14

PHF17

PICALM

PKN2

POLE3

PRKAR1A

RAB11FIP2

RAC1

RAPGEF2

RHEB

RHOA

RIPK1

RNF123

SAP30L

SDCBP

SECISBP2

(@)
(@)
(1,17,35,36)
1)
1)
1)
1)
(@)
(@)
(@)
(@)
1)
1)
(22)
(11
(@)
(@)
(@)
1
1
1
1
1
1
(1.3)
1
1)
1)
1)
1)
1
1
(24
(13)
(21
(@)
(@)
1)
(30)
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NM_001045556
NM_004733.3
NM_017515.4
NM_005900
NM_005901
NM_005903
NM_001128849.1
NM_003745
NM_001080547
NM_014409.3
NM_020773.2
NM_004607.2
NM_207036.1
NM_007005.3
NM_014765.2
NM_033285
NM_001042646.1
NM_004237.3
NM_018718.1
NM_030927.2
NM_013438.4
NM_020857.2
NM_003390
NM_023034.1
NM_001161661.1
NM_014569.3
NM_021045.1
NM_203282.2
NM_021148.2
NM_006969.2
NM_030972.3
NM_001145365.1

NM_001105549.1

SKI
SLA
SLC33A1
SLC35F2
SMAD1
SMAD2
SMAD5
SMARCAZ4
socs1
SPI1
TAF5L
TBC1D14
TBCA
TCF12
TLE4
TOMM20
TP53INPL
TRAK1
TRIP13
TSGAL4
TSPAN14
UBQLN1
VPS18
WEE1
WHSC1L1
WWC1
ZKSCANS5
ZNF248
ZNF254
ZNF273
ZNF28
ZNF611
ZNF652

ZNF83

(©)
(@)
(@)
(11)
(1,31)
(2,11,32)
1)
(21,33,34)
(3.23)
(@)
(@)
1)
1)
1
(@)
(1,37,38)
(@)
(@)
1
1
1
1
(1,39)
1
1
1
1)
1)
1)
1)
1
(1.2)

@
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Supplementary Table 2. Targets of the miR-155 ¢ mutant p53 axis.

Accession

Number

NM_001083913.1 C100rf26 0.0000000000020
NM_014456.3 PDCD4 0.00000013
NM_005903 SMADS5 0.0000011
NM_024077.3 SECISBP2 0.0000022
NM_001042646.1 TRAK1 0.0000026
NM_015335.4 MED13L 0.0000033
NM_000685 AGTR1 0.0000060
NM_024632.5 SAP30L 0.000013
NM_016210.4 C3orf18 0.000017
NM_015084.2 MRPS27 0.000021
NM_033285 TP53INP1 0.000026
NM_019087.2 ARL15 0.000031
NM_001025105.1 CSNK1A1 0.000042
NM_015093 LNX2 0.00055
NM_001145365.1 ZNF652 0.00084
NM_001161661.1 WWC1 0.00095
NM_014904.2 RAB11FIP2 0.0010
NM_001482.2 GATM 0.0012
NM_012257.3 HBP1 0.0014
NM_015041.1 CLUAP1 0.0017
NM_020314.4 C16orf62 0.0017
NM_207036.1 TCF12 0.0018
NM_199320.2 PHF17 0.0026
NM_005900 SMAD1 0.0029
NM_014247.2 RAPGEF2 0.0036
NM_015990.4 KLHL5 0.0036
NM_025134.4 CHD9 0.0041
NM_007199 IRAK3 0.0063
NM_183075.2 CYP2U1 0.0074
NM_001668 ARNT 0.0076
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NM_021946.4
NM_001105549.1
NM_002734.3
NM_018725.3
NM_002009
NM_014647.3
NM_012141.2
NM_001099412.1
NM_014431.2
NM_153686.7
NM_203487.2

NM_022474.2

BCORL1

ZNF83

PRKAR1A

IL17RB

FGF7

KI1AA0430

INTS6

MYST3

KIAA1274

LCORL

PCDH9

MPP5

0.0076

0.0093

0.012

0.016

0.017

0.024

0.036

0.044

0.044

0.046

0.048

0.049
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Supplementary Table 3. Sequences of oligonucleotides used throughout

Primer

Purpose

Sequence

TACCTTCAACTCCATCATGAAGT

Directio

n

Beta-actin-F Real-time PCR G Forward
CCGGACTCGTCATACTCCTGCTT
Beta-actin-R Real-time PCR G Reverse
Beta-Globin-ChlP- | ChlIP - neg
F control GAAGAGCCAAGGACAGGTAC Forward
Beta-Globin-ChlP- | ChlIP - neg
R control CAACTTCATCCACGTTCACC Reverse
ChIP - neg GCTGTGGTGTGTAGGAAGCAGC
CDC25B-ChIP-F | control AG Forward
ChIP - neg AAAGGAGGCCAAAGTCGGGCAA
CDC25B-ChIP-R | control TG Reverse
Cyclophilin A-F Real-time PCR GGCCAGGCTCGTGCCGTTTTGC | Forward
TGGCGTGTGAAGTCACCACCCT
Cyclophilin A-R Real-time PCR G Reverse
EGFR-F Real-time PCR GGCTGTCCAACGAATGGGCCTA | Forward
EGFR-R Real-time PCR CGTGCGCTTCCGAACGATGTG Reverse
TAGAGACATGGAGGACTCCCGA
EGFR-ZNF-BS1-F | ChIP CC Forward
EGFR-ZNF-BS1-R | ChIP GCACATTTTTCCATGCAGATGAG | Reverse
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CAGC

EGFR-ZNF-BS2-F | ChIP ACAAGTGAGCTGCGCAGGGTG Forward
TCTTGAAAATGGGAAACTGGCT
EGFR-ZNF-BS2-R | ChIP GTCA Reverse
EGFR-ZNF-BS3-F | ChIP GGCAGCTGCTTGCACCGAAAG Forward
EGFR-ZNF-BS3-R | ChIP ACGGGCCTGCATCTGGAAACT Reverse
GCTAAGCCATCCCCAAGTTTGTC
EGFR-ZNF-BS4-F | ChIP G Forward
EGFR-ZNF-BS4-R | ChIP AGCCTGCTGGAAATGCAGCCC Reverse
GCGGGATATAGTTCTCTTTATGT
EGFR-ZNF-BS5-F | ChIP AGCACTG Forward
ACCAAGCTAAATGTGCTTTCCAT
EGFR-ZNF-BS5-R | ChIP CATCT Reverse
TCATGTCATTCTTAATTGCAGGT
MIR155HG-F Real-time PCR TTTGGC Forward
ACCTGGGGGAAAGTACCAGTTT
MIR155HG-R Real-time PCR CT Reverse
TCATGTCATTCTTAATTGCAGGT
MIR155-p63BS-F | ChIP TTTGGC Forward
ACCTGGGGGAAAGTACCAGTTT
MIR155-p63BS-R | ChIP CT Reverse
PPIG-F Real-time PCR TGGACAAGTAATCTCTGGTCAA | Forward
PPIG-R Real-time PCR GTATCCGTACCTCCGCAAA Reverse
SMAD2-ZNF- ChiP ACCCTCAGGCTCTTTCCAGAAGC | Forward
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BS1-F

SMAD2-ZNF- AGGCACATAGAGCAGGGATTGC

BS1-R ChipP T Reverse

SMAD2-ZNF- ACGACCTACTGTTGACTGGAAG

BS2-F ChipP CCT Forward

SMAD2-ZNF- AGACCTTCATGATGATCCACTTC

BS2-R ChiIp CACT Reverse

TGFB1-F Real-time PCR GTACCTGAACCCGTGTTGCT Forward

TGFB1-R Real-time PCR GTATCGCCAGGAATTGTTGC Reverse

TGFB1-ZNF-BS1-

F ChipP GGGTACCCTTGGCCCCATCTTA Forward

TGFB1-ZNF-BS1-

R ChipP AGCCACCACTTCCTCTCCCATGA | Reverse

TGFB1-ZNF-BS2- CCTAACCAGCTGGGGAAGGGAG

F ChiIp T Forward

TGFB1-ZNF-BS2- TGCTGTCTCATTCCAGAGACTGT

R ChiIp GCT Reverse

TGFB2-ZNF-BS1-

F ChipP TTGCTCCGATTGGCGTGGAGC Forward

TGFB2-ZNF-BS1-

R ChiP CGGGTTTTGTCTCGGCGATGC Reverse
GGGGAAACAATACTGGCTGATC

TGFBR2-F Real-time PCR A Forward

TGFBR2-R Real-time PCR GAGCTCTTGAGGTCCCTGTGCA | Reverse
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TGFBR2-ZNF-

AGTACTGCAAGGACATGCTCCA

BS1-F ChipP AAAT Forward

TGFBR2-ZNF-

BS1-R ChiP TGTAGAACCACACTCCGTGCTCT | Reverse

TGFBR2-ZNF-

BS2-F ChiP TCCACTGACGCCTTGGCATGGA | Forward

TGFBR2-ZNF- AGACAGCGATCAGGTGGGTAGC

BS2-R ChiIp CA Reverse
TCCATTGGGTGGGAGAGCCAAG

VIM-F Real-time PCR G Forward
CCAGAGGGAGTGAATCCAGATT

VIM-R Real-time PCR A Reverse

VIM-ZNF-BS1-F ChipP TGCCACTGGGCTCTAAGCAGTGT | Forward
AGGAGTGGAGGCTTTGACAGAG

VIM-ZNF-BS1-R | ChIP T Reverse
CTTCACCAGCAAACAGACTGTG

ZNF652-F Real-time PCR AA Forward
TTCTTTTCTGCATATCCATGGAC

ZNF652-R Real-time PCR G Reverse

p53 siRNA SiRNA GCAUGAACCGGAGGCCCAUITAT | Sense

Antisens
p53 siRNA SiRNA AUGGGCCUCCGGUUCAUGCITT | e
ZNF652 siRNA #1 | siRNA GUAGAGAAAGUCAGCGUUAUU | Sense
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P- Antisens
ZNF652 siRNA #1 | siRNA UAACGCUGACUUUCUCUACUU e
ZNF652 siRNA #2 | siRNA GAGAAGUGCUUUCGGGUGAUU | Sense
Antisens
ZNF652 siRNA #2 | siRNA P-UCACCCGAAAGCACUUCUCUU | e
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Supplementary Figures

Supplementary Figure 1
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Supplementary Figure 1. miR-155 expression in breast cancer cell lines

The relative expression levels of miR-155 were determined in a panel of epithelial

and mesenchymal breast cancer cell lines (as indicated).



Supplementary Figure 2
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supplementary Figure 2. Physiologically-relevant expression of miR-155 in ZR-75-1

cells

A. The relative expression levels of miR-155 were determined in a polyclonal
population of ZR-75-1 cells stably expressing either retrovirally-delivered miR-
155 or a scrambled non-targeting RNA, as compared with a panel of epithelial
and mesenchymal breast cancer cell lines.

B. Relative expression of miR-15% was determined in polyclonal populations of
MCF-104A cells stably expressing either retrovirally-delivered miR-155 or a

scrambled non-targeting RNA.
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Supplementary Figure 3
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Supplementary Figure 3. miR-155 expression phenocopies activation of the TGF-B

pathway.

ZR-75-1 cells (control or miR-155) were seeded at 10% confluence and grown for 12
days in the presence of 2 ng/mL TGF-B (or vehicle control). Cells were stained for F-
actin using a phalloidin antibody, with lamellopodia and cell size scored as described

in Materials and Methods.

91



Supplementary Figure 4
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Supplementary Figure 4. miR-155 expression phenocopies mutant p53 expression

in H1299 cells.

H1299 cells expressing either miR-155 or a scrambled non-targeting RNA were plated
in the upper chamber of a CIM-16 plate coated with 5% matrigel, with invasion
assessed in real-time using an Xcelligence RTCA DP analyser. Similar experiments
were performed using El H1299 p53 R175H cells in the presence or absence of the
inducing agent, PonaA (2.5 wg/mL). The relative expression of miR-15% and p53 R175H
were determined by real-time PCR and Western blot analysis, respectively. H1299
cells (as treated above) were plated in a 6-well format at 1000 cells/well and stained

with Giesma after 10 days. Pictures show representative colonies.
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Supplementary Figure 5
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supplementary Figure 5. miR-155 is directly repressed by wild-type p53

El p53-WT cells were treated with 2.5 pg/mL Pona for 0, 24, 48 or 72 hours to induce

p53 protein expression. Relative MIRIS5HG expression and p53-WT protein

expression were determined by specific RT-PCR or Western blot analysis,

respectively.
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Supplementary Figure 6
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Supplementary Figure 6. ZNF652 expression is inversely correlated with vimentin in

breast cancer cell lines

Expression microarray data from a cohort of 51 breast cancer cell lines representing
both luminal {epithelial) and basal b (mesenchymal) cell types (Neve, 2006) shows
that ZMNF652 expression is up-regulated in epithelial cell lines and inversely

correlated with the expression of the mesenchymal marker, vimentin.
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Supplementary Figure 7

ZNF652

[i 3

B Control
B ZNF652 shRNA

0.6

0.4 -

0.2

Relative expression

TGFB1 TGFBR2 EGFR Vim

13

05

Relative expression
vt
Relative expression
Relative expression
Relative expression

=T N LA -

supplementary Figure 7. Knockdown of ZNFE652 results in a de-repression of target

genes

Polyclonal populations of ZR-75-1 cells expressing a ZNFES2 shRMA (W3LHS_368392)
or non-targeting (control) sequence were generated using the pGIPZ lentiviral
shRNAmir system. The expression of ZNFE52 and its target genes (TGFB1, TGFBR2,
EGFR and VIM) were determined using real-time PCR. Similar results were observed
using a second ZNFE52-specific shRNAmIr construct (V2LH5_229362) (data not

shown).
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Supplementary Figure 8
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Supplementary Figure 8. miR-155 and ZNF&52 regulate similar target genes within

the EMT pathway.

The expression of 84 EMT related gznes (listed in Supplementary Table 1) was
determined in ZR-75-1 cells with silenced ZNFESZ expression (from Supplementary
Figure 7). Data presented is an average of three independent biological replicates.
Heat maps show the comparison of these data with that of ZR-75-1 cells expressing

miR-155 (from Figure 1E).

Supplementary Figure 9
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Supplementary Figure 9. ZNF&52 suppresses SMAD-mediated transactivation

H1299 cells were transiently-transfected with ZNFE52 (25, 100 or 250 ug) and a
firefly luciferase reparter construct driven by a canonical SMAD response element.
Cells were incubated in the presence of 2 ng/mL TGF-B (or vehicle control) where
indicated. Firefly luciferase activity was determined using a dual-luciferase reporter

kit and normalised against a renilla luciferase internal transfection control as

described in Materials and Methods.
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Chapter 4 — Conclusion

Understanding the role of oncogenic miR-155 in cancer is important due to the prevalence of
miR-155 upregulation in cancer. Investigating the mechanisms of regulation of miR-155 are
particularly significant since the downstream targets of miR-155 and thus the action of miR-
155 is well understood. Since miR-155 is upregulated in multiple types of cancer,
understanding the mechanism of miR-155 regulation and its consequences could provide
targets for future therapies, for example by targeting an upstream regulator and preventing
miR-155 upregulation. Since miR-155 is associated with poor prognosis in some cancer
types, the regulators of miR-155 could be valuable in early diagnosis or prognosis of
aggressive cancers. miR-155 itself has been proposed as a potential biomarker for aggressive
cancers.

Here we identify all confirmed targets of miR-155, identify miR-155 as downstream of the
guardian of the genome, investigate the role of a novel miR-155 target and propose a novel
mechanism of miR-155 regulation. The confirmed targets of miR-155 have never been
presented together before this, and will be a valuable resource for future researchers. The
tumour suppressor properties of the novel miR-155 target ZNF652 added to the list of targets
associated with cancer, further shedding light on the oncogenic role of miR-155. The greatest
contribution of this work is that regarding miR-155 regulation — an area that is still yet to be
thoroughly investigated. First, we identify miR-155 as downstream of p53 and mutant p53, as
a driver of invasion. Further, we elucidate a mechanism of direct miR-155 regulation by the
p63 isoforms TAp63 and ANp63, where TAp63 inhibits ANp63 from driving miR-155
expression. Thus when TAp63 is absent, ANp63 can drive miR-155 expression and cause the

high levels of miR-155 upregulation seen in multiple cancer types including breast cancer. In
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addition, ANp63 is often the most expressed p63 isoform in cancer, giving this mechanism
precedence in the context of cancer.

During the course of this work, some problems had to be overcome. Differentiating between
the p63 isoforms was difficult both in terms of RNA and protein. The p63 antibody used (H-
129) was not isoform specific, but this was overcome by using positive controls expressing
only TAp63 or ANp63 in order to identify which bands corresponded to which isoforms.
When carrying out quantitative realtime PCR, isoform-specific primers had to be designed
and optimised, which proved time consuming but ultimately successful. The second major
problem involved the knockdown cell lines used throughout this work. After numerous
passages the cell lines had the tendency to lose the knockdown, where cells not carrying the
knockdown were outgrowing those still carrying the knockdown. Solving this was
accomplished by close monitoring of the fluorescence of the cells (as all knockdown cell
lines also carried a fluorescent tag) and use of selective agent when appropriate to eliminate
any cells not carrying the knockdown. Additionally, although we were able to show in
Chapter 3 that ANp63 can bind and drive miR-155 expression (via ChIP and luciferase assays
respectively), the p63 isoform expression did not show that ANp63 overexpression increased
miR-155 expression levels. This was attributed to either the inhibitory presence of TAp63 or
the cell line used (BT549) having a naturally very high level of miR-155 expression which
could not be elevated more. Further work should utilise a cell line with lower endogenous
miR-155 levels (and preferably an absence of TAp63) that could more reasonably respond to
a stimulus such as exogenous ANp63 expression, in order to demonstrate the mechanism
established using ChIP and luciferase.

In the future investigating the role of p53 in this pathway and also determining the clinical
significance of the proposed mechanism would be valuable directions for research. In

Chapter 2 we showed that mutant p53 was upstream of miR-155, but in light of the findings
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regarding the p63 isoforms in Chapter 3 there is an opportunity to elucidate the specific
mechanism of interaction between these 3 proteins that influences miR-155 expression. Does
mutant p53 bind to TAp63 and sequester it, thus enabling ANp63 to drive miR-155
expression? Perhaps mutant p53 and ANp63 both bind to MIR155 and drive its expression.
And what is the role of wildtype p53? Identifying interactions between these p53 family
members and the resulting effects on miR-155 expression will be crucial to fully
understanding how miR-155 becomes upregulated in cancer. Further, “rescue” experiments
using anti-miR-155 similar to those in Chapter 3 would be valuable in conclusively
establishing mutant variants of p53 as a driver of miR-155. Also of note is that only 42 out of
140 miR-155 targets decreased in response to mutant p53/miR-155 expression. This would
indicate that mutant p53 is not the sole regulator of miR-155 and its downstream targets, and
that miR-155 or more likely its targets are under multiple levels of control. Identifying the
other mechanisms at work here could be valuable in prognosis or diagnosis, as a perturbation
in miR-155 alone may not be sufficient to cause disease in some cases. It would also be
valuable to confirm results from breast cancer cell lines in primary samples, as results from
cell lines can be skewed due to the immortalisation of cell lines.

The novel tumour suppressor gene ZNF652 was one of the 42 miR-155 genes that showed
lower expression in mutant p53 tumours and proved an interesting miR-155 target as it
repressed key drivers of invasion and loss of ZNF652 correlated with invasion and
metastasis. Investigation of ZNF652 function was valuable and revealed ZNF652 as a key
regulator of EMT and suppressor of invasion, however the link between mutant p53 and
ZNF652 was not fully explored. Future work on ZNF652 and mutant p53 should include
validation of the mutant p53/miR-155 regulation of ZNF652 by modulating p53/mutant p53
in the presence or absence of anti-miR-155, which would indicate the importance of mutant

p53 and miR-155 in ZNF652’s regulation. Additionally, although the ZNF652 levels in
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tumours supports ZNF652 as a tumour suppressor, any future work involving ZNF652 and
primary tissue should be investigated for p63 mutation (in addition to p53 mutation) and also
ER status. This will shed light on the mechanism of ZNF652 regulation at work in these
tumours, in relation to the findings on p63 regulation of miR-155 as described in Chapter 3.
Understanding the mechanism of miR-155 upregulation has clinical significance in cancer
treatment due to the association of high levels of miR-155 with aggressive disease and poor
prognosis. In particular the findings presented in Chapter 3 regarding p63 isoforms are
significant since p63 immunohistochemistry is already used in the clinic. The p63 regulation
of miR-155 mechanism not only provides insight useful for cancer prognosis, but also
potentials for treatment. If the specific interactions between the p63 isoforms and mutant p53
can be determined, it is possible that a drug could block this interaction and thereby prevent
upregulation of miR-155 downstream of mutant p53. Alternatively, cancers where a high
level of ANp63 is identified (by the clinical test mentioned above) could potentially be
targeted with a miR-155 specific drug, for example locked nucleic acids (LNAs), although
LNA technology needs further development before it can become a therapeutic agent.
Perhaps the most effective avenue for treating tumours with a high level of miR-155 would
be to find a pathway that is inhibited by miR-155 and identify or develop a drug that kills
cells lacking this pathway — a synthetic lethal strategy. Since the downstream targets and

pathways of miR-155 are well documented, this would seem a promising approach.
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