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Novelty and Impact:

Few rare risk variants have been identified for prostate cancer despite evidence they contribute
significantly to risk. Herein, we describe one of the few studies that have applied a whole-genome
sequencing approach to a large multigenerational family with densely aggregated cases. A predicted
splice variant in EZH2 was identified and significantly associated with prostate cancer risk, with

evidence of perturbation of EZH2 function in the tumours of variant carriers.
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ABSTRACT

Prostate cancer (PrCa) is highly heritable, and although rare variants contribute significantly to PrCa
risk, few have been identified to date. Herein, whole-genome sequencing was performed in a large
PrCa family featuring multiple affected relatives spanning several generations. A rare, predicted
splice site EZH2 variant, rs78589034 (G>A), was identified as segregating with disease in all but two
individuals in the family, one of whom was affected with lymphoma and bowel cancer and a female
relative. This variant was significantly associated with disease risk in combined familial and sporadic
PrCa data (n=1,551; OR=3.55, p=1.20x10%). Transcriptome analysis was performed on prostate
tumour needle biopsies available for two rare variant carriers and two wild-type cases. Although no
allele-dependent differences were detected in EZH2 transcripts, a distinct differential gene
expression signature was observed when comparing prostate tissue from the rare variant carriers
with the wild-type samples. The gene expression signature comprised known downstream targets of
EZH2 and included the top ranked genes, DUSP1, FOS, JUNB and EGR1, which were subsequently
validated by gPCR. These data provide evidence that rs78589034 is associated with increased PrCa
risk in Tasmanian men and further, that this variant may be associated with perturbed EZH2 function
in prostate tissue. Disrupted EZH2 function is a driver of tumourigenesis in several cancers, including

prostate, and is of significant interest as a therapeutic target.

INTRODUCTION

Prostate cancer (PrCa) is the most common, non-cutaneous malignancy in men and is a leading
cause of male cancer-related deaths in the developed world!. The heritability of this cancer is
estimated at 58%, greater than any other common cancer?. Numerous large-scale genome-wide
association studies have identified more than 170 common genetic PrCa risk variants (reviewed in
Benafif et al. (2018)%). Yet a recent meta-analysis suggests that these common variants still only

explain a minor portion of risk (28.4%)".

Mancuso and colleagues report that approximately 42% of ‘missing’ PrCa heritability is likely
to be explained by rare variants®. Rare variants typically play a more apparent role in disease
causation, with stronger effect sizes® and are proving to be of significant clinical utility in guiding
treatment decisions for several other cancers, such as breast cancer (reviewed in Berger et al.
(2018)"). Despite these successes, few rare risk variants have been identified for PrCa. Targeted
next-generation sequencing (NGS) in PrCa families exhibiting linkage to a region on chromosome
179 identified a rare mutation in HOXB13. The G84E (rs138213197) variant was found to be
associated with a 3-16-fold increase in PrCa risk® and this association has subsequently been
replicated in multiple studies®. Two whole-exome sequencing (WES) studies, conducted in a familial
PrCa cohort from the Fred Hutchinson Cancer Research Center (FHCRC), identified two rare risk

variants (minor allele frequency (MAF) <2%) in the BTNL2 gene'® and single variants in TANGO2,



OR5H14 and CHAD?. These variants were subsequently found to be significantly associated with
PrCa risk in a FHCRC population-based, case-control dataset!®!l. Other studies have taken a
candidate gene approach; identifying rare mutations in DNA repair-associated genes BRCA1/2,
CHEK2, ATM, PALB2, BRIP2 and NBN that were associated with increased PrCa risk, and their
clinical utility is now being realised'?. However, these rare variants still only explain ~5-6% of PrCa
heritability, thus there is a strong imperative to further elucidate rare variant contribution to PrCa risk

and the role they play in tumourigenesis?*s.

Although candidate gene approaches have had some success, there are calls for further
agnostic approaches to rare variant discovery4. Herein, we apply whole-genome sequencing (WGS)
to a large multigenerational Tasmanian family with a dense aggregation of PrCa. The Tasmanian
Familial Prostate Cancer Study commenced in the late 1990s, utilising the Tasmanian Cancer
Registry (TCR) and extensive Tasmanian genealogical records to identify large families with multiple
cases of PrCa. Tasmania is an island state of Australia inhabited by the Palawa Indigenous people.
It was colonised by Europeans as a penal settlement in the early 1800s. A mild-population bottleneck
was experienced in the mid 1800s; at this time the population included an estimated 10,000 Northern
European ancestry couples (at most) of childbearing age. It is estimated that these “founding
families” were responsible for ~65% of Tasmanian residents in 1996%°. The Tasmanian Familial
Prostate Cancer Study commenced recruitment of families with multiple cases of PrCa in the late
1990s, prior to the introduction of prostate-specific antigen testing, thus families were largely
ascertained on the basis of symptomatic PrCa. Here, WGS of individuals from a large Tasmanian
PrCa family identified a rare EZH2 variant. Subsequently, this variant was found to be associated
with PrCa in a larger dataset comprising familial and sporadic cases and controls. Tumour-based
analyses were then performed to examine the putative functional role this variant may play in PrCa

development.

MATERIALS & METHODS
Study Resources
The Tasmanian Familial Prostate Cancer Study

This study comprises two Tasmanian PrCa datasets. The first is the Tasmanian Familial Prostate
Cancer Cohort, which includes a rare collection of 73 PrCa families from the founder population of
Tasmania and has been described previously'®. DNA samples from blood and saliva were available
for 293 affected men and 445 _male and female relatives. The Tasmanian Prostate Cancer Case-
Control Study is a Tasmanian population-based dataset, which includes blood and saliva samples
from 472 cases and 341 controls'®. Archived prostate tissue pathology blocks from EZH2
rs78589034 carriers and a random selection of non-variant carriers were targeted for collection from

local pathology laboratories. Sectioned formalin-fixed paraffin embedded (FFPE) pathology blocks



were histologically reviewed by pathologists (RM and SD) to provide a contemporary grading of the
tumours (Supplementary Table S1) and to mark regions of malignant and benign cells.

The Tasmanian Clinical-Based Prostate Cancer Biopsy Cohort

This cohort is comprised of prostate tumour needle biopsies from 63 men participating in the
Tasmanian Tissue Resource or The Study of Prostate Cancer in Tasmanian Men studies. These
men underwent a radical prostatectomy and consented to their clinician taking subsequent needle
biopsies from this tissue. Biopsies from both the right and left lobe of the prostate were taken. Table
1 provides clinical details of cases and the Gleason score (GS) reported from the radical

prostatectomy pathology report.

The Fred Hutchinson Cancer Research Center Prostate Cancer Genetic Research Study

The FHCRC genetic resource includes families participating in the Prostate Cancer Genetic
Research Study (PROGRESS), which comprises a collection of more than 300 families ascertained
from across North Americal*'’. For the analysis included in this manuscript, WES data from 321
affected men diagnosed with early-onset and/or aggressive PrCa from 130 families was available.
The number of individuals with WES data available in each family ranged from two to five. Eleven
unaffected men were selected from the families for WES. The PROGRESS study was approved by
the Institutional Review Board at the FHCRC.

Nucleic Acid Extractions

\A from blood and saliva was extracted as previously described by FitzGerald and colleagues?®.
DNA and RNA were extracted from macro-dissected malignant and benign regions of FFPE tissue
blocks from EZH2 rs78589034 carriers and non-variant carriers (Supplementary Table S1)¢. DNA
was extracted from the left core of 63 fresh needle biopsies, using the AllPrep Micro Kit (Qiagen), as
per the manufacturer's instructions, and quantitated using the Nanodrop® ND-1000 UV-vis
spectrophotometer (Nanodrop® Technologies). RNA was extracted from 12 biopsies from seven
men in the Tasmanian Clinical-Based Prostate Cancer Biopsy Cohort, using the RecoverAll Total
Nucleic Acid Isolation Kit (ThermoFisher Scientific), according to the manufacturer’'s instructions.
The SuperScript™ VILO™ cDNA Synthesis Kit (Invitrogen) was used for cDNA conversion, as per

the manufacturer’s instructions.

Next-Generation Sequencing



WGS data was generated for three PcTas12 individuals (Figure 1) at the Kinghorn Centre for Clinical
Genomics, Australia, on the lllumina HiSeq X™ Ten platform using the TruSeq Nano library
preparation. Quality control assessment of the NGS data is displayed in Supplementary Method 1
and Supplementary Table S2. Data was analysed using the Variant Analysis of Sequenced
Pedigrees (VASP) analytical pipeline, developed specifically to detect disease-causing variants in
sequenced pedigrees'®®. Variant reports for single nucleotide variants and insertions/deletions were
generated and prioritised based on the following criteria: segregation with disease; MAF of <2% in
the gnomAD non-Finnish European database; variant type (e.g. honsynonymous or splice site) and
a CADD?° score of >10.

Sanger Sequencing

Sanger sequencing was performed on the ABI 3500 Genetic Analyser (Applied Biosystems) to
validate the WGS results and determine variant segregation with disease in additional PcTas12
family members with germline samples (n=54). EZH2 variant carrier status was also determined in
deceased affected men with only a tumour specimen available (n=3). EZH2 primers were designed

using PrimerBLAST?! (Supplementary Table S3) and PCR conditions are available on request.

Genotyping

A TagMan SNP genotyping assay (Assay ID C_64633016_10, Life Technologies) was used to
genotype the EZH2 variant in the familial and case-control datasets on the LightCycler® 480 system
(Roche). Heterozygous individuals were confirmed by Sanger sequencing.

Real-Time gPCR Analysis

SYBR green real-time quantitative PCR (RT-gPCR) assays were performed to determine gene
expression of EZH2 and two housekeeping genes, S-Actin and GAPDH. Amplification was performed
on 50ng FFPE cDNA using EZH2 primers designed in exons 8/9 of the gene, and published S-Actin
and GAPDH primers?? (IDT and Sigma Aldrich; Supplementary Table S4). In total, 18 malignant and
14 benign samples from seven EZH2 variant carriers and 11 non-variant carriers were assessed.
Standard curves were generated for each primer pair to determine PCR efficiency and normalise

EZH2 expression. PCR conditions are available on request.

Cell Culture

This method pertains to the results of the in vitro splicing assay shown in Supplementary Figure S2.
PC3 (RRID:CVCL_0035) and 22Rv1l (RRID:CVCL_1045) cells were obtained from European



Collection of Authenticated Cell Cultures (ECACC, United Kingdom) and cultured in RPMI as
described previously?3. Cells were sub-cultured every 3-4 days and were maintained between 1 x
10° and 1 x 1068 cells/ml. All were cultured in a humidified incubator at 37°C and 5% CO.. Both cell
lines have been authenticated using short tandem repeat profiling within the last three years. All

experiments were performed with mycoplasma-free cells.

Transcriptome sequencing analysis

Transcriptome sequencing data were generated for four fresh prostate needle biopsies at the
Australian Genome Research Facility, Australia, on the NovaSeq 6000 using the TruSeq stranded
MRNA sample preparation. Samples were run in duplicate and 20 million, 100 base pair (bp) single
end reads were generated for each. Read quality reports were generated for each library (using
FastQC) and adapters trimmed from reads using TrimGalore. Quality control assessment of the
transcriptome data is displayed in Supplementary Table S5. A principal component analysis (PCA)
demonstrated good correlation (r°=0.89) between the duplicates, and thus, the replicate with the

most reads was chosen for subsequent analysis.

For specific gene transcript analysis, reads in fastQ format were aligned to the hg38
reference genome using a fast and sensitive splice alignment program, HiSat2 (version 2.1.0).
Transcripts were assembled and quantified using StringTie (version 2.1.1) and the output processed
by Ballgown. Transcript level expression reports, which included annotations such as RefSeq
transcript identification numbers, total number of exons included in the transcript and transcript

expression (RPKM), were generated for each sample.

For differential expression analysis, trimmed reads in fastQ format were aligned to the hg38
*~‘erence genome using TopHat2 (version 2.1.1), a gapped-read mapper for RNA-seq data.
FeatureCounts (version 1.6.4) was used to count the expression of each gene in each sample and
DESeq2 (version 2.11.40.6) was used to analyse differential expression of genes between the EZH2
rs78589034 carriers and non-variant carriers. Statistically significant genes were determined by
Bonferroni correction. All analyses and subsequent images were generated using Galaxy online,
version 20.01. Four differentially expressed genes were chosen for RT-qPCR validation and the

assay was performed as described above (Supplementary Table S4).

Statistical Analyses
Association analyses

EZH2 genotype data was analysed using Modified Quasi-Likelihood Score (Mqis)?*, a powerful
association analysis method that deals with complex family structure and maximally uses available

information whilst also appropriately accounting for relatedness of individuals. It also increases



power by inferring genotypes in related untyped individuals whilst permitting the inclusion of
unrelated individuals and individuals of unknown phenotype?®. Genotype data on sampled individuals
is treated as random, while phenotype information is fixed, which additionally allows for valid
association testing in the presence of possible phenotype misspecification, thereby maximising
power but again appropriately managing type 1 error?®. Evaluation of this method by Cummings et
al. (2013)?¢ has comprehensively examined possible inflation of type 1 error, by performing
simulation analyses using a large Amish pedigree structure, revealing no inflation in type 1 error

rates, whilst maintaining maximal use of power afforded by the large pedigree.

Linkage Analysis

Linkage analysis was performed for the main PcTas12 pedigree comprising 19 individuals; one
female variant carrier and seven non-variant carriers were removed. Given PrCa is a complex trait,
model-free linkage analysis was performed, consistent with previous linkage studies. Non-

parametric linkage analysis was performed using Merlin 1.1.2 .

Gene expression

The unpaired Student’s t-test was used to compare absolute gene expression of DUSP1, FOS,
JUNB and EGR1 between EZH2 rs78589034 carriers and non-variant carriers. P-values that were

<0.05 were considered to be significant.

RESULTS
‘'H2 variant association with prostate cancer risk in the Tasmanian population

WGS was performed in three relatives from a large Tasmanian family exhibiting a dense aggregation
of PrCa across multiple generations (PcTas12; Figure 1: with an extended PcTasl2 pedigree
showing all individuals also presented in Supplementary Figure S1). Interrogation of WGS data
revealed four rare candidate PrCa risk variants (see Supplementary Table S6) present in an affected
uncle/nephew pair but not in an older unaffected male relative, nor in any of the eight screened
Tasmanian controls with WGS data. Additional genotyping in four PcTas12 cases and three relatives
revealed that three of the four variants failed to segregate with disease in the larger family, and/or
were found to be present in a screened Tasmanian control population (n=88) at a frequency
inconsistent with a rare risk variant. The rare EZH2 variant (rs78589034) was of particular interest
given existing evidence in the literature that EZH2 plays an established role in prostate
tumourigenesis. This variant was also subsequently found to segregate with disease in the larger
PcTas12 family, following genotyping of 57 additional family members, including three affected men

who only had FFPE tumour DNA available. Sequencing of these samples revealed seven additional



variant carriers, including five affected males, one older unaffected male relative (diagnosed with
bowel cancer and lymphoma), and a daughter of an affected carrier (Figure 1). Non-parametric
linkage analysis was performed in a trimmed version of the main pedigree comprising 19 individuals
(following exclusion of one female variant carrier and seven non-variant carriers). A single point
maximum LOD score of 1.62 (p=0.003) was generated, suggestive of linkage. To examine whether
this rare variant was associated with clinicopathological features we examined the clinical data
available for six affected variant carriers and five affected non-variant carriers. Analyses revealed no
significant difference in the age at diagnosis (p=0.94) or GS (p=0.54) between the two groups (Table
2).

To assess the contribution of rs78589034 to PrCa risk in the wider Tasmanian population, all
additional individuals from the familial cohort (n=738) and the case-control study (n=813) were
genotyped. A single affected variant carrier was identified in the familial cohort (an isolated case in
a branch of PcTas9), and three cases and one control were identified as carriers in the case-control
study (the total number of variant carriers in our datasets are displayed in Table 3). Association
testing was performed by Mqis analysis®* which allows the combined familial and case-control
genotyping data to be included, whilst appropriately accounting for relatedness. A significant
association between PrCa risk and the EZH2 rs78589034 variant in the Tasmanian population
(OR=4.42; p=1.99x10°7). As expected, removal of the three PcTas12 individuals included in the
original variant discovery yielded a less significant result (OR=3.55; p=1.20x10%). The frequency of
the variant in sporadic carriers was 0.64% compared with 0.29% in the unaffected controls (Table
3). The reported MAF in the gnomAD non-Finnish European population is 0.36%, and a global MAF
of 0.06% is reported in ClinVar. Removal of the entire PcTas12 pedigree from the MqgLs analysis was
not performed, as this analysis would have permitted the inclusion of only five variant carriers (one
familial case, three sporadic cases and one unaffected control). This highlights the challenges
encountered in the identification of rare high-risk variants in complex common disease. The
rs78589034 variant lies 4bps from the AG dinucleotide predicted by the Human Splicing Finder as
the acceptor splice site. The in silico predictive tool, FATHMM-MKL?® predicts the rs78589034 variant
to be deleterious and probably pathogenic (score of 0.69; a score of >0.5 is considered deleterious

and a score of 0.7, pathogenic).

EZH2 variant association with prostate cancer risk in a North American population

Through our collaboration with the FHCRC (Seattle, US), WES data from 130 PROGRESS families
were examined'''’. The number of individuals with WES data available in each family ranged from
one to six. Of the 321 affected and 11 unaffected older relatives with WES data, six affected and one
unaffected man carried the EZH2 rs78589034 variant, representing seven different families. Mqis
analysis of the 332 PROGRESS individuals with WES data revealed a significant association
between PrCa risk and the EZH2 rs78589034 variant (p=0.0114). As the MqLs association test



utilises all pedigree information available whilst also accounting for relationship between individuals,
this result provides preliminary validation of the Tasmanian result. The observation that one EZH2
variant carrier was detected per family is likely to be influenced by the WES selection strategy for
the PROGRESS study!'’. Uncle-nephew and/or cousin pairs were prioritised for WES, and only a
small number of individuals were sequenced in each family (minimum 2 and up to 5). Of the six
affected variant carriers, four belonged to families where the most closely related genotyped case to
the variant carrier were cousins and/or nephews. In two families where affected brothers were
genotyped, only one brother was a carrier in each family. In the seventh family, the single unaffected
carrier was the brother of a case, and all remaining cases genotyped were cousins (see

Supplementary Figure S3 for all pedigree details).

EZH2 expression in variant and wild-type prostate tumour specimens

Given that alterations in EZH2 gene expression are strongly associated with the development of a
variety of cancers, including PrCa?®3°, EZH2 expression was examined in prostate tumours from
variant and wild-type carriers. FFPE pathology specimens were available for 18 cases, seven of
which were identified as EZH2 rs78589034 rare variant carriers (Supplementary Table S1). EZH2
gene and protein expression was not detectable in the FFPE prostate tumours by RT-PCR or
immunohistochemistry, respectively (Supplementary Method 2; data not shown). However, two
additional EZH2 rare variant carriers (PT700 and PT1800) were identified in fresh prostate needle
biopsies from radical prostatectomies sourced from the clinical-based cohort (Table 1). Total RNA
was extracted from the biopsies of the two sporadic EZH2 rare variant carriers and four wild-type
non-carriers. Evaluation of EZH2 mRNA levels revealed that all samples expressed low levels of
EZH2, and expression was similar in rs78589034 rare variant and wild-type carriers (Figure 2). In
«+.2 Human Protein Atlas, EZH2 expression is also low in prostate tissue, and the majority of prostate
tumours display very low expression. Data derived from RNA sequencing analysis of the TCGA-
PRAD tumour (n=494) and normal prostate samples (n=152) demonstrates that EZH2 expression is
generally low in the prostate but can vary widely in both tumour and normal prostate samples, with

higher expression associated with shorter disease-free survival (Supplementary Figure S4)31.

Examination of EZH2 alternate transcripts in variant and wild-type prostate needle biopsies

Disruption of EZH2 splicing has been observed in, and associated with a variety of cancers?®3?. The
rs78589034 variant is predicted to alter splicing (FATHMM-MKL) and lies 4bp from the AG acceptor
site preceding the start of exon 16. A diagrammatic representation of EZH2 transcripts in the normal
prostate is presented in Supplementary Figure S5. Transcriptome sequencing of RNA from the fresh
prostate needle biopsies of two EZH2 variant carriers (PT700 and PT1800) and two non-variant
carriers (PT300 and PT4400) was undertaken to determine whether alternate transcripts exist in the



variant carriers. Samples were sequenced in duplicate and PCA showed good correlation between
the duplicates, and further that rs78589034 variant carrier status strongly influences the tumour
transcriptome profile (Figure 3A). Consistent with the RT-gPCR data, low copy numbers of EZH2
transcripts were detected in both variant and non-variant carriers (Table 4). Multiple different EZH2
transcripts were detected in each of the four samples, suggesting that EZH2 differential splicing
events are frequent in prostate tissue. Seven different EZH2 transcripts were identified across the
four biopsies, however, no evidence for a correlation between the different transcripts and
presence/absence of the variant allele was observed (Table 4). To further check data quality, two
genes known to be highly expressed in the prostate, AMACR and HOXB13, were examined and

showed expected levels of expression (Supplementary Table S7).

Given the rs78589034 variant allele is predicted to impact splicing, an in vitro splicing assay
was undertaken (pSplice Express plasmid; a gift from Professor S Stamm?33). The transcription of
EZH2 exons 16-19 was assessed using an in vitro splice assay employing the pSpliceExpress
plasmid containing either the EZH2 wild-type ‘G’ allele, or the rare variant ‘A’ allele, however no
negative impact on splicing was observed in cells transfected with plasmids containing either allele
(Supplementary Figure S2). However, the presence of the rare ‘A’ allele at this position is likely to
strengthen the polypyrimidine tract (splicing factor recognition sequence), improving splice
efficiency. Sequence changes at key sites alter binding affinity of selected splicing factors, thereby

altering splicing factor efficiency3, which may not be detectable using the pSplice Express assay.

Differential gene expression in EZH2 variant and wild-type prostate needle biopsies

To examine whether there were transcriptome differences evident in the prostate tumours of EZH2
rare variant carriers, analysis of transcriptome data from the fresh needle biopsies from two
rs78589034 variant carriers and two wild-type non-carriers was undertaken. PCA of the
transcriptome data showed clustering by genotype, providing evidence for a variant-dependent
transcriptomic profile (Figure 3A). Subsequent DESeq2 analysis revealed a gene signature of 25
significantly differentially expressed genes between rs78589034 carriers (PT700 and PT1800) and
non-variant carriers (PT300 and PT4400) (Bonferroni corrected p value, <1.95x10%; representing
the threshold met for a gene to be considered statistically different between the two groups). Of these
25 genes, 24 were downregulated in the two variant carriers, and one, PCA3, was upregulated
(Figure 3B). There is also existing published evidence that EZH2 is associated with 14 of these 25
genes (Supplementary Table S8). Four were chosen for RT-gPCR validation; DUSP1, FOS, JUNB
and EGRL1. All four were found to be expressed at a lower level in the two EZH2 variant carriers
compared to the two non-variant carriers, validating the transcriptome data (Figure 3C). Whilst all
gene expression results trended towards significance, expression of DUSP1 and EGR1 were
significantly different between the two groups (p=0.004 and 0.012, respectively).



DISCUSSION

We observed a rare EZH2 variant, rs78589034, segregating with PrCa in a large Tasmanian family
and subsequently found it to be significantly associated with disease risk in the Tasmanian
population (OR=3.55, p=1.2x10). Analysis of independent WES data from 130 PROGRESS
families'®'” also revealed a statistically significant association of this variant with PrCa risk
(p=0.0114), providing supporting evidence for our finding. Furthermore, previous familial PrCa
genetic studies report linkage to chromosome 7g31-362°, which spans the EZH2 gene. Bachman et
al. (2005) subsequently provided evidence that an EZH2 haplotype was associated with risk of
familial PrCa, which includes the common rs2072407 variant, located 15bp from the variant identified

in our study®®.

The polycomb group (PcG) protein enhancer of zeste homolog 2, EZH2, is a histone
methyltransferase (HMTase)3” which plays a catalytic role in the Polycomb Repressive Complex 2
(PRC2)%. In cancer, including lymphomas, myelodysplastic and myeloproliferative disorders3%-4%,
germline and acquired EZH2 mutations have been observed to have both activating and inactivating
effects on tumour development. Interestingly, in our study, a PcTas12 male carrier of the EZH2
rs78589034 variant was reported to be diagnosed with lymphoma. Although various common
somatic EZH2 variants have been associated with risk of cancer, mainly lymphoma3%4%, their
functional impact on EZH2 remains unexplored. Higher EZH2 expression has been strongly
correlated with disease progression, including metastasis, and is associated with disease
aggressiveness and a poor prognosis (reviewed in#?). In prostate tumours, EZH2 overexpression is
mainly attributed to gene amplification, particularly in late-stage disease*?. However, in our study,
EZH2 was expressed at a low level in fresh prostate biopsies from primary tumours, consistent with
publicly available and published data; furthermore levels were comparable between rs78589034

variant and non-variant carriers.

EZH2 function is tightly regulated at the transcriptional, post-transcriptional and post-
translational level and tissue-specific regulation is vital for normal tissue growth and differentiation*3.
Splicing dysregulation is one of the molecular hallmarks of cancer. The EZH2 gene can give rise to
over 30 different mRNA transcripts that can exist concurrently in tissues; the functional implications
of the majority of these are as yet unknown#4. Although, there are reports that alternative splicing of
exon 14 in EZH2 plays a major role in the tumorigenesis of renal cancer®?. The EZH2 rs78589034
variant lies 4bp downstream from the AG dinucleotide, an acceptor splice site preceding exon 164°.
Exon 16 encodes residues included in the SET domain of the EZH2 protein, which is responsible for

its HMTase activity.

The spliceosome comprises small nuclear ribonucleoprotein complexes including the U2
auxiliary factor (U2AF) proteins. These proteins bind and proof-read polypyrimidine tracts, which



precede AG acceptor splice sites. Studies of the physical interaction between U2AF proteins and
their recognition sequences have shown that sequence changes at specific sites alter the strength
of binding and impact downstream functiont. Introduction of the rs78589034 variant introduces a
run of uracil’s close to the AG splice site potentially enhancing splice factor binding. Thus, it is
possible that enhanced efficiency of EZH2 splicing (to include exon 16) may increase the HMTase
activity of EZH2, resulting in downstream effects on target genes. Our examination of the prostate
biopsy transcriptomes from two rs78589034 variant carriers did not reveal any clear differences in
EZH2 splicing, however individual transcript counts were few and it is known that assembly of low-

level transcripts is challenging*’.

Therefore, we sought to determine whether there were detectable allele dependent
transcriptome differences in prostate tissue between variant and non-variant carriers. EZH2
rs78589034 carrier status was demonstrated to impact the transcriptome signature as indicated by
the PCA analysis. A 25 gene signature of significantly differentially expressed transcripts between
EZH2 rs78589034 variant carriers and non-variant carriers was identified. Top ranked genes in this
signature are known downstream targets of EZH2 and play a proven role in tumorigenesis
(Supplementary Table S8). For example, EZH2 binds to the DUSP1 promoter inducing H3K27
trimethylation, which subsequently suppresses DUSP1 expression*. EZH2 also directly regulates
the key tumour suppressor, miRNA101, in a negative feedback loop*® and decreasing levels of
miRNA101 are associated with multiple tumours, including colon, liver, lung, ovarian and prostate®°.
Although miRNA101 was not detectable in our samples (the RNA extraction method was not
specifically designed to capture miRNAs), this miRNA is known to regulate DUSP15!, FOS®? and
JUNBS®3, and expression of these genes was significantly downregulated in rs78589034 carriers.
Finally, EGR1, like EZH2, is regulated by the PRC2 complex in PrCa and downregulation of EGR1
is associated with tumour progression in PRC2-dependent tumours®*. Although the evidence
remains circumstantial, the observed changes in EZH2-regulated genes are consistent with a gain

of function of EZH2 in variant carriers.

There remains the need to replicate the association of this rare, intronic EZH2 variant in
independent familial and sporadic datasets, in addition to individuals of other ethnicities. A further
limitation of our study was that the availability of FFPE and fresh needle biopsies from rs78589034
variant carriers, limited our opportunity to fully elucidate the role of this variant on EZH2 splicing. It
is also recognised that the use of CADD to generate the initial list of prioritised variants, as opposed
to a combination of predictive tools, would likely influence the variants for investigation. CADD was
selected as it offers a less-biased larger-genomic training set than many other tools, which are
trained on comparatively fewer genomic variants for which the pathogenic status is known®S.
Although CADD broadly performs well for both coding and non-coding variants, it is not specifically
designed to predict functionality of splice-site variants. Therefore, an algorithm more suitable for

intronic variants, FATHMM-MKL, was also used?®. This tool also provided evidence that rs78589034



influences functionality of the splice site. Taken together, the evidence presented here raises the
interesting possibility that this variant may be associated with chronically enhanced EZH2 activity,

which may in turn contribute to prostate tumour development.

A variety of specific EZH2 inhibitors are in phase I/ll clinical trials, in combination with
standard therapies for metastatic castration-resistant PrCa. More recent interest has centred on their
use for the treatment of earlier-stage androgen-responsive tumours (discussed in Mollica et al.
(2019)%¢. The testing of EZH2-targeted therapies has also highlighted the value of molecular
phenotyping patient populations, to better target therapies to those most likely to benefit. Further,
there is also a strong interest in the characterisation of disrupted gene splicing in tumour

development, particularly the impact of splicing on radiation and chemotherapy resistance®’.

In summary, this study has provided evidence of a significant association between the EZH2
rs78589034 variant and PrCa risk in two distinct Caucasian populations. Here, we have also
provided circumstantial evidence that this variant may be associated with a gain of function of EZH2,
however this remains to be established. Importantly, this study highlights the complexities
encountered in unravelling the genetic determinants of PrCa. In evaluating candidate genetic risk
variants and their likelihood as being causative, one must also consider that prostate tumours are
often slow to progress and may have developed over a long period of time. Despite the challenges
encountered, the pursuit to improve our understanding of genetic factors in disease risk should
remain a priority if we are to deliver better screening, diagnostic and therapeutic options for PrCa
patients.
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FIGURE LEGENDS

Figure 1. Segregation of the EZH2 variant in the Tasmanian prostate cancer pedigree,
PcTas12. PcTasl2 pedigree depicting the number and relationships of PrCa cases (shaded
squares), as well as EZH2 rs78589034 carrier status. Squares indicate males and circles females,
with a slash indicating the subject is deceased. The disease status of earlier generations is generally
unknown, unless this information was obtained from clinical records. The rs78589034 variant (+)
was originally identified in individuals, PcTas12-1 and PcTas12-132, by WGS (indicted by an arrow).
An additional seven carriers were identified by subsequent genotyping, including one older
unaffected male relative diagnosed with bowel cancer and lymphoma (PcTas12-73). Individual
identification numbers, age at diagnosis of cases and availability of FFPE tissue are shown under
each symbol. We note that PcTas12-33 also has a strong family history of PrCa, with potential
bilineal status for his progeny. However, all 11 individuals in his extended pedigree with DNA
available were EZH2 rs78589034 non-variant carriers (including PcTas12-02, 05 and 254; please
refer to Supplementary Figure S1).



Figure 2. EZH2 gene expression analysis in fresh prostate needle biopsies. The EZH2
rs78589034 carriers (PT700 and PT1800) had levels of expression similar to the non-variant carriers
(n=4; Note: 0.1 and 0.2 represent two different biopsies from a single radical prostatectomy). EZH2
expression was normalised to the expression of housekeeping genes, fActin and GAPDH; here,
the normalised expression is plotted as absolute gene expression. Error bars represent the

difference between the technical triplicates performed for each sample.



Figure 3. Significantly differentially expressed genes between EZH2 rs78589034 carriers and

non-variant carriers.

(A) Principal component analysis of transcriptome data generated from fresh prostate needle
biopsies. Samples were run in duplicate across separate lanes, and each pair of samples showed

good correlation (plot generated using Galaxy online, version 20.01).

(B) Significantly differentially expressed genes between EZH2 variant carriers (n=2) and non-variant
carriers (n=2), observed in transcriptome data from fresh prostate needle biopsies. DUSP1, FOS,
JUNB and EGR1 expression were normalised to the expression of housekeeping genes, f-Actin and
GAPDH; here, the normalised expression is plotted as absolute gene expression. Error bars

represent the difference between the technical triplicates performed for each sample.

(C) RT-gPCR gene expression data validated the decreased expression of DUSP1, FOS, JUNB and
EGRL1 in EZH2 variant carriers (PT700.1 and PT1800.1) versus non-variant carriers (PT300.2 and
PT4400.1). *statistically significant (p <0.01). “Expression is presented as 1.0 x 102.
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TABLES

Table 1. Clinicopathological characteristics of fresh prostate needle biopsies obtained for

EZH2 rs78589034 carriers and non-variant carriers.

Identification

Age at
Diagnosis

Tissue
Source

Germline
Genotype

Tumour
Genotype

Tumour
Grade!

Contemporary
Gleason Score?

PT100

70

Fresh
needle
biopsy

N/A

GG

PD

9 (4+5)

PT200

73

Fresh
needle
biopsy

N/A

GG

PD

9 (4+5)

PT300

61

Fresh
needle
biopsy

N/A

GG

MD

7 (4+3)

PT4400

64

Fresh
needle
biopsy

N/A

GG

PD

10 (5+5)

epted Art

PT700

75

Fresh
needle
biopsy

N/A

GA

MD

7 (4+3)

PT1800

59

Fresh
needle
biopsy

N/A

GA

WD

6 (3+3)

N/A: sample not available; *Tumour grade obtained from pathology report; “GS was obtained from
the original prostatectomy pathology report; WD: well differentiated; MD: moderately differentiated;
PD: poorly differentiated.
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19 Table 2. Clinicopathological characteristics of prostate cancer cases from the PcTasl2

20 family, including EZH2 rs78589034 carriers and non-variant carriers.

21
Identification Age at Germline Tumour Tumour Contemporary
Diagnosis Genotype Genotype Grade® Gleason Score?
m PcTas12-02 80 GG N/A MD 6 (3+3)
s | PCTas12-04 63 GG N/A MD 6 (3+3)
< ’ PcTas12-05 64 GG N/A WD -
PcTas12-07 59 N/A GG PD 9 (4+5)
H I
H PcTasl12-254 75 GG N/A WD 6 (3+3)
S| PcTas12-01 63 GA GA MD 6 (3+3)
PcTas12-03 62 N/A GA WD 4 (2+2)
PcTas12-06 80 N/A GA PD 7 (3+4)
PcTas12-08 73 N/A GA - 6 (3+3)
PcTas12-09 68 N/A GA - 6 (3+3)
PcTas12-132 61 GA GA - 8 (4+4)
N/A: sample not available; “Tumour grade obtained from pathology report; °GS obtained from
H pathology report; WD: well differentiated; MD: moderately differentiated; PD: poorly differentiated; -
: information not present in original pathology report. Please note: PcTas12-02, 05 and 254 are
from PcTas12-33's extended family.

Accep
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Table 3. Association analysis of rs78589034 with prostate cancer risk in the combined Tasmanian familial and case-control datasets.

Familial Case Familial Unaffected Sporadic Case Control Carriers gnhomAD non-Finnish Odds value
Carriers Carriers Carriers European MAF Ratio P
1/339 (0.29%) 0.36% 3.55 1.2x10%

8/293 (2.73%)

21434 (0.46%)

3/470 (0.64%)

A genotype for rs78589034 was unable to be determined for 11 unaffected family members, two sporadic cases and two controls.




24  Table 4. EZH2 transcripts present in the fresh prostate needle biopsies.

25

EZH2

Total number of

Biopsy ID Chromosome: base pair exons included RPKM*
Genotype . .
in transcript
7:148,807,384-7:148,847,290 19 3.11
PT300.2 GG
7:148,816,551 — 7:148,819,019 3? 0.85
7:148,807,398 - 7:148,814,290 6° 1.35
7:148,807,398 - 7:148,826,512 13 1.57
PT700.1 GA
7:148,807,398 - 7:148,826,512 12 1.30
7:148,827,189 - 7:148,829,772 3? 1.15
PT1800.1 GA 7:148,807,451 — 7:148,832,744 17 2.19
7: 148,807,399 — 7:148,809,616 3° 3.48
PT4400.1 GG 7:148,810,382 — 7:148,816,872 6° 1.55
7:148,817,111 — 7:148,818,029 2 0.44

Article

'Reads Per Kilobase of transcript per Million mapped reads; “°Represents the same EZH2

transcript.
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