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ORIGINAL ARTICLE

Modeling cancer driver events in vitro using barrier
bypass-clonal expansion assays and massively parallel

sequencing

H Huskova'?, M Ardin', A Weninger®, K Vargova®, S Barrin®, S Villar', M Olivier', T Stopka?, Z Herceg®, M Hollstein™>7, J Zavadil'

and M Korenjak’

The information on candidate cancer driver alterations available from public databases is often descriptive and of limited mechanistic
insight, which poses difficulties for reliable distinction between true driver and passenger events. To address this challenge, we performed
in-depth analysis of whole-exome sequencing data from cell lines generated by a barrier bypass-clonal expansion (BBCE) protocol. The
employed strategy is based on carcinogen-driven immortalization of primary mouse embryonic fibroblasts and recapitulates early steps of
cell transformation. Among the mutated genes were almost 200 COSMIC Cancer Gene Census genes, many of which were recurrently
affected in the set of 25 immortalized cell lines. The alterations affected pathways regulating DNA damage response and repair,
transcription and chromatin structure, cell cycle and cell death, as well as developmental pathways. The functional impact of the
mutations was strongly supported by the manifestation of several known cancer hotspot mutations among the identified alterations. We
identified a new set of genes encoding subunits of the BAF chromatin remodeling complex that exhibited Ras-mediated dependence on
PRC2 histone methyltransferase activity, a finding that is similar to what has been observed for other BAF subunits in cancer cells. Among
the affected BAF complex subunits, we determined Smarcd2 and Smarcci as putative driver candidates not yet fully identified by large-
scale cancer genome sequencing projects. In addition, Ep400 displayed characteristics of a driver gene in that it showed a mutually
exclusive mutation pattern when compared with mutations in the Trrap subunit of the TIP60 complex, both in the cell line panel and in a
human tumor data set. We propose that the information generated by deep sequencing of the BBCE cell lines coupled with phenotypic

analysis of the mutant cells can yield mechanistic insights into driver events relevant to human cancer development.
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INTRODUCTION

During the course of their lifetime, eukaryotic cells are exposed to
various mutagenic processes that cause DNA damage and
mutations. Mutation analysis can help uncover specific mutational
signatures associated with active or past mutational processes,'™
as well as shed light on biological mechanisms critical for tumor
development. Most alterations found in tumors are passenger
mutations that accumulate during tumorigenesis but do not
critically affect cell fitness. However, a small subset of alterations,
so-called cancer driver mutations, can confer a selective growth
advantage to a cell, which can lead to the expansion of a clonal
cell population and tumor development.* Discriminating driver
from passenger events is one of the priorities in cancer research.
In order to pinpoint candidate cancer driver alterations among the
myriad of somatic mutations available from cancer genome
sequencing studies, numerous computational approaches have
been developed. These are either gene-centred methods that are
based on the mutation frequency of individual genes compared
with the background mutation rate® ' or network approaches
that identify driver genes based on mutual exclusivity of genomic
alterations.'''® Application of these approaches to mutation data

generated by large sequencing consortia led to the following
important observations: first, hundreds of high-confidence candi-
date driver genes have been extracted using these methods,
many of which are novel findings."’"® Almost 600 genes have
been implicated in cancer development to date and are included
in the Cancer Gene Census.?® Second, even analyses that are
based on highly overlapping mutation data sets vary considerably
in the candidate drivers that they identify,'”'® raising the
possibility of a sizable number of false positives among the
candidate driver events.

Despite the progress made in recent years, much of the
knowledge regarding candidate cancer driver alterations remains
descriptive and of limited mechanistic insight, emphasizing the need
for rapid experimental systems that allow efficient investigation of
the functional impact of candidate driver events. The necessity of a
cell to bypass senescence and become immortal in order for a tumor
to develop is well established.?’ Senescence bypass in rodent cells,
which express telomerase and possess long telomeres, can be
achieved by mutations in oncogenes and tumor suppressor genes,
most importantly those belonging to the p53-p19*°% tumor
suppressor pathway.? In contrast, human cells must also reactivate
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Figure 1. Study design. MEFs were treated with carcinogens in early
passage and cultivated until senescence bypass. The resulting cell
lines were subjected to WES on an Illumina HiSeq2500 sequencer
and data were analyzed using the indicated pipeline. Sequence
variants were systematically analyzed to identify cancer driver-like
events, which were further investigated in functional assays with the
help of small molecule inhibitors.

telomerase in order to bypass senescence, which likely explains why
immortalization following exposure of primary human cells to
carcinogenic insult is difficult to achieve and has rarely been
reported. > Therefore, rodent cells have been extensively studied
to model the events associated with cell immortalization and
transformation.???® However, some of the major concerns regarding
their applicability include the dependence of these assays on
phenotypic readouts to assess transformation and an incomplete
understanding of the mechanisms. Recent advances in genome
sequencing, together with the development of highly specific
pharmacological inhibitors, have created exciting opportunities for
mechanistic characterization of candidate cancer driver alterations
using in vitro carcinogen exposure assays.

In the present study, we explored how whole-exome sequen-
cing (WES) of carcinogen-immortalized primary mouse embryonic
fibroblasts (MEFs) can be utilized to identify candidate cancer
driver events. The MEF exposure system takes advantage of a
biological barrier, which creates a selective pressure for clonal
outgrowth of immortalized cells that have acquired a genetically-
driven growth advantage. Importantly, it has already been shown
that such barrier bypass-clonal expansion (BBCE) protocols select
for immortalized cells with human TP53 hotspot mutations.?¢~%°
We present a comprehensive analysis of exome-wide sequencing
of DNA from 26 immortalized MEF cell lines derived upon
carcinogen exposure or other stimulus. Our results reveal the
selection of frequent alterations in high-confidence cancer genes
and genes affecting biological pathways implicated in critical
steps of cell transformation, and bona fide cancer driver mutations.
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Based on the functional characterization of an established cancer
driver mutation as well as of novel, low-frequency candidate driver
alterations in a known tumor-suppressive pathway, we propose
that the MEF BBCE assay coupled with massively parallel
sequencing and functional validation experiments presents a
valuable tool for discovery of cancer driver-like events and for
characterizing their functional impact.

RESULTS

WES of MEF clones from BBCE assays as a means to identify
potential cancer driver events

While analyzing WES data from 14 immortalized cell lines to identify
mutational signatures introduced by specific carcinogens, we
noticed frequent mutations in known and suspected cancer driver
genes.30 Therefore, we generated additional cell lines, in order to
perform exome-wide, systematic sequencing analysis of cancer
driver-like events followed by in-depth functional characterization
of selected alterations (Figure 1). Twenty-six cell lines were derived
from primary MEFs, 2723132 19 of which following treatment with
potent human carcinogens (aristolochic acid (AA), aflatoxin B1
(AFB1), benzolalpyrene (B[alP), N-methyl-N'-nitro-N-nitrosoguani-
dine (MNNG) or ultraviolet light subclass C (UVC)). Five of the
immortalized lines arose spontaneously from untreated cells and
were included in the analysis. In addition, we examined two cell
lines from MEFs genetically engineered to express activation-
induced cytidine deaminase (Supplementary Table S1). The
immortalized lines differed in their morphologies (Supplementary
Data S1 and S2), suggesting that cells can take distinct immortaliz-
ing paths, each driven by different sets of acquired mutations.

WES was carried out at a depth-of-coverage of 25-50x on
primary MEFs and 26 immortalized cell lines (this study and Olivier
et al*>°). Twenty-five of these lines were used as a test set for
analyses and one was used as a control in subsequent functional
validation experiments. Owing to the clonal nature of the
immortalized cell lines, sequencing at relatively low coverage
was sufficient to identify high-confidence variants (Figure 1). In
most cell lines, the majority of non-synonymous mutations were
detected at an allelic frequency ranging from 25 to 75%, as might
be expected for the accumulation of heterozygous mutations
combined with clonal expansion in the MEF BBCE assay
(Supplementary Figure S1). The number of mutations varied
substantially depending on the compound or treatment protocol
and was highest in MNNG- and benzo[a]pyrene-treated cells
(Supplementary Table S2). In the analyzed set of cell lines, we
identified 16 082 single base substitutions, about half of which
were non-synonymous, with missense mutations accounting for
the vast majority of alterations (Figure 2a, Supplementary Table S2
and Supplementary Data S3). Most carcinogen-induced mutations
could be attributed to the predominant substitutions found in
human tumors associated with the same exposure
(Supplementary Table S2) and they amounted to about double
the frequency of the two most common mutation types in
spontaneously immortalized cells (69% vs 37%). Among other
criteria, this exposure-specific enrichment of mutations introduced
early and in a controlled manner was subsequently exploited to
identify and track alterations with a potential functional impact on
immortalization (see below).

Hotspot mutations and recurrently mutated cancer genes

The clustering of mutations in certain regions of a gene (hotspots) is
potentially indicative of cancer driver events. Interestingly, we
identified well-known human cancer hotspot and cancer-related
mutations in several cell lines: missense mutations in Hras
(c.A182T/p.Q61L) and Kras (c.A182G/p.Q61R), and a mutation in
the gene encoding the chromatin remodeling factor Smarcb1
(c.G158A/p.R53Q) (Figure 2b). The applicability of the human
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Figure 2.

Global mutation analysis. (@) Overview of WES results from 25 MEF BBCE cell lines. (b) Mutations, found in MEF BBCE cell lines, which

were previously identified in tumors. Plots, showing mutations in HRAS, KRAS and SMARCBT based on TCGA data, were generated using
cBioPortal.>>*® The mutated residue in MEFs is highlighted by a red circle. Alignment of human and mouse protein sequence around the mutated
residue is shown in the inset, the mutated codon is indicated above the alignment. The overall similarity of human and mouse protein sequence
is indicated in square brackets. (c) Recurrently mutated cancer and epigenetic modifier genes in the MEF BBCE cell lines. Genes listed in the
Cancer Gene Census (black,>®), oncogenes (red) and tumor suppressor genes (blue) by Vogelstein et al,* and epigenetic modifiers (green,>*
modified) are indicated. Epigenetic modifiers that are also listed in the Cancer Gene Census are indicated in bold black. Epigenetic modifiers that
are also listed as tumor suppressor genes by Vogelstein et al* are in bold blue. Epigenetic modifiers that are also listed as oncogenes by
Vogelstein et al* are in bold red. Cell lines are arranged in concentric circles and grouped by carcinogen exposure (labelled in bold black font).
Red and black dots represent exposure-predominant and exposure non-predominant mutation types, respectively.

mutation data to the mouse proteins is supported by the sequence
homology of the proteins between the two species (Figure 2b) and
is well-established for the Ras Q61L and Q61R mutations.>*

Natural selection favors cells with functional mutations in driver
genes, which explains why these genes are recurrently mutated in
cancer. Within our set of 25 cell lines, we identified 1 231
recurrently mutated genes, potentially suggesting their selective
enrichment during the immortalization process. In a proof-of-
principle analysis, we cross-referenced the recurrently mutated
genes in the MEFs with human cancer genes**® and high-
confidence epigenetic modifier genes (due to their emergence as
critical cancer drivers)3** In total, 67 cancer and epigenetic
modifier genes were found recurrently mutated in the MEF cell
lines (Figure 2c). Besides TP53, the mutated status of which was
used in most cell lines as an indicator of clonality and thus
preferentially chosen for WES, several other well-established
tumor suppressors (for example, Apc, Atm, Brca2 and Ptchl) and
oncogenes (for example, Hras, Abl1, Egfr and Myc) were among the
recurrently affected genes. Recurrent mutations were also found
in a number of genes encoding epigenetic modifiers, most
frequently affecting histone H3K4-methylation, histone acetylation
and ATP-dependent chromatin remodeling (for example, Kmt2b,
Kmt2d, Ep400 and Bazla) (Figure 2c).

Cancer driver events contribute to the deregulation of critical
biological processes such as cell proliferation, apoptosis or DNA
repair.?' To assess whether similar processes are also affected in
the MEF BBCE assay system, we analyzed the non-synonymous
mutations from each one of the 25 cell lines for commonly targeted
biological processes and pathways, integrating DAVID and Inge-
nuity Pathway Analysis (see Materials and Methods for details). In

concordance with the importance of deregulating cell proliferation,
apoptosis and DNA repair during cellular transformation, we
identified these processes among the most frequently and
recurrently altered in the immortalized cell lines (Supplementary
Data S4). In addition, cell matrix organization, transcription/
chromatin structure, pluripotency, cancer-related signaling path-
ways and drug metabolism (probably due to selective pressure
inflicted by carcinogen treatment) were also affected in the majority
of cell lines. These findings suggest that MEF BBCE assays are
applicable to the identification of cancer driver-like events.

A systematic prioritization scheme for high-confidence candidate
driver events

To prioritize potential driver alterations among the hundreds of
mutations present in each cell line, we devised a ranking system to
select alterations of high interest and explore their functional
impact on cell transformation and immortal cell growth. For this
proof-of-concept analysis we focused solely on mutations affecting
Cancer Gene Census”® and epigenetic modifier genes. Alterations
were scored based on multiple criteria, including allelic frequency
and potential functional impact (hotspot, truncation, functional
domain and predicted deleterious in silico) (see Materials and
Methods for details). The inclusion of exposure-specific mutation
types into the prioritization criteria allowed us to select for
mutations introduced early in the experiment, increasing the
likelihood that they contributed to the immortalization process.
Using this strategy, we identified candidate driver events in several
exposed cell lines, and we focused our subsequent analyses on two
cell lines, derived from AA and MNNG treatment (AA_2; MNNG_4).
As shown in Table 1, the highest-scoring mutations were distributed
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Table 1. Candidate driver mutations in two immortalized MEF cell lines
Cell line  Gene symbol Function Transcript ID cDNA AA change  Mutated in human  Known to be involved
change tumors (COSMIC, %) in senescence
AA_2 Cbx7 PRC1 complex NM_144811 c.T32A p.F11Y 0.2
Cdkn1a® Cell cycle NM_007669.5 ¢.94-2A>T splice site 03 Yes
Ep400° TIP60 complex NM_029337 c.A970T p.R324X 2.2 Yes
Ext1 . . c.A103T p.S35C
Ext]? Glycosaminoglycan metabolism NM_010162 CA1036T  pR346X 0.5
Hras® MAPK signaling NM_001130443 c.A182T p.Q61L 2.7
Jak2 JAK-STAT signaling NM_001048177 c.A2479T  p.I827L 30.0
Smarcc1? BAF complex NM_009211 c.A356T p-H119L 0.7 Yes
Smyd1 H3K4 methylation NM_009762 cT1072A  p.S358T 0.7
Tp53° - . cA391T p.N131Y
Tps3° Transcription, DNA repair NM_000546.4 CAS71T pK291X 26.8 Yes
MNNG_4 Apc® Wnt signaling NM_007462 c.C8278T p.P2760S 109 Yes
Atm? DNA repair NM_007499 c.C3092T  p.T10311 4.2 Yes
Bazla® ACF complex NM_013815 c.G392A p.R131K 0.8
Brcal DNA repair NM_009764 c.C4322T p.P1441L 1.3 Yes
Gatad2a Histone deacetylation NM_001113345 c.G243A p.M81l 0.3
Jaki1® . . . c.C1327T  p.P443S
Jak1? JAK-STAT signaling NM_146145 cC1286T p.P429L 1.0
Kmt2a® H3K4 methylation NM_001081049 c.C9755T p.P3252L 1.6
Prdm1 Transcription NM_007548 c.C2420T p.P807L 1.1
Setd1a® . c.G1499A  p.S500N
Setdia® H3K4 methylation NM_178029 CG5095A  p.D1699N 1.2
Sin3b® HDAC NM_009188 c.C2441T p.T814l 0.7 Yes
Smarcd2® BAF complex NM_031878 c.G497A p.G166E 03
Trrap® TIP60 complex NM_001081362 c.G6952A  p.V2318M 26
Tp53° - . c.C454T p.P152S
Tps3° Transcription, DNA repair NM_000546.4 cCa76T b.A150V 26.8 Yes
*Validated by Sanger sequencing (Supplementary Figures S2 and S3).

among biological processes closely linked to cell transformation
and cancer development. They affected well-known cancer genes,
such as TP53, Hras, Jak2, Apc, Atm or Brcal, or genes that have
previously been implicated in the regulation of cellular senescence.
We derived multiple cultures by single-cell subcloning to confirm
the overall clonal nature of the AA_2 and MNNG_4 cell lines by
Sanger sequencing (Supplementary Figure S2 and S3). With the
exception of three mutations, all tested candidate driver events
were found consistently altered across the subclones. These results
confirm the clonality of AA_2 and MNNG_4 regarding the highest-
scoring mutations, permitting follow-up studies on the interplay of
co-occurring alterations.

Oncogenic Ras Q61 hotspot mutations mediate increased
proliferation in cells derived from BBCE assays

Hras (c.A182T/p.Q61L) and Kras (c.A182G/p.Q61R) are well-
characterized driver mutations, which result in constitutive
activation of the Ras signaling pathway. Comparison of single-
cell subclones harboring Hras and Kras mutations (AA_2-1 and
UVC_2-3, respectively), with two immortal clones lacking activat-
ing Ras mutations (AA_3-3, Spont_5) revealed clear differences in
cell morphology (Figure 3a, top panel). AA_2-1 and, to a slightly
lesser extent, UVC_2-3 grew in multilayers, and the cells appeared
less tightly attached to the surface than AA_3-3 and Spont_5,
reminiscent of a partial transition towards anchorage-independent
growth. Moreover, the doubling times of AA_2-1 and UVC_2-3
were approximately 12 h, whereas the other two cell lines had
doubling times of around 24 h, which reflects the standard
generation time for most immortalized MEFs in this study. These
differences could, at least in part, be due to constitutive activation
of the Ras pathway in the mutant cell lines. Therefore, we treated
the cells with the Mek inhibitor U0126 to inhibit the Ras/Raf/Mek/
Erk signaling pathway and observed decreased phospho-Erk
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levels immediately after start of treatment, followed by a slightly
delayed downregulation of the Ras pathway target Ccnd1
(Figures 3b and c). Treatment of cells with 20 um U0126 for 24 h
almost completely reverted the AA_2-1 and UVC_2-3 phenotypes,
but it had no effect on the morphology of the control cells
(Figure 3a). Next, we determined the proliferation rate of AA_2,
UVC_2-3, AA_3-3 and Spont_5 in response to Mek inhibitor
treatment (Figure 3d). In contrast to the other cell lines, AA_2
showed a small (7%) but statistically significant decrease in
proliferation upon treatment. Given the role of Ras in translating
exogenous mitogenic signals, we hypothesized that the effect of
the inhibitor on mutant Ras proteins would be potentiated in
conditions that limit such signals. Indeed, upon serum starvation,
Mek inhibitor treatment resulted in a significant decrease in cell
proliferation in the two Ras mutant compared with the wild-type
cell lines (Figure 3d). In fact, the IC50 of the Ras mutant cells was
about twofold lower than for the wild-type lines (30.9 and 35.3 um
for Ras mutant versus 55.2 & 57.9 um for Ras wt). These results
suggest that only the mutant cell lines have developed a
dependency on the Ras signaling pathway and this might be
partly responsible for their overall increased proliferation rate.

Novel BAF complex mutations confer sensitivity to Ezh2 inhibition
in a Ras-dependent manner in carcinogen-immortalized MEFs

Interestingly, we observed alterations in different subunits of the
SWI/SNF (BAF) chromatin remodeling and TIP60 histone acetyl-
transferase complexes among the mutations identified in the MEF
cell lines. Furthermore, all BAF, and the majority of TIP60
complex mutations, were mutually exclusive across the BBCE cell
line panel (Figures 4a and b). A similar mutual exclusivity was
observed for genes encoding subunits of these multi-protein
complexes upon analysis of data sets available through The
Cancer Genome Atlas (TCGA) (Figure 4c and Supplementary Figure
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Figure 3. Morphology and survival of Ras-mutant and Ras-wild-type

cell lines upon Mek inhibitor treatment. (a) Morphology of Ras-
mutant (AA_2-1, UVC_2-3) and Ras-wild-type (AA_3-3, Spont_5) cells
after 24 h treatment with 20 pum of Mek inhibitor U0126. Immunoblot
showing levels of Erk1/2 phosphorylation, total Erk1/2 protein and a
target of MAP kinase pathway (Ccnd1) in AA_2-1 (b) and UVC_2-3
(c) cells upon Mek inhibitor U0126 treatment. The immunoblot was
carried out using whole-cell protein extracts. Actin was used as
loading control. The blot was cropped for display. (d) Proliferation of
Ras-mutant and Ras-wild-type cells after 24 h treatment with 20 um
of Mek inhibitor U0126 in complete (15% fetal bovine serum, FBS)
and serum-free (0% FBS) growth medium. Relative absorbance
(related to treatment with dimethyl sulfoxide (DMSO) carrier),
indicative of cell viability, was measured. Columns represent the
mean value and s.e.m. derived from three independent experiments.
Significance of two sample two-tailed Wilcoxon test is displayed;
.=P<0.05and * =P <0.01.

S4), suggesting that destabilization of a single complex subunit is
sufficient to modify its activity.

Loss-of-function mutations in subunits of the BAF complex are
found in a large number of human cancers>® Intriguingly, we
observed an equally frequent rate of non-synonymous mutations in
genes encoding BAF complex subunits in our set of MEF lines (9 out
of 26 cell lines). Moreover, previous work revealed an increased
dependence of BAF mutant animal tumors and human cancer cell
lines on the PRC2 histone methyltransferase complex and this
dependency was alleviated in human cancer cells with oncogenic
RAS mutations.>”*® We set out to test whether we could recapitulate
this functional relationship using immortalized MEF cell lines
harboring previously untested BAF complex mutations, either alone
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Figure 4. Mutual exclusivity analysis of mutations in BAF and TIP60

complex genes. (a) BAF complex subunits mutated in MEF BBCE cell
lines. (b) TIP60 complex subunits Ep400 and Trrap mutated in MEF
BBCE cell lines. (c) TIP60 complex subunits Ep400 and Trrap mutated
in human sequencing studies included in cBioPortal. Result of x*-test
indicated; *P < 0.01.

(Smarcd2—-MNNG_4) or in combination with oncogenic Ras (SmarccT,
Hras—AA _2). Spontaneously immortalized Spont_5 cells (BAF and Ras
wild type), MNNG_4-2 (BAF mutant and Ras wild type) and AA_2-1
(BAF and Ras mutant) were treated with Ezh2 inhibitor (GSK126), and
cell viability was assessed using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) and colony formation assays
(Figures 5a and b). Spont_5 cells exhibited a significant decrease in
cell viability following treatment, but both assays indicated that a
fraction of cells survived. In contrast, the MNNG_4-2 cell line was
highly sensitive to GSK126 treatment and showed no remaining
viability under the same treatment conditions. The observed GSK126
sensitivity of both BAF wild-type and mutant cells, with a more
pronounced effect in the mutants, recapitulates previous findings in
MEFs isolated from wild-type and Arid7a mutant animals® Finally,
AA_2-1, which harbors BAF and Ras alterations, was much more
resistant to Ezh2 inhibitor treatment. The same order of sensitivity
was observed in both the MTT and colony formation assays. An
analogous trend of decreased sensitivity of a BAF/Ras mutant
compared with multiple BAF mutant cell lines upon treatment with
GSK126 was observed in a replicate experiment with an independent
set of cell lines (Arid2, Kras—UVC_2 vs Arid1b—-MNNG_1; Smarca2—
AFB1_3; Smarcb1-BaP_1) (Supplementary Figure S5). Immunoblot-
ting analysis showed a decrease in H3K27me3 levels upon inhibitor
treatment in all tested cell lines (Figure 5c and Supplementary Figure
S5¢). Taken together, we show that mutations in several previously
untested BAF complex subunits consistently confer (oncogenic) Ras-
dependent sensitivity to Ezh2 inhibition, consistent with findings for
other BAF complex subunits in human cancer cell lines.

DISCUSSION

Building on knowledge gained from single-gene sequencing
studies, large-scale tumor sequencing efforts have transformed
the field of cancer genetics over the last years. This has led to an
explosion in the number of genes implicated in cancer develop-
ment. In this study we report that a simple, cell-based in vitro
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Figure 5. Effect of Ezh2 inhibitor treatment in BAF-mutant, BAF-wild-

type and BAF/Ras double-mutant MEF BBCE cell lines. (a) Cells mutant
in Ras and BAF (AA_2-1), wild type in Ras and BAF (Spont_5), and cells
with BAF mutation in a wild-type Ras background (MNNG_4-2) were
seeded at low density in standard six-well plates and treated with
Ezh2 inhibitor GSK126 for 7 days. Cells were then visualized using
crystal violet. The result is representative of three independent
experiments. (b) Cells mutant in Ras and BAF (AA_2-1), wild type in
Ras and BAF (Spont_5), and cells with BAF mutation in a wild-type Ras
background (MNNG_4-2) were plated in 96-well plates and treated
with GSK126 for up to 96 h. Relative absorbance (related to treatment
with dimethyl sulfoxide (DMSO) carrier), indicative of cell viability was
measured at 24, 48, 72 and 96 h. Columns represent mean value and
s.e.m.derived from three independent experiments. (c) Immunoblots
for the H3K27me3 chromatin mark in all tested cell lines upon GSK126
treatment. Immunoblot was carried out using acid-extracted histones.
Histone H3 immunoblot was performed to control for the baseline
level of the protein. The blots were cropped for display.

carcinogen exposure assay, combined with massively parallel
sequencing, can contribute to the identification of candidate
cancer driver events from human tumor sequencing data. As a
proof-of-concept, our results demonstrate the functional impact of
known activating mutations in Ras genes on the immortalized cell
phenotype and, potentially, on subsequent steps leading to
transformation. Furthermore, we show that mutations in BAF
complex genes that were not implicated as putative drivers by
cancer genome sequencing studies (Smarccl and Smarcd2),
recapitulate cancer-specific sensitivity to Ezh2 inhibition, suggest-
ing that BBCE assays can be utilized to identify and study the
functional impact of candidate cancer driver events.
Tumor-sequencing databases put the mutation frequency of all
three human RAS genes combined between 9 and 30% (all cancer
types), with 98% of mutations affecting amino acid residues G12,
G13 or Q613 The Q61L and Q61R alterations, found in AA_2 and
UVC_2, respectively, are among the most highly transforming
mutations in this residue in NIH-3T3 cells*® They lock Ras in a
constitutively active state and Q61L is the most frequent HRAS
mutation in human prostate adenocarcinoma.*’ We note that the
Q61L and Q61R Ras protein alterations found in our in vitro exposure
system are the most predominant cancer-associated changes
identified at this position.*! The observed Ras hotspot mutations
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provide support to the notion that the MEF BBCE protocol can
specifically select for cancer-associated genetic alterations.

Genome-sequencing studies established the BAF ATP-
dependent chromatin remodeling complex as one of the most
commonly mutated human tumor suppressors.*>** Mutations in
several subunits of the complex (SMARCB1, SMARCA4, SMARCA2,
ARID1A and PBRM1) sensitize cancer cells to either inactivation of
the EZH2 Polycomb protein, or treatment with an EZH2 inhibitor,
and this effect is alleviated upon co-occurring RAS mutation.3”8
Similarly, independently derived MEF cell lines harboring BAF
complex mutations (Arid1b, Smarcd2, Smarca2 and Smarcbl)
displayed high sensitivity to Ezh2 inhibitor treatment, whereas
the two cell lines with co-occurring BAF and Ras mutations
present in our cell panel (Arid2-Kras and Smarcci1-Hras) were
relatively unresponsive (Figure 5 and Supplementary Figure S5).
Our studies using in vitro immortalization assays therefore
considerably expand the set of known BAF complex mutants
exhibiting a cancer-related interplay with PRC2 histone methyl-
transferase activity. Interestingly, among the tested BAF complex
mutants, neither SMARCD2 nor SMARCC1 has previously been
described as a candidate driver gene in human tumor-sequencing
studies and, therefore, these genes have not been captured in the
Sanger COSMIC Cancer Gene Census. Compared with other genes
encoding BAF subunits, both are mutated at relatively low
frequencies. However, recent saturation analysis suggests the
existence of many more infrequently mutated cancer drivers'®
and the significant positive selection of Smarcd2 and Smarcci in
the in vitro assay, combined with the results from the Ezh2
inhibitor experiment, certainly warrants additional studies regard-
ing their role in the development of particular cancer types.

Our finding that more than 30% of cell lines derived from MEF
BBCE assays harbor non-synonymous mutations in BAF subunits
approximates the prevalence of non-synonymous mutations in
human cancers (>20%). Similarities between the mutation profiles
of BBCE cell lines and human cancers are further highlighted by the
presence of a known cancer hotspot mutation in Smarcb1 among
the in vitro-induced alterations and by the non-overlapping nature
of mutations in BAF complex components in exposed MEFs
(Figure 4a). The latter is in agreement with the recently described
non-overlapping nature of mutations in BAF subunits in sequencing
data derived from more than 3000 TCGA samples.'? Intriguingly, we
also observed mutual exclusivity of mutations in genes encoding
the Ep400 and Trrap subunits of the TIP60 histone acetyltransferase
complex in our cell line panel as well as in a set of 474 TCGA
samples (Figure 4). Although the Ep400 subunit of the TIP60
complex is not an established cancer driver, its mutual exclusivity
with Trrap mutations is consistent with the notion from cancer
genome sequencing that the selection of a mutation in a single
component is sufficient to alter the activity of a pathway or protein
complex, while obviating the need for additional changes,19 and
with network approaches that identify driver genes based on
mutual exclusivity of genomic alterations.'"™'® Identification and
functional characterization of candidate driver events beyond what
has been highlighted by cancer genome sequencing projects
(Smarcc1, Smarcd2 and Ep400) justifies the utilization of BBCE assays
to both model and examine cancer driver events. Extended analysis
of existing BBCE lines and sequencing of additional cell lines is
warranted to further investigate broader commonalities between
MEFs and human tumors.

It is important to keep in mind that the presence of
heterozygous or homo/hemizygous TP53 mutations was used as
an indicator of clonality for choosing cell lines for exome
sequencing. Therefore, most candidate driver events we identified
act as such in the context of TP53 alterations. This situation
resembles what is commonly found in human tumors. Some
immortalized cell lines, however, retain wild-type p53. It will be
interesting to investigate whether in this context other key
regulators of the p53 pathway are affected,** and whether CRISPR/



Cas9-mediated correction of potential driver events in the same
gene, protein complex or pathway results in diverse functional
outcomes depending on the p53 status.

Several key characteristics of the BBCE assay highlight its
applicability as a promising in vitro screening strategy for
characterizing candidate driver events. These include the barrier
bypass step (biological selection), defined exposure conditions
(identification of early driver mutations), applicability of genome
editing technologies (CRISPR/Cas9) and a favorable experimental
timeline (6-8 weeks). The use of exogenous human liver S9
fraction to activate pro-carcinogens and MEF culture under
physiological oxygen conditions to reduce the background
mutation rate should further improve the efficiency and
stringency of MEF BBCE assays. In the future, the assessment of
tumorigenicity in nude mice of immortalized cell lines that have
undergone massively parallel sequencing analysis and the
development of clonal expansion assays using human cells?*** or
organoids*® will be promising new avenues for detailed char-
acterization of candidate driver events.

MATERIALS AND METHODS
Cell lines

Sixteen of the 26 Hupki (humanized p53 knock-in) MEF cell lines
(Supplementary Table S1) were generated from carcinogen-exposed and
-unexposed primary MEFs?’2 The additional 10 cell lines were
established for this study using the same procedure*’*® Briefly,
carcinogen-exposed or untreated primary cells were cultivated until
senescence bypass and immortalized cell lines with non-synonymous
TP53 mutations were preferentially chosen for WES (Supplementary Table
S1). Clonal populations were generated from cell lines AA_2, AA_3,
MNNG_4, MNNG_1, AFB1_3, BaP_1 and UVC_2 by dilution cloning.

Whole-exome sequencing (WES) and data processing

Sequencing data used in this study were generated previously for 14 of the
26 cell lines;*° for this report, 12 additional cell lines were sequenced and
the data processed as described in Olivier et al>° An average of 51.44
million reads (100 bp) were sequenced per sample, of which 98% were
mapped, 75% on target (mm9 reference genome), with a mean depth-of-
coverage of 54 (software used: BWA-MEM v0.7.15, GATK v3.6-0, Picard tools
v2.4.1 (Broad Institute, Cambridge, MA, USA)). Bam files were uploaded to
NCBI BioProjects web site, accession number PRJINA238303. Variants were
called with MuTect software (version 1.1.4, Broad Institute) using default
parameters. Each immortalized cell line was compared to multiple primary
cultures and only overlapping calls were considered, to ensure robust
variant calling and exclude germline variants.

Pathway analysis

RefSeg-annotated mouse genes containing non-synonymous single-base
substitutions were analyzed using DAVID*® and Ingenuity Pathway Analysis
(Ingenuity Systems, Redwood City, CA, USA). If RefSeq gene names were not
recognized, aliases were used. Gene Ontology and KEGG pathways were
interrogated by DAVID using relaxed criteria, as deregulation of biological
processes in transformed cells can occur in the absence of multiple hits.
Ingenuity Pathway Analysis was run with default settings and canonical
pathways were extracted using either standard (P < 0.05) or relaxed criteria
(P<0.175). The identified biological processes and pathways were
prioritized based on recurrence among cell lines and cancer relevance.

Identification of candidate cancer driver mutations

Variants were filtered for exonic non-synonymous and splicing mutations,
and cross-referenced with cancer-related and chromatin associated
genes. 2349 Mutations were prioritized using a simple scoring system.
A score of 1 was added if the mutation was of the exposure-predominant
type (likely introduced early in the assay). A score of 1 was added if the
mutation was in a known human hotspot, if it was truncating or affected a
splice site. A score of 0.5 was added if the mutation was located in a
functional domain and if the mutation was predicted deleterious in the
protein by SIFT via Variant Effect Predictor.>’ A score of 0.5 was also added
if the allelic frequency of the mutation was higher than 25%.
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Sanger sequencing
Sequencing primers are listed in Supplementary Table S3.

Inhibitor treatment

Cells were treated with 20 pm Mek inhibitor U0126 (Sigma, St Louis, MO,
USA), 4, 8 and 16 pum Ezh2 inhibitor GSK126 (Xcess Biosciences, San Diego,
CA, USA), and dimethyl sulfoxide carrier (Sigma).

MTT proliferation assay

Cells were plated in 96-well plates and treated as indicated. Cell viability
was measured using CellTiter 96 AQueous One Solution Cell Proliferation
Assay (Promega, Fitchburg, WI, USA). Plates were incubated for 2 h at 37 °C
and absorbance was measured at 492 nm.

Colony formation assay

Cells were seeded in six-well plates to ensure ~5000 cells at treatment
onset for each cell line and condition. Colonies were visualized after 7 days
using crystal violet staining.

Immunoblotting and antibodies

Electrophoresis was performed using 4-20% Mini-Protean TGX Precast
Protein Gels (BioRad, Hercules, CA, USA). The following antibodies were
used for immunoblotting: phospho-Erk1/2 (9101, 1:1000, Cell Signaling,
Danvers, MA, USA), total Erk1/2 (9102, 1:1000, Cell Signaling), histone
H3K27me3 (ab6002, 1:4000, Abcam, Cambridge, UK), histone H3 (ab1791,
1:20 000, Abcam), Ccnd1 (NCL-L-CYCLIN D1-GM, 1:100, Leica Biosystems-
Novocastra, Wetzlar, Germany), Actin (08691001, 1:25 000, MP Biomedicals,
Santa Ana, CA, USA).

Mutation analysis in human tumor data

Published studies included in cBioPortal for Cancer Genomics were
mined for samples with non-synonymous mutations and small indels in
the Ep400 and Trrap subunits of the TIP60 complex and in BAF complex
subunits. Duplicates and samples missing mutation annotation were
excluded. Data were visualized using OncoPrinter version 1.0.1. Mutual
exclusivity was tested using y’-test.
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