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Abstract

Background & aims: Gallbladder cancer (GBC) is a highly aggressive malignancy of the
biliary tract. Most cases of GBC are diagnosed in low- and middle-income countries and
research into this disease has long been limited. In this study we therefore investigate the
epigenetic changes along the model of GBC carcinogenesis represented by the sequence
gallstone disease — dysplasia = GBC in Chile, the country with the highest incidence of GBC
worldwide.

Approach: To perform epigenome-wide methylation profiling, genomic DNA extracted from
sections of FFPE gallbladder tissue was analyzed using Illumina Infinium MethylationEPIC
BeadChips. Pre-processed, quality-controlled data from 82 samples (gallstones n=32, low-
grade dysplasia n=13, high-grade dysplasia n=9, GBC n=28) were available to identify
differentially methylated markers, regions, and pathways as well as changes in copy number
variations (CNVs).

Main results: The number and magnitude of epigenetic changes increased with disease
development and predominantly involved the hypermethylation of CpG islands and gene
promoter regions. The methylation of genes implicated in Wnt signaling, Hedgehog
signaling, and tumor suppression increased with tumor grade. CNVs also increased with GBC
development and affected CDKN2A, MDM_Z2, TP53, and CCND1. Gains in the targetable ERBBZ
were detected in 14% of the GBC samples.

Conclusions: Our results indicate that GBC carcinogenesis comprises three main
methylation stages: early (gallstone disease and low-grade dysplasia), intermediate (high-
grade dysplasia), and late (GBC). The identified gradual changes in methylation and CNVs
may help to enhance our understanding of the mechanisms underlying this aggressive

disease and eventually lead to improved treatment and early diagnosis of GBC.
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Introduction

Gallbladder cancer (GBC; ICD-10 diagnosis code C23) is a highly aggressive malignancy that
accounts for 80%—-95% of biliary tract cancers and every year affects more than 175,000 persons
worldwide.(1,2) GBC is relatively rare in the USA and Western Europe, but highly prevalent in
several countries of South Asia and South America.(1,3) Since most GBC-related deaths occur
in low- and middle-income countries, research into this disease has long been limited. For
years one of the countries with the highest global GBC incidence has been Chile, where GBC
is among the leading causes of cancer mortality and morbidity and particularly affects

women.(4,5)

Epidemiological studies have identified several GBC risk factors, including gallstone disease
(GSD), but also inflammation, toxins, ethnicity and genetic background.(1,5,6) GSD increases
GBC risk by 2.4 (gallstones 2.0-2.9 cm in diameter) to 9.2-10.1 (gallstones larger than 3
cm).(7) Due to the high incidence of GBC in Chile, the Chilean government has established a
GBC prevention program that relies on prophylactic cholecystectomy for gallstone patients
aged 35-49 years.(4,8)(4,8) Mechanistically, the association between gallstones and GBC is
suggested to result from the continuous irritation of the gallbladder epithelium, leading to
inflammation and enhanced cell regeneration.(9) This in turn is considered to eventually
trigger the progression of epithelial cells through the sequence metaplasia — dysplasia — in
situ carcinoma, in which cells accumulate genomic and epigenomic alterations that may lead
to invasive GBC within 5-15 years. (1,9-12) An in-depth understanding of the molecular
changes that accompany disease progression is essential to improve the early detection and
treatment of GBC. However, recent large-scale efforts to characterize the molecular
aberrations in GBC did not consider preneoplastic dysplasia lesions, or did not investigate

epigenome-wide changes in the methylome.(13,14)

To address this gap, we collected gallbladder tissue specimens from Chilean patients affected
by GSD, low-grade dysplasia, high-grade dysplasia, or GBC for methylation profiling with
[llumina Infinium MethylationEPIC BeadChips. This data allowed us to comprehensively
examine the methylome and copy-number landscape along the GSD—dysplasia—GBC

sequence in Chilean patients. We validated our findings using the EpiTYPER MassARRAY
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technology, investigated the relationship between methylation and gene expression by RNA
sequencing (RNAseq) and qRT-PCR, and conducted demethylation experiments in GBC cell
lines to functionally assess the effect of methylation on gene expression for several

candidate genes.

Materials and methods

Patient cohort

The study was approved by the appropriate ethics committees in Chile. Recruiting centers
included seven hospitals across the country, from Arica (North) to Puerto Montt (South), the
Chilean Cooperative Group for Oncological Research [GOCCHI], and the Biobank of
Universidad de Chile. Patients with GSD (cholecystectomy patients without incipient GBC
findings), gallbladder dysplasia and GBC were invited to participate. With the exception of
two GBC patients with missing gallstone information, all the GBC and dysplasia patients
investigated in the study carried gallstones. Following written informed consent, the study
coordinator interviewed patients and retrieved tissue samples and clinical information using
standardized case report forms. We excluded samples stored for >5 years, patients with

porcelain gallbladder, polyps, non-cholesterol stones, or pancreatic/bile duct abnormalities.

Gallbladder tissue specimens (formalin-fixed paraffin-embedded, FFPE n=87, fresh-frozen
n=2) were obtained from 88 patients in total (one GBC patient contributed one FFPE and one
fresh-frozen specimen). For DNA extraction 12 sections per block were cut. The first and last
sections were stained with H&E, scans can be viewed with QuPath (qupath.github.io) at
heidata.uni-heidelberg.de/privateurl.xhtml?token=93181229-aa25-4c53-bcad-

cba856ee017b). Morphologically representative regions were chosen after independent
review by two experienced pathologists. DNA and RNA were extracted from FFPE sections
using the Qiagen AllPrep FFPE Kit and quality controlled (High Sensitivity Genomic DNA,
Advanced Analytical, EEUU and FFPE QC kits; [llumina®). Fresh-frozen tissue (1-25mg) was
pulverized using a Cole-Parmer EW-36903-00 biopulverizer prior to DNA extraction

(QIAamp DNA Micro Kit, Qiagen).
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Measurement of DNA methylation

Genomic DNA was restored (Infinium FFPE DNA Restoration Kit; [llumina, San Diego, CA,
USA) and bisulfite converted (EZ-96 DNA Methylation Kit; Zymo Research, Orange, CA, USA)
prior to methylation analysis on an Illumina iScan platform using the Infinium
MethylationEPIC BeadChip containing ~850k methylation markers, according to standard
protocols. The processing of raw methylation data, and the analysis of differential
methylation and copy number variations (CNVs) are described in the Supplementary

Methods.

EpiTYPER MassARRAY methylation analysis

EpiTYPER MassARRAY (Agena Bioscience, USA) analyses were done as previously described
(15) by treating 1.0 ug of DNA using the EZ DNA methylation kit (Zymo Research) followed
by PCR-amplification of regions of interest. Primer design: EpiDesigner software
(Agena)(Suppl. Table S1). Amplicon size was limited to <200bp to account for short DNA
fragments in FFPE DNA. Methylation was validated in all amplicons with DNA methylation
standards by variable mixing of methylated and unmethylated DNA generated from human
genomic DNA (Roche, Germany) with in vitro amplification (RepliG mini kit; QIAGEN,
Germany) and methylation (M.Sssl CpG methyltransferase; Thermo Fisher Scientific, USA)

prior to bisulfite conversion.

Gene expression measurements and immunohistochemistry assays

Gene expression was quantified using RNAseq, complemented with qRT-PCR to validate the
expression measurements for several candidate genes. RNAseq was performed using
NEBNext® Small RNA Library Prep Set for Illumina (Cat. No E7300, New England Biolabs
Inc.) with a cut size on the pippin prep (Cat. No CSD3010, Sage Science) covering RNA
molecules from 17 to 47 nucleotides, which enables capture of mRNA fragments as shown
previously.(16) Libraries were sequenced on the HiSeq2500 (Illumina) to reach an average
depth of 18 million total reads per sample. Total reads were trimmed for adapters using
AdapterRemoval v2.1.7(17) and mapped to the human genome (hg38) using Bowtie2
v2.2.9(18). HTSeq(19) was used to count the reads mapped to mRNA exons in GENCODE v26

applying an established bioinformatics workflow.(16) Read counts were transformed to log2
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transcripts per million (log2 TPM). mRNAs with a low count variability (Median absolute
deviation <2 counts), and samples with less than 8 million mapped mRNA reads were
excluded from the subsequent statistical analyses. The qPCR expression analyses and
immunohistochemistry (IHC) assays conducted for the candidate genes are described in the

Supplementary Methods.

5’-aza-2’deoxycytidine treatment of GBC cell lines

GBC cell lines OZ (Japanese Cancer Research Resources Bank) and G-415 (RIKEN
BioResource Research Center Cell Bank) were regularly tested to be negative for
mycoplasma (MycoAlert, Lonza, Basel, Switzerland) and authenticated by STR profiling. Cells
were cultured at 37 °C, 5% CO, in RPMI-1640 and OZ cells in Williams’ E medium with 10%
fetal bovine serum, 1% Penicillin-Streptomycin (100 IU/ml and 100 g/ml)(Sigma-Aldrich,
Germany). For demethylation, cells were treated with 1 uM 5’-aza-2’deoxycytidine (5-aza-
dC, Sigma-Aldrich) dissolved in dimethyl sulfoxide (DMSO) or DMSO for 72h. Media were
changed daily with fresh 5-aza-dC solution. DNA and RNAseq data for G-415 were generated
as described in the Supplementary Methods.

Results

Main characteristics of the Chilean cohort of gallbladder disease patients

To investigate molecular changes during the progression from GSD to GBC we assembled
demographic and clinical data and gallbladder tissue specimens of 88 patients (33 GSD, 15
low-grade dysplasia, 10 high-grade dysplasia, and 30 GBC patients), of which 81 fulfilled
methylation quality control criteria. We observed higher proportions of females than males
(69 women and 12 men), and more older patients were affected by high-grade dysplasia or
GBC than by GSD or low-grade dysplasia (p-value=5.1x10°; Figure 1A, Suppl. Table S2).
The difference in median age between GSD and GBC patients was 13.5 years, in accordance
with the model of carcinogenesis GSD—dysplasia—=GBC.(1) Among GBC patients with
available clinicopathological information, only a minority showed advanced T, N, and M
stages (25% >T3, 17% >NO, 27% M1), indicating that the majority of investigated GBC
patients had localized GBC tumors (Suppl. Table S2).
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Global methylation differences during GBC development

For 82 out of 89 investigated samples (92%), the hybridization results from Illumina
Infinium MethylationEPIC BeadChip fulfilled the quality control filters when we applied the
Minfi package. PCA based on markers with the largest methylation variability revealed
similar global methylation patterns for GSD and low-grade dysplasia samples (Figure 1B),
but separated GSD plus low-grade dysplasia from GBC samples. High-grade dysplasia
samples fell in between the two groups. Similarly, unsupervised hierarchical clustering
discriminated GBC quite accurately from the rest of the samples, and correctly classified the

two fresh-frozen samples in the GBC group (Figure 1C).

Bonferroni-Holm-corrected p-values from nonparametric Jonckheere-Terpstra tests
identified 15,112 markers with monotonically increased or decreased methylation levels
along the sequence GSD—low-grade dysplasia—high-grade dysplasia=GBC (Table 1, Suppl.
Table S3). Interestingly, many of the top 20 markers included CpG sites at or near
transcription factors such as ZNF177 and TBX15, including several homeobox genes, for
example BARHLZ and EN1. Exemplary box plots with the 3 methylation values for selected

markers are shown in Suppl. Figure S1A-D.

In addition to the assessment of significant monotonic changes in methylation, we also used
linear regression models with the age and gender of the patients as covariates to calculate
group-wise methylation levels (Table 1, Figure 1D). In accordance with PCA and cluster
analyses, methylation differences between GSD and low-grade dysplasia samples were
small; larger differences were observed between GSD and high-grade dysplasia samples, and
many markers showed larger differential methylation effects in GBC compared with GSD
samples. The majority of differentially methylated markers showed higher methylation in

GBC and high-grade dysplasia than in GSD samples (Figure 1D).
Functional analysis of methylation changes

To gain a deeper understanding of the observed methylation changes during GBC

carcinogenesis, we analyzed the functional elements of the identified methylation markers.
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While most of the 850k markers in the I[llumina Infinium MethylationEPIC BeadChip are
situated in “open sea” regions, markers with gradual methylation changes during GBC
progression were predominantly located in CpG islands (Fisher test p-value<2x10-
16)(Figure 1E). Markers in gene bodies were under-represented (p-value=2x10-2¢7; Suppl.
Figure S2A) and those located 1500bp or 200bp within transcription start sites (TSSs; i.e.,
within promoter regions) were over-represented (p-values: 5x10° and 4x10°174
respectively) among significant markers. On average, markers in gene bodies showed lower
methylation than markers in the vicinity of TSSs (TSS1500 p-value=5x10-%3 and TSS200 p-
value=8x10-1%?), and enhancer methylation decreased with GBC progression (Suppl. Figure
S2B).

To gain a systematic overview, we also performed a GO enrichment analysis based on the
neighboring genes of significant markers. GO analysis identified DNA-binding transcription
factor activity, membrane organization, and receptor activities as particularly enriched
molecular functions (Suppl. Figure S2C). Differential methylation was moreover enriched in
pathways involved in receptor signaling, including the Wnt and cadherin pathways, which
have been previously linked to tissue invasion (cell-cell adhesion) in Chilean GBC (Suppl.
Figure S2D).(11,12,20-22) Taken together, these results suggest that the methylation
changes during GBC carcinogenesis are functionally relevant and considerably impact genes

involved in cell-microenvironment communication.

Analysis of candidate genes

Widespread methylation changes in neighboring CpG sites, particularly those located in gene
promoters and CpG islands, tend to be functional. We used the ChAMP R-package accounting
for CpG density and methylation changes (23) to detect DMRs of clustered CpG sites between
high-grade dysplasia plus GBC samples compared with GSD plus low-grade dysplasia
samples. Interestingly, the top DMR (Table 2) encompassed promoters of ZICI and ZIC4, two
negative regulators of the Hedgehog pathway, previously implicated in GBC pathogenesis.
(24-26) Hypermethylated DMRs were also detected in the promoter regions of two other
negative regulators of Hedgehog signaling: HHIP (12 CpG sites, mean (3 log-fold change=0.11,
p-value=3.78x10"*>) and PTCH1 (7 CpG sites, mean B log-fold change=0.04, p-value=5.1x10"
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9). Epigenetic regulation of Hedgehog signaling may thus contribute to GBC carcinogenesis in

our cohort.

We also detected hypermethylated promoter DMRs in WIF1, RUNX3, and TP73 (Figure 2A),
which have been classified as tumor suppressor genes and may therefore be of particular
mechanistic relevance to GBC.(27-29) Figure 2B-D show the distribution of B-values for
markers located in promoter regions (gray bars) and gene bodies (orange bars). The
heatmaps represent the pairwise correlations of methylation values in GBC patients, where
red blocks point to clustered methylation in neighboring CpG sites. WIF1 showed a clear,
monotonic increase of methylation along the sequence GSD—low-grade dysplasia—high-
grade dysplasia»GBC in seven CpG island markers (p-value=8x10-*!, Figure 2B, top).
Moreover, the methylation in the promoter region and in the body of WIF1 were negatively
correlated (blue area Figure 2B, middle), a pattern consistent with transcriptional

repression.

RUNX3, which encodes the Runt-related transcription factor 3, showed the most significant
promoter hypermethylation among the candidate cancer genes (Figure 2A). Its main CpG
island comprises 21 markers with monotonically increasing methylation during GBC
progression (p-value=1.1x10-14°, Figure 2C, top). Several clusters of co-regulated CpGs were
identified, including a secondary promoter region lacking a CpG island, which displayed
methylation inversely correlated with that of the main CpG island (blue area under second
body region to right of Figure 2C, middle). This complex pattern of epigenetic regulation
corroborates the advantage of high-density methylation arrays over single-marker analyses.
The complexity of methylation profiles was even more evident for TP73, which comprises
two promoter regions that may favor the transcription of tumor-promoting or tumor-
inhibiting isoforms.(29) We detected a hypermethylated region in the CpG island of the
promoter of TP73, upstream of the TSS and outside the coding region (12 markers, p-
value=2x10%; Figure 2D), which may favor the expression of the long tumor-inhibiting
isoform.(29) In addition to monotonic methylation changes during GBC development, we
also assessed potential methylation shifts in GBC samples according to the tumor

characteristics. In line with functional experiments showing an inhibitory effect of WIFI not
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only on proliferation but also on migration and invasion of GBC cancer cells(20), the
methylation of WIF1, RUNX3, and TP73 increased with tumor grade (Figure 2E) and stage
(Suppl. Figure S3A), and WIF1 showed higher methylation in metastatic GBC (Suppl.
Figure S3B).

We also detected DMRs in the promoter regions of other candidate cancer genes (Figure
2A), including genes found to be differentially methylated in cholangiocarcinoma (CCA) and
GBC.(10,12,30) For example, clusters of hypermethylated CpG sites were found in RPRM and
TWIST1, and HBE1 presented two hypomethylated neighboring CpGs. The regional
hypermethylation of TWISTI and the hypomethylation of HBE1 were associated with tumor
characteristics of the GBC samples (Suppl. Figure S3C-E). Hypermethylated promoter
regions were also noticed in DCLK1, CDO1, ZNF331, and ZSCAN18, frequently found to be
hypermethylated in other gastrointestinal tumors, including colorectal cancer.(30) RPL22,
recently categorized as a potential tumor suppressor in CCA, showed six neighboring
hypermethylated markers (Figure 2A and Suppl. Figure S3F).(31) CDO1, ZNF177, BCAT1,
and TRIM57, which have been proposed as a four-gene methylation-based diagnostic
biomarker for non-small cell lung cancer, also showed hypermethylated promoter DMRs
(Figure 2A).(32) In addition to the widespread hypermethylation in GBC we also identified
genes with promoter hypomethylation and pro-tumorigenic properties reported for other
cancer entities. They included HMGA1(33) (mean 3 log-fold change -0.11, p=5x10-%2), ERBB2
(mean B log-fold change -0.035, p=7x10-*), CDCA7(34) (mean B log-fold change -0.11,
p=3x10-27), ANK1(35) (mean [ log-fold change -0.10, p=2x10-3%), RUNX1(36) (mean j log-
fold change -0.13, p=1x10-28), WSB1(37) (mean B log-fold change -0.105, p=2x10-%) and
YEATS4(38) (mean B log-fold change -0.07, p=5x10-8). Our analyses thereby detected novel
genes with a potential tumor promoting function in GBC, which constitute bona fide
candidates for experimental follow-up studies. All these results highlight potential

mechanistic and epigenetic similarities among different cancer entities.

Sensitivity analyses using the GenomeStudio instead of the Minfi package for quality control

of methylation data resulted 81 of 89 samples (91%) passing QC filters leading to highly
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correlated p-values (r=0.98) and estimated methylation differences (r=0.80), and in largely

similar DMR-Volcano plots (Suppl. Figure S4A-C).

Interestingly, we identified methylation changes according to tumor stage and grade in
several candidate genes (Figure 2E, Suppl. Figure S3), but the comparison of G1 versus
G2+G3 GBC tumors, high-grade dysplasia versus GBC and the investigation of the sequence
high-grade dysplasia—=G1—G2—G3 using Jonckheere-Terpstra tests identified neither DMRs
nor differentially methylated CpGs after correction for multiple testing. This finding is
consistent with the overlap between high-grade dysplasia and GBC samples in the PCA
analysis (Figure 1B) and indicates that larger studies are still needed to investigate the

grade-related epigenetic alterations in GBC.

Copy number analysis

Infinium MethylationEPIC arrays offer the opportunity to investigate genome-wide CNVs.
Along the sequence GSD—low-grade dysplasia—high-grade dysplasia—GBC the frequency of
altered CN segments per sample increased (p-value = 6.8x10°8, Figure 3A). This suggests
that the genomic instability of high-grade dysplasia and GBC is higher than that of low-grade
dysplasia and gallstone samples, leading to more genomic abnormalities (Figure 3B-F).
Among the genes most frequently affected were the tumor suppressors CDKNZA and TP53,
with genomic losses in 8 (29%) and 5 (18%) GBC samples, respectively (Figure 3B, D). We
found frequent copy number gains of MDM2 (GBC: 21%; high-grade dysplasia 22%), a major
negative regulator of TP53 and of CCND1, which drives cell cycle progression (Figure 3B, C).
YEATS4, described as another negative regulator of the TP53 pathway and an oncogene in
lung cancer(38), was hypomethylated in GBC samples as described above. The similar CNV
profiles for MDM2 and YEATS4 may suggest alternative mechanisms of functional TP53

silencing not yet described in GBC, warranting future experimental research.
The simultaneous analysis of the frequency and the magnitude of CNVs using GISTIC2(39)

revealed recurrent alterations in MDM2, YEATS4, CCND1, and CDKNZA (Suppl. Figure S5),

vindicating the single-sample results. We detected a recurrent (14%) amplification at
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17q21.2 in close proximity to the ERBBZ locus (17q12). This amplification peak comprised
keratin genes not previously involved in GBC, the gastrin precursor gene (GAST), eukaryotic
translation initiation factor 1 (EIF1), and ATP citrate lyase (ACLY), a metabolic enzyme
investigated as a therapeutic target.(40) Further genomic analyses of Chilean GBC samples
and the functional assessment of these candidate genes may thus enhance our knowledge of

the mechanisms of GBC to identify novel therapeutic strategies.

Considering the possibility of personalized treatment with kinase inhibitors, kinase genes
affected by CNVs included ERBBZ (Her2; gains in 14% of GBC samples), CDK4 (gains in 22%
of high-grade dysplasia samples), FGFR3, ERBB3, MET, and CDK6 (Figure 3B). The fibroblast
growth factor ligands FGF3, FGF4, and FGF19 were co-amplified in the four (14%) GBC
samples with CCND1 gains (Figure 3B, Suppl. Figure S5), suggesting that tailored
combination therapy could be indicated in these GBC patients. Taken together, the CNV
results portray the landscape of copy number alterations in Chilean patients and point to

genes that could be targeted by cancer drugs following further mechanistic analysis.

Validation of methylation measurements, and investigation of the relationship
between methylation and mRNA expression

To validate the identified methylation differences using [llumina Infinium MethylationEPIC
BeadChip, we applied the PCR-based EpiTYPER MassARRAY technology and quantified the
methylation of nine candidate CpG markers in a subset of the available DNA samples (GSD
n=10 and GBC n=10). The side-by-side plots in Figure 4A showed good overall consistency
between the results based on epigenome-wide EPIC and candidate-marker MassARRAY

measurements (n=19 matched samples; Suppl. Table S4).

We next applied small RNAseq, which allowed us to quantify the mRNA expression of around
12,000 genes per sample on average (Suppl. Figure S6A), complemented with RT-qPCR to
validate the expression differences between GSD and GBC samples for the candidate genes
CDO1, RUNX3 and HMGA1. The side-by-side plots in Figure 4B revealed a good overall

consistency between RNAseq and qPCR results. We noticed a negative correlation between

This article is protected by copyright. All rights reserved



RNAseq expression and EPIC methylation for CDO1, HMGA1 (cg08335767) and RUNX3 in
GBC patients (n=20; Figure 4C) as well as in the complete set of investigated GSD, dysplasia
and GBC samples (n=51; Suppl. Figure S6B). In agreement with RNAseq and qPCR results,
[HC analysis of the available slides (n=11) showed a higher CDO1 expression in GSD than
GBC patients (p=0.01; Suppl. Table S5) and a negative relationship between CDO1
expression and methylation (p=0.02, Suppl. Figure S7A and S7B). However, IHC for CDO1 in
an independent group of ten Chilean GBC patients with paired tumor and adjacent non-
tumor samples did not show differences in CDO1 expression (increased expression in n=3,

equal expression in n=4, and decreased expression in n=3 pairs, Suppl. Figure S7C).

Within each disease stage, we found a negative correlation between the median promoter
methylation and mRNA expression, and the correlation strength increased along the
sequence GSD—low-grade dysplasia—high-grade dysplasia— GBC (Figure 5A). Accordingly,
the three genes HANDZ2, FEZF2 and EDNRB, hypermethylated in our DMR analyses (Table 2)
and with available RNAseq mRNA expression data, showed decreasing expression levels
towards GBC (Figure 5B). We also observed decreasing expression values for the
hypermethylated genes APC (Wnt signaling), HHIP (Hedgehog signaling) and ZSCAN18
(Figure 5C), while the hypomethylated genes HMGA1 and ERBBZ showed increasing
expression levels (Figure 4B and Figure 5C, respectively). Moreover, several genes with
gradual methylation changes along the progression from GSD to GBC according to JT-tests
(Table 1) showed the contrary tendencies in mRNA expression (Suppl. Table S6), further
indicating a functional relevance of the observed methylation changes. The previously
reported hypermethylation and decreased expression of FBN1, SOD3 and LPP in Indian GBC
patients was also apparent in our cohort of Chilean GBC patients (10).(Suppl. Figure 6C).

In accordance with the EPIC array-based CNV data, MDMZ2 and ERBBZ were overexpressed in
samples that showed CN gains (Figure 5D). The validation of the detected ERBBZ gains in

two patients using ERBB2 dc-CISH lends additional support to our results (Figure 5E) (41).

Results of demethylation assays
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To further investigate potential causal effects of methylation on gene expression we
conducted functional analyses in GBC cell lines. Figure 6A depicts the relationship between
epigenome-wide DNA methylation and RNAseq data for the GBC cell line G-415. Overall,
methylated promoter regions show low expression values including hypermethylated
candidate genes such as CDO1, TP73, RUNX3, WIF1, TRIM58, ZNF177 and ZSCAN18 (Figure
6A). By contrast, hypomethylated genes in GBC with reported pro-tumorigenic effects (e.g.
YEATS4, WSB1, CDCA7, ANK1 and HMGA1) showed in general low promoter methylation and
higher expression in G-415.

To functionally assess the effect of methylation on gene expression for some candidate
genes, we treated two GBC cell lines (G-415 and OZ) with the DNA-methyltransferase
inhibitor 5-aza-dC. Figure 6B shows the 3 methylation values and Figure 6C depicts the
expression levels of CDO1, RUNX3, TP73 and HMGA1 after 72h treatment. Compared to
controls, 5-aza-dC treatment reduced the methylation of CDO1, RUNX3 and TP73 in both cell
lines, while the methylation of HMGA1 (hypomethylated in GBC) was unaltered (Figure 6B).
Accordingly, 5-aza-dC treatment resulted in an increased expression of CDO1 and RUNX3 in
both cell lines, supporting a transcriptional de-repression by decreased DNA methylation
(Figure 6C). The lower methylation of TP73 after treatment translated into an increased
expression in G-415, but no expression change was noticed in OZ. As expected, the changes

of HMGA1 expression were not statistically significant (Suppl. Table S4).

Discussion

In the present study we report for the first time on epigenome-wide changes in methylation
and CNVs along the sequence GSD—low-grade dysplasia—high-grade dysplasia—GBC in
Chilean patients. Chile is possibly the country with the highest prevalence of GBC worldwide,
and GBC is the second most frequently occurring cancer-related cause of death among
Chilean women.(4,5) Previous studies investigated Indian patients, who show lower rates of
GSD (86% for Chilean compared with 33% for Indian GBC patients,(42) and applied a
different study design (fresh-frozen tumor, adjacent non-tumor and gallstone samples).

(10,43) An enhanced understanding of the molecular alterations occurring during GBC
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development in regions with a high incidence of both gallstone disease and GBC, such as
southern Chile, is crucial to improve GBC prevention and treatment in order to ultimately

reduce the GBC burden.

One of the most well established GBC risk factors in Amerindian and European populations
is GSD, which is considered to induce GBC via inflammation following a
dysplasia—carcinoma sequence.(1,5,6,9,12) This holds true especially in Chile, and was
reflected into a previous gallstone history for all clinically annotated GBC samples in our
cohort. However, longitudinal samples from the same patient are practically unattainable
and direct evidence of GSD—dysplasia—GBC development is scarce. We therefore designed
this study to include samples from GSD through dysplasia to GBC. In our cohort, the
observed age difference of 13.5 years between GSD and GBC patients is in accordance with
the time postulated for transformation of GSD to GBC.(1,9,11,12) Similarly, unsupervised
PCA analysis clustered GBC samples farthest away from GSD samples with high-grade
dysplasia samples situated in between, suggesting a sequential process. Along this sequence
we observed substantial epigenomic changes with a general methylation increase.
Hypermethylation predominantly affected CpG islands and promoters, which play essential
roles in transcriptional control and may thus rewire gene expression programs during GBC

development.

Interestingly, whereas high-grade dysplasia and GBC were clearly distinguishable from
benign samples on the epigenetic level, only minimal methylation differences were noticed
between GSD and low-grade dysplasia samples. We cannot rule out the possibility that
detection of initial molecular changes was hampered by the smaller fraction of dysplastic
cells in low-grade than in high-grade dysplasia samples or by differences in the demographic
and clinical characteristics of the patients. The similar distributions of patient’s age and
CNVs in gallstone and low-grade dysplasia, however, further corroborated systematic
differences from high-grade dysplasia and GBC. The minor differences identified may
therefore indicate that early GBC stages possess limited molecular alterations, which,
moreover, could manifest primarily at the mutational or transcriptomic rather than the

epigenomic level. Recent large-scale projects have focused mainly on the comparison of
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benign versus cancer samples and thus lack intermediary premalignant stages.(13,14,44)
Additional studies specifically addressing genomic changes along the dysplasia—carcinoma

sequence will therefore be essential to clarify early molecular drivers of GBC development.

We identified several candidates that offer potential insights into mechanistic regulation
including promoter hypermethylation of tumor suppressors RUNX3, TP73 and
hypomethylation of HMGA1.(27,28,31,33) RUNX3 was recently shown to be progressively
hypermethylated in hepatocytes during aflatoxin-induced malignant transformation.(45) Of
note, aflatoxin:albumin adducts were found more often in Chilean GBC patients than in
healthy community controls, suggesting greater aflatoxin exposure in GBC patients.(46)
Unfortunately, no information on aflatoxin exposure was available for our cohort. Further
investigations of the role of aflatoxin as a potentially causal risk factor in Chilean patients
seems warranted in order to improve prevention of GBC. Interestingly, the expression and
the DNA methylation of RUNX3 were negatively correlated in GBC samples, but RUNX3
showed an increased methylation (quantified both by EPIC and MassArray) and
simultaneously an increased expression (according to RNAseq and qPCR) in GBC compared
to GSD samples. This finding suggests potential heterogeneity and a complex role of RUNX3

regulation in GBC.

We also identified and validated alterations in the Wnt and Hedgehog signaling pathways,
previously implicated in GBC, CCA and other tumor types.(24-26,47) The detected
alterations included hypermethylation of APC, WIF1 and HHIP, and underexpression of HHIP
and APC in GBC. The available RNAseq data for WIF1 did not surpass the quality control
filters, but previous functional studies have shown a suppressive effect of WIF1 on Wnt
signaling, cell proliferation and invasion.(20,27) In our GBC samples, WIF1 methylation
increased with T-stage and its epigenetic silencing may thus be a mechanism increasing
malignant GBC properties. Several inhibitors targeting Wnt and Hedgehog signaling have
recently been tested in clinical trials.(48,49) An improved knowledge of these pathways may
thus not only foster the mechanistic understanding of GBC pathogenesis, but also lead to

novel GBC treatment strategies.
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In addition to epigenetic information, methylation arrays offer the opportunity to investigate
copy number changes.(50,51) Interestingly, we not only observed frequent loss of TP53, but
also co-occuring gains of the TP53-inactivating genes MDMZ2 and YEATS4 (38) exclusively in
patients without TP53 loss. This suggests alternative modes of TP53 inactivation, even
though the role of YEATS4 in GBC is currently unknown. Unexpectedly, we did not find any
genomic loss of TP53 in high-grade dysplasia samples, described as an early GBC event.(12)
This could be due to our small number of high-grade dysplasia samples (n=10) or the fact
that our study design does not allow the analysis of mutations, a major driver of TP53
inactivation. The observed increase of MDMZ2 and ERBBZ expression, and the validation of
ERBBZ gain using dc-CISH in two GBC samples with a predicted CN gain add plausibility to
our findings.

A concomitant factor for the dismal prognosis of GBC is the lack of molecular therapeutic
targets. We therefore assessed alterations in targetable genes and identified genomic gains
of ERBB2, ERBB3, MET, FGFR3, CDK4, and CDK6. Whether the detected genomic alterations
constitute driver events in GBC requires investigation in larger cohorts and preclinical GBC
models. However, inhibitors targeting the corresponding proteins are clinically used for
other tumor entities and may provide new personalized treatment options for GBC. A recent
study in a Chinese GBC cohort identified ERBBZ2 mutations that promoted immune evasion
leading to preclinical activity of targeted ERBB kinase inhibition combined with immune
checkpoint blockade.(52) These results highlight the potential of kinase inhibition in the

treatment of GBC and offer additional avenues to improve GBC therapy.

In conclusion, to our knowledge this is the first study to assess epigenome-wide changes in
methylation and CNVs along the sequence GSD—low-grade dysplasia —high-grade dysplasia
— GBC. By investigating a Chilean cohort of patients we provide novel insights into the
pathways involved in GBC pathogenesis within this specific geographic and genetic
environment and provide potential candidate alterations amenable for targeted therapy that
may, in the long term, improve the treatment of GBC patients. The investigation of changes in
mRNA expression that reflect differential methylation, the conducted validation of
methylation and expression measurements, and the quantification of methylation and gene

expression levels after 5-aza-dC treatment of GBC cell lines complement our findings based
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on patient samples, suggest a functional effect of DNA methylation on the regulation of GBC

genes and add plausibility to the functional role of epigenetic changes in GBC pathogenesis.
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Figure legends

Figure 1: Global methylation differences during GBC development

A) Age distribution in the four investigated groups of patients. B) Principal component
analysis (PCA) based on the normalized methylation values for the 10,000 most variable
markers. (* two samples from the same patient; # two fresh-frozen samples) C) Heatmap
and hierarchical cluster of methylation values for the 10,000 most variable markers (rows),
color coding and annotation of samples (columns) according to A) and D). D) Top: Density
plots where the x-axis shows the average methylation difference compared with GSD
samples after adjustment for age and gender using linear regression models. Bottom:
Volcano plots for all markers investigated in the differential methylation analysis using
Jonckheere-Terpstra tests. The y-axis shows -log10 Bonferroni-Holm-corrected JT p-values.
E) Distribution of functional genetic elements for differentially (left) and nondifferentially
(right) methylated markers (p-value from Fisher exact test). F) Distribution of methylation
differences between GSD and GBC samples of significant markers according to their location
in gene bodies or 1500 bp or 200 bp upstream of the nearest transcription start site (TSS; p-

values from two sample U-tests).

Figure 2: Differential methylation of candidate genes

A) Candidate cancer genes with differentially methylated regions (DMRs) in their promoters
and average methylation fold changes between GSD plus low-grade dysplasia and high-grade
dysplasia plus GBC samples. B-D) Top: Box plots of methylation values for the four
investigated groups of patients in the promoter-associated CpG islands of WIF1, RUNX3, and
TP73, respectively. (p-values from ANOVA tests adjusting for baseline CpG differences; green
= GSD, light green = LG-dysplasia, light red = HG-dysplasia, red = GBC). Middle: Heatmaps
show the pairwise Pearson correlation of methylation values between marker pairs (gray
bar = promoter region, orange bar = gene body). Bottom: Annotation of the CpGs with
genomic location and position along the genes’ isoforms. (gray = CpGs in promoter region,
orange = CpGs in gene body) E) Distributions of methylation values in the promoter CpG
islands of WIF1, RUNX3, and TP73 according to tumor grade (p-values from ANOVA tests
adjusting for baseline CpG differences)

Figure 3: Copy number profiles in the investigated Chilean cohort
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A) Number of significant copy number (CN) segments in the four investigated groups of
patients. B) CN variations (CNVs) for candidate genes in GBC and high-grade dysplasia
samples (red = genomic gain, blue = genomic loss). The bar graph at the top shows the
number of altered candidate genes per sample, while the bar graph to the right indicates the
percentage of altered samples for the respective gene. C-F) Typical genome-wide CN plots:
C) GBC sample with gains in MDMZ2 and CCND1; D) GBC sample with gains in MET and
ERBBZ; E) high-grade dysplasia sample; F) GSD sample.

Figure 4: Validation of methylation differences and relationship between DNA
methylation and RNA expression

A) Box plots with 8 methylation values in samples from GSD (n=10) and GBC (n=10) patients
for selected CpGs. The methylation was quantified using epigenome-wide EPIC and
candidate-marker MassARRAY technology. The p-values in the upper part of the panel are
based on two-sample U-tests (GSD vs. GBC). B) Gene expression levels determined by
RNAseq (log2 transcripts per million; TPM; left y-axis) and RT-qPCR (Ct values normalized
to two housekeeping genes to quantify the relative expression in arbitrary units; right y-
axis) for GSD (n=8 to10) and GBC (n=9 to 10) validation samples. P-values are based on two-
sample U-tests. C) Correlation between f3 values for the CpGs shown in Figure 4A and mRNA
expression in GBC samples with available RNAseq mRNA and EPIC methylation data (n=20).

Pearson correlation coefficients and the corresponding p-values are shown.

Figure 5: Expression analysis of candidate genes

A) Spearman correlation coefficient between the median promoter EPIC methylation and
RNAseq mRNA expression. The individual correlation p-values for each sample were
combined using Fisher’s method. B) RNAseq mRNA expression of differentially methylated
genes shown in Table 2 (p-values from Jonckheere-Terpstra tests across disease groups) C)
RNAseq mRNA expression of candidate genes showing hypermethylated (APC, HHIP,
ZSCAN18) or hypomethylated DMRs (ERBBZ). P-values from Jonckheere-Terpstra tests
across disease groups. D) MDMZ2 and ERBBZ2 RNAseq mRNA expression in GBC samples
without and with copy number gains in MDM2 and ERBBZ. P-values are based on two sample

U-tests. E) Validation of ERBBZ copy number gains in two GBC samples using ERBB2 dc-CISH.
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The left picture was obtained from the sample highlighted with a triangle in the plot to the
right of Figure 5D. Right picture is from a second patient with a predicted ERBB2 gain. Scale
bar 20pum.

Figure 6: Functional validation of methylation and RNA expression in GBC cell lines

A) Scatterplot of median methylation 3 values of CpGs in promoter CpG islands versus RNA
expression quantified as transcripts per million (TPM) by RNA-sequencing for the GBC cell
line G415. Several candidate genes in the present study are highlighted. Density plots show
the global distribution of methylation and expression values. B) Average methylation of the
same CpGs investigated in Panel A for the GBC cell lines G-415 and OZ after 72h treatment
with 5-aza-dC or DMSO as negative control (n=3). Displayed are mean+SEM. The p-values in
the upper part of the panel are based on ANOVA considering the baseline CpG values and
multiple CpGs per gene if measured. C) Gene expression levels determined by RT-qPCR for
the GBC cell lines G-415 and OZ after 72h treatment with 5-aza-dC or DMSO as negative
control (n=3). Ct values were normalized to three housekeeping genes and fold-changes
were calculated using the 2-49¢t method. Displayed are mean+SEM. The p-values in the upper

part of the panel are based on t-tests.
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Table 1: Top-20 markers with gradual methylation changes along the sequence GSD — low-grade dysplasia — high-grade dysplasia — GBC as indicated

by the smallest p-values from Jonckheere-Terpstra tests.

No. Methylation Gene p-value! Mean 3-valuezin Mean B-difference? Mean -difference? Mean $-difference?
marker GSD samples LGD vs. GSD HGD vs. GSD GBC vs. GSD
1 cg08493776 PCDHB6 <2e-16 0.04 (0.00;0.14) 0.02 (-0.05;0.10) 0.19 (0.09;0.28) 0.26 (0.19;0.33)
2 cg21392341 TBX15 1.1e-10 0.03 (0.00;0.14) 0.01 (-0.07;0.10) 0.15 (0.04;0.26) 0.21 (0.13;0.28)
3 cg02164046 SST 3.7e-10 0.00 (0.00;0.09) 0.06 (-0.04;0.16) 0.26 (0.13;0.38) 0.36 (0.27;0.44)
4 cg24886257 8.7e-10 0.12 (0.00;0.26) 0.07 (-0.04;0.18) 0.23 (0.09;0.36) 0.35(0.26;0.45)
5 cg11823511 BARHL2 1.6e-09 0.00 (0.00;0.11) 0.02 (-0.07;0.12) 0.24 (0.12;0.36) 0.29 (0.21;0.38)
6 cg00656990 WWOX 3.2e-09 0.89 (0.80;0.98) -0.02 (-0.08;0.05) -0.17 (-0.26;-0.08) -0.21 (-0.27;-0.15)
7 cg24503966 NOL4 3.8e-09 0.04 (0.00;0.15) 0.03 (-0.05;0.10) 0.13 (0.03;0.23) 0.23 (0.17;0.30)
8 cg02950416 BCAN 4.3e-09 0.00 (0.00;0.10) 0.03 (-0.05;0.10) 0.14 (0.04;0.24) 0.28 (0.22;0.35)
9 €g26958783 SALL3 4.3e-09 0.10 (0.02;0.17) 0.03 (-0.03;0.08) 0.16 (0.09;0.24) 0.16 (0.11;0.21)
10  cg18359578  KCNMA1 5.5e-09 0.40 (0.35;0.45) -0.04 (-0.08;0.00) -0.11 (-0.17;-0.06) -0.14 (-0.18;-0.10)
11  cg26296488 DRD5 6.2e-09 0.02 (0.00;0.18) -0.01 (-0.12;0.11) 0.20 (0.05;0.34) 0.36 (0.26;0.46)
12 cg12665460 ZNF578 6.2e-09 0.13 (0.05;0.22) 0.00 (-0.06;0.07) 0.11 (0.03;0.20) 0.21 (0.16;0.27)
13 ¢g19274890 DPP6 6.2e-09 0.00 (0.00;0.09) -0.01 (-0.11;0.08) 0.26 (0.13;0.38) 0.37 (0.29;0.46)
14  cg05928342 ZNF177 7.2e-09 0.04 (0.00;0.14) 0.01 (-0.07;0.08) 0.07 (-0.03;0.17) 0.23 (0.16;0.30)
15 cg02519751 ZI1C1 7.7e-09 0.08 (0.00;0.22) 0.05 (-0.05;0.15) 0.27 (0.14;0.40) 0.35 (0.26;0.44)
16  cg15885148 CFAP61 9.4e-09 0.83 (0.73;0.92) -0.05 (-0.12;0.02) -0.13 (-0.22;-0.04) -0.20 (-0.26;-0.14)
17  cg03254451 EN1 9.6e-09 0.04 (0.00;0.14) 0.02 (-0.05;0.09) 0.17 (0.08;0.27) 0.23 (0.16;0.29)
18  cg03653841 SFTA3 9.7e-09 0.03 (0.00;0.10) 0.01 (-0.05;0.07) 0.12 (0.04;0.19) 0.17 (0.12;0.22)
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19 ¢gl17857974 PCDHGA4 1.1e-08  0.14 (0.06;0.23) 0.05 (-0.02;0.11) 0.15 (0.06;0.23) 0.18 (0.13;0.24)
20 cgl4457782  WNK4 1.1e-08  0.08 (0.00;0.17) 0.00 (-0.07;0.07) 0.05 (-0.04;0.14) 0.22 (0.16;0.28)

1 Bonferroni-Holm-adjusted p-value from Jonckheere-Terpstra test
2 Average methylation and methylation differences were estimated using a linear model considering the age and gender of the patients as covariates.
Mean adjusted B-values <0 in GSD samples were set to 0; if multiple genes are annotated first gene is shown.

GSD = gallstone disease; LGD = low-grade dysplasia; HGD = high-grade dysplasia; GBC = gallbladder cancer
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Table 2: Regions with the strongest methylation differences between GSD plus low-grade dysplasia and high-grade plus GBC samples.

Overlapping promoters Mean 3 log-fold No. of Chromosome Stouffer p-
change markers value
ZIC1, ZI1C4 0,20 62 3 0
DMRTAZ2 0,18 54 1 0
ZIC1, Z1C4, Z1C4-AS1 0,21 42 3 0
PAX3, CCDC140 0,17 54 2 8,01E-301
IRX2, C50rf38 0,18 40 5 6,45E-290
FEZF2, PTPRG-AS1 0,14 56 3 9,25E-288
IRX4, CTD-2194D22.3 0,17 48 5 1,93E-286
SALL1 0,18 43 16 7,61E-282
HAND2 0,18 39 4 2,23E-280
WT1 0,17 46 11 9,82E-269
EDNRB, RNF219-AS1 0,18 39 13 1,82E-265
SOX14 0,17 39 3 1,61E-256
NKX2-1 0,19 34 14 9,39E-254
SIX6 0,19 29 14 1,20E-242
DLX5 0,15 51 7 9,64E-242
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Figure 4
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Figure 5
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Figure 6
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