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ORIGINAL ARTICLE
DNA Damage Stress Control Is a Truncated
Large T Antigen and Euchromatic Histone
Lysine Methyltransferase 2eDependent
Central Feature of Merkel Cell Carcinoma

Kamel Bachiri1,6, Diala Kantar1,6, Estelle M.N. Laurent1, Pauline Gaboriaud2, Laurine Durand2,
Aurélie Drouin2, Mélanie Chollot3, David Schrama4, Roland Houben4, Thibault Kervarrec2,5,
Laetitia Trapp-Fragnet3, Antoine Touzé2,7 and Etienne Coyaud1,7
Merkel cell carcinoma (MCC) is an aggressive skin cancer with a high mortality rate. Merkel cell polyomavirus
causes 80% of MCCs, encoding the viral oncogenes small T and truncated large T (tLT) antigens. These proteins
impair the RB1-dependent G1/S checkpoint blockade and subvert the host cell epigenome to promote cancer.
Whole-proteome analysis and proximal interactomics identified a tLT-dependent deregulation of DNA damage
response (DDR). Our investigation revealed, to our knowledge, a previously unreported interaction between
tLT and the histone methyltransferase EHMT2. T antigen knockdown reduced DDR protein levels and increased
the levels of the DNA damage marker gH2Ax. EHMT2 normally promotes H3K9 methylation and DDR signaling.
Given that inhibition of EHMT2 did not significantly change the MCC cell proteome, tLTeEHMT2 interaction
could affect the DDR. With tLT, we report that EHMT2 gained DNA damage repair proximal interactors. EHMT2
inhibition rescued proliferation in MCC cells depleted for their T antigens, suggesting impaired DDR and/or
lack of checkpoint efficiency. Combined tLT and EHMT2 inhibition led to altered DDR, evidenced by multiple
signaling alterations. In this study, we show that tLT hijacks multiple components of the DNA damage ma-
chinery to enhance tolerance to DNA damage in MCC cells, which could explain the genetic stability of these
cancers.

Keywords: DNA damage repair signaling, EHMT2, Merkel cell carcinoma, Proteome analysis, Proximal
interactomics, Truncated LT

Journal of Investigative Dermatology (2024) -, -e-; doi:10.1016/j.jid.2024.04.034
INTRODUCTION
Merkel cell carcinoma (MCC) is a rare and very aggressive
neuroendocrine carcinoma of the skin (Becker et al, 2018).
This neoplasia has a worse prognosis than other skin cancers,
even matching that of advanced-stage melanoma (Becker
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et al, 2018). The main risk factors for MCCs are aging, UV
exposure, and immunosuppression (Heath et al, 2008). In
2008, Feng et al (2008) established a viral etiology for 80% of
MCC cases. The conjunction of 2 rare events leads to the
emergence of these virus-positive MCC (VP-MCC): (i) the
viral genome integration and (ii) a truncation before the large
T antigen (TA) helicase domain by mutation or integration.
The small TA (sT) and a truncated large TA (tLT) drive VP-
MCC transformation, survival, and growth (Houben et al,
2012; Shuda et al, 2014). Furthermore, VP-MCCs display a
very low mutational burden (0.4 per Mb) compared with their
virus-negative MCC counterparts (40 per Mb), which are
related to UV exposure, highlighting TA-driving functions in
VP-MCC oncogenesis (Goh et al, 2016). Merkel cell poly-
omavirus (MCPyV) has been detected in other cancers as
well. However, not only is the observed viral load lower in
these cases, but also—in contrast to MCC—demonstration of
a contribution of MCPyV to tumorigenesis is lacking (Silling
et al, 2022).

MCPyV TAs are thought to profoundly impact VP-MCCs
mainly through cell-cycle checkpoint inhibition and epige-
netic reprogramming. The canonical mechanism of tLT in VP-
MCC oncogenesis is the sequestration of RB1. Although this
mechanism is essential to maintain cancer growth, it does
not fully explain the MCC phenotype. Despite that several
estigative Dermatology. This is an open access
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Figure 1. Differential protein expression in the presence and absence of TAs.

(a). Volcano plot presenting proteins for which expressions significantly

changed after TA shRNA-mediated knockdown (P < .05; log2 fold change >1

or < e1). (b). Number of proteins identified in both conditions with valid

values in all 3 replicates (29 and 40 are unique to WaGa shTA and WaGaWT,

respectively). (c). BP enrichment analysis of proteins overexpressed in the

presence of TAs. The graphic displays the number of proteins identified for

each GO BP along with the total number of proteins annotated in the GO

term. (d). Proteins overexpressed in the presence of TAs that are annotated to

be involved in replication and/or DNA damage response. BP, biological

process; GO, Gene Ontology; shRNA, short hairpin RNA; shTA, T

antigenetargeted short hairpin RNA; TA, T antigen; WT, wild-type.
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Merkel cell markers are expressed by MCCs, recent studies
suggest an epithelial precursor origin (Gravemeyer et al,
2022; Kervarrec et al, 2020a; Kervarrec, 2022). The Merkel
cell phenotypic markers are believed to be acquired through
epigenetic and transcriptional remodeling (Kervarrec et al,
2020b). Several mechanisms connect TAs to epigenetic
reprogramming, for example, transcriptional activation
through sT-dependent MYC-L recruitment to EP400 (Cheng
et al, 2017). EP400-sT triggers additional epigenetic
changes, such as sTeMYCLeEP400 complex driving the
transcriptional activation of LSD1, a histone demethylase that
represses ATOH1 target expression, which in turn prevents
differentiation (Leiendecker et al, 2020; Park et al, 2020).
Furthermore, EZH2 (a PRC2 subunit) inhibition slows down
MCC xenograft development through SIX1 derepression
(Gartin et al, 2022). This effect results from the TA-driven
overexpression of EZH2, thus allowing for a selective
toxicity of EZH2 inhibition in VP-MCC cell lines (Durand
et al, 2023).

Given the recent evidence positioning histone methylation
processes at the core of VP-MCC oncogenesis (LSD1, EZH2),
we mined our tLT interactomics data for methylation-related
factors and selected euchromatic histone lysine methyl-
transferase (EHMT) 2. EHMT2 is an epigenetic writer
assembling in an EHMT1eEHMT2eWIZ complex
(Tachibana et al, 2002; Ueda et al, 2006). This complex
decorates H3K9me1/2 (histone H3 Lysine 9 mono and
dimethylation), leading to transcriptional repression of
neighboring loci (Tachibana et al, 2002). EHMT2 is also
involved in monomethylation of H3K27 (Wu et al, 2011) and,
beyond its role in transcriptional regulation, can prime
proliferating cell nuclear antigen (PCNA) docking for repli-
cation through H3K56me1 (Yu et al, 2012). Several studies
localize EHMT2 near replication forks, notably through
BioID identification of PCNA interactors and the innovative
iPond technique that identifies proteins linked to nascent
DNA (Sirbu et al, 2013; Srivastava et al, 2018). The methyl-
ation of H3K9 by EHMT2 has been linked to DNA damage in
several studies (Ayrapetov et al, 2014; Ginjala et al, 2017).
For example, it was recently reported that EHMT2 ensures a
protective function in replication stresseinduced DNA
damage. In this regard, EHMT2 methyltransferase activity is
associated with trimethylation of H3K9 near stalled forks,
leading to a protective chromatin compaction state (Gaggioli
et al, 2023).

EHMT2 can also methylate substrates involved in DNA
damage response (DDR) regulation. One of the few described
mechanisms in this pathway is the dimethylation of p53K373
(Huang et al, 2010). This modification prevents the inactive
form of p53 from becoming active. This phenotype is
reversed by the downregulation of EHMT2, leading to p53
activation and apoptosis. In closer relation to the DDR,
MDC1 has been observed to be methylated by EHMT2 on
K45, promoting the interaction between MDC1 and ataxia
telangiectasia mutated (ATM), resulting in increased ATM
activation (Watanabe et al, 2018).

In this study, we reveal that EHMT2 is addressed at the
proximity of DNA damage sites by tLT and is involved in TA
depletionemediated cell death. In a broader view, we show
that the EHMT2 methyltransferase activity is central in the
Journal of Investigative Dermatology (2024), Volume -
DDR and provide strong insights that MCC oncogenesis also
relies on tLT-driven DNA damage and DDR control.
RESULTS
TA expression is associated with increased expression of
proteins involved in replication and DNA damage
machineries

To explore the role of the TAs in established MCC cells, we
first analyzed the whole proteome of WaGa cells (VP-MCC
cell line) and assessed the changes induced by short hairpin
RNA (shRNA)emediated repression of TA expression. To this
end, WaGa cells carrying a doxycycline (Dox)-inducible TA
shRNA and wild-type (WT) WaGa were harvested after 7
days in the presence of Dox, and their protein content was
analyzed by tandem mass spectrometry coupled with liquid
chromatography.

Expectedly, we detected a fivefold decrease of tLT in Dox-
treated WaGa cells with inducible TA shRNA knockdown;
we were not able to quantify the changes in abundance of sT
because all the peptides identified were common between sT
and tLT and were assigned to tLT during the analysis
(Supplementary Table S1). In addition, we identified 101
overexpressed proteins (72 upregulated >2-fold and 29
exclusively expressed upon TA knockdown) and 150 proteins
with reduced/undetectable expression upon shRNA induc-
tion (110 downregulated >2-fold and 40 exclusive to WT)
(Figure 1a and b). Among those higher expressed proteins in
the presence of MCPyV TA, we identified all the components
of the replication factor C complex, 2 of the mini-
chromosome maintenance protein complex (MCM2/6), and
the 8 subunits of the condensin complex. Furthermore, 24
proteins annotated as involved in replication and 25 in DNA



Figure 2. tLT proximal interactors sorted by biological process. The BioID-

based tLT proximal interactors are sorted by the most enriched biological

processes of the interactome. Red circles depict the known interactors for tLT

in our dataset. The complete list of interactors is available in Supplementary

Table S1. tLT, truncated large T antigen.

K Bachiri et al.
DNA Damage Control by tLT and EHMT2 Is Central in MCC
repair were more abundant in the presence of MCPyV TA
(Figure 1c and d). For example, we could identify RIF1 and
RAD51C, which are both involved in homologous junction
and genetic instability control. The finding that the MCPyV
TAs drive an upregulation of DNA replication factors is not
surprising given that MCC cell lines are addicted to TAs for
growth (Houben et al, 2012). However, the induction of DDR
components when MCPyV TA is present suggests an
enhanced DNA repair capacity, which could provide a
mechanistic insight toward the low mutation burden and the
genetic stability of MCC cells.

Because the Dox-induced growth reduction in the WaGa
cells with inducible TA shRNA knockdown can be
completely rescued by re-expression of only tLT (Angermeyer
et al, 2013), the most crucial effects of the TA shRNA in this
experimental system seem to be mediated by targeting tLT
expression. Therefore, in the following sections, we focused
on tLT.

tLT proximal interactome uncovers epigenetic regulators
potentially driving specific MCC features

To characterize a putative link between tLT and the DNA
damage control machinery, we used human embryonic kid-
ney (HEK) 293 cells as model system and delineated the
putative proximal protein landscape of 330 amino acids tLT
(representing the tLT expressed in the MCC cell line MKL-1)
using BioID (Roux et al, 2012). After stringent filtering and
background removal, we identified 363 high-confidence tLT
proximal interactors (Supplementary Table S2). Importantly,
we retrieved most of the known interactors of tLT, including
the interactions with RB1 and heat shock proteins (Cheng
et al, 2017; Houben et al, 2012; Kwun et al, 2015),
demonstrating the reliability of our approach. Indeed, we
identified several proximal interactions with chaperone pro-
teins from the Hsc70 family for which an interaction domain
has been identified in the amino terminus of large T antigens
(An et al, 2012). Over 80% of the identified interactors are
nuclear proteins, highlighting the prominent role of tLT in
nuclear mechanisms. Gene Ontology term analysis identified
3 highly enriched categories, that is, proteins involved in
RNA structure and stability, in transcription regulation and in
epigenetic remodeling. The presence of 66 proteins involved
in epigenetic regulation through histone modification stresses
the importance of epigenetic remodeling in MCC (Figure 2).
Among them, we detected most of the components of the
nucleosome remodeling and deacetylase (NuRD) complex
and the complete deacetylase subcomplex. tLT is also found
in proximity to BEND3, establishing a putative link between
NuRD and PRC2, already known to be involved in MCCs
through EZH2 (Durand et al, 2023; Gartin et al, 2022).
Interestingly, the proximal interactome of tLT unveiled an
important number of proteins regulating histone and DNA
methylation. Focusing on this modification, we identified tLT
at proximity of the writer complex EHMT2, euchromatic
histone lysine methyltransferase 1, and WIZ along with the
eraser KDM3B, both regulating the methylation state of
H3K9. Interestingly, the enrichment analysis of the interactors
using a combination of Gene Ontology tools, gProfiler,
WebGestalt, and enrichR, also revealed a significant
enrichment of proteins involved in DDR such as TP53BP1,
TOPBP1, MDC1, RPA1-2, RFC3, or XRCC4 (Karatzas et al,
2023).

Inhibition of EHMT2 methyltransferase activity has no
impact on the proteome of VP-MCC cells

Because EHMT2 had the highest label-free quantification
values among the methyltransferases in tLT BioID, we
assessed the putative proteome remodeling after its inhibi-
tion. We first determined the half-maximal inhibitory con-
centration of BRD4770, a validated inhibitor of EHMT2
methyltransferase activity (Supplementary Material and
Methods and Supplementary Figure S1). We noted that
VP-MCCs were more resistant to EHMT2 inhibition than the
melanoma cell line A375 or the HEK cell line HEK293,
suggesting an important role of EHMT2 specifically in VP-
MCCs. To test the impact of EHMT2 inhibition on protein
expression in TA-expressing cells, WaGa cells with and
without TA knockdown were treated with 5 mM BRD4770 (in
the half-maximal inhibitory concentration range) for 48
hours, and their proteomes were analyzed by mass spec-
trometry. Surprisingly, we did not observe significant prote-
ome changes after 48 hours of EHMT2 chemical inhibition,
neither in the presence nor in the absence of tLT
(Supplementary Table S3), suggesting a role of EHMT2 in-
dependent of its ability to regulate transcription.

tLT does not disrupt the basal interactome of EHMT2 but
brings it at the vicinity of stalled forks and DDR factors

After validation of the tLTeEHMT2 interaction by proximity
ligation assay in 2 VP-MCC cell lines (MKL-1 and WaGa)
(Figure 3aed), we tested the impact of tLT on the proximal
interactome of EHMT2. EHMT2 BioID in basal conditions in
HEK293 cells identified 136 high-confidence proximal
interactors for EHMT2. A total of 89% of these interactions
were conserved in the presence of tLT, in line with the
absence of proteome changes after EHMT2 inhibition with/
without tLT.

Strikingly, when compared with the controls, we detected
a strong gain of proximal interactors (Supplementary
Table S4). This increase in the number of interactors sug-
gests an addressing of EHMT2 at additional diversified loci on
www.jidonline.org 3
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Figure 3. EHMT2 proximal interactors with and without expression of tLT and the biological processes enriched. (a) Confocal image of proximity ligation assay

between EHMT2 and tLT in MKL-1 cells. Bar ¼ 50 mm. (b) Number of fluorescence foci per nuclei. (c) Confocal images of proximity ligation assay

between EHMT2 and tLT in WaGa cells. Bar ¼ 50 mm. (d) Number of fluorescence foci per nuclei. (e) Volcano plot depicting the interactors identified for

EHMT2 in presence of tLT versus in absence of the viral protein. The proteins in the top right area are the ones significantly enriched in the presence of tLT

(P < .05). (f). GO biological process enrichment analysis of the 50 proteins significantly enriched in EHMT2’s interactome in the presence of tLT. Ctrl, control;

EHMT2, euchromatic histone lysine methyltransferase 2; GO, Gene Ontology; tLT, truncated large T antigen.
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the chromatin through interaction with tLT. Indeed,
comparing the 2 EHMT2 proximal interactomes with/without
tLT, we identified 50 factors significantly enriched in the
presence of tLT (Figure 3e).

Surprisingly, >25% of these proteins are involved in DNA
damage regulation (Figure 3f). tLT-dependent proximity of
EHMT2 with proteins such as RPA3 allows us to narrow down
Journal of Investigative Dermatology (2024), Volume -
the presence of EHMT2 at DDR sites and connect it to
replication stress and single-strand break (SSB)erelated pro-
cesses. EHMT2 has been observed in the environment of
DDR through PCNA interactome identification (Srivastava
et al, 2018). EHMT2 can methylate several nonhistone pro-
teins. Among the possible targets of EHMT2, we detected
MDC1, for which the methylation is required for proper local
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activation of phosphorylated ATM. However, the interaction
between EHMT2 and MDC1 is detected both with/without
tLT and does not seem to be influenced by its presence.

To explore the importance of the EHMT2etLT interplay, we
then combined their inhibition in VP-MCC cell lines.

EHMT2 inhibition rescues tLT depletionedependent MCC
cell death and protects against DNA damage

After assessment of efficient shRNA-mediated knockdown in
the VP-MCC cell lines (Supplementary Figure S2), prolifera-
tion assays were performed on WT versus WaGa cells with
inducible TA shRNA knockdown, MKL-1 (Figure 4a and b),
and PeTa (Supplementary Figure S3a). In line with previous
results (Hesbacher et al, 2016), the WaGa cells with induc-
ible TA shRNA knockdown demonstrated, after 7 days of Dox
treatment, decreased proliferation compared with their cor-
responding parental controls treated with Dox, as assayed by
tetrazolium inner salt assay. However, treatment with
increasing doses of the EHMT2 inhibitor BRD4770 for 48
hours after 5 days of shRNA induction led to reduced growth
inhibition, whereas in the parental VP-MCC cell lines, the
inhibitor decreased proliferation. Thus, the inhibition of
EHMT2 in WaGa, MKL-1, and PeTa inducible TA shRNA is
able to partially rescue the cells from cell cycle arrest upon
TA knockdown and to restore proliferation. These results
were further confirmed using mixed culture assay of WaGa
Figure 4. EHMT2 inhibition’s effect on VP-MCC cells viability with and withou

treatment with EHMT2 inhibitor at different concentrations in (a) WaGa or (b) M

proliferation ratio between Waga shTA and WaGa WT GFP cells over time. Cel

Viability of the WaGa cells was measured by MTS assay after 48 hours of EHMT2 i

Dox, doxycycline; EHMT2, euchromatic histone lysine methyltransferase 2; MTS

truncated large T antigen; VP-MCC, virus positive MCC; w/o, without; w/wo, w
GFP and WaGa cells with inducible TA shRNA knockdown
(Figure 4c). We measured the ratio of WaGa cells with
inducible TA shRNA knockdown/WaGa GFP and observed
an inversion of the curves upon EHMT2 inhibition at the sixth
day in the presence of Dox, and this ratio keeps increasing
over time. Considering the previous results, it is possible that
in the absence of TAs, the lack of EHMT2 methyltransferase
activity precludes an efficient DDR and/or cell cycle check-
points signaling. We measured cell proliferation in WaGa
with/without TAs depletion treated with various concentra-
tions of etoposide, a topoisomerase 2 inhibitor, and EHMT2
inhibitors BRD4770 and UNC0642 (Figure 4d). Again, we
observed the rescue of the cells depleted in TAs by EHMT2
inhibition with BRD4770 and UNC0642. Interestingly the
inhibition of EHMT2 led to better viability after the treatment
with etoposide, which is correlated to a decreased number of
gH2Ax foci in WaGa cells with inducible TA shRNA
knockdown (Figure 5a and b). In this experiment, we counted
the number of gH2Ax foci formed by the cells expressing TAs
or not, under EHMT2 inhibition and/or in the presence of
etoposide (Figure 5a and b).

In parental WaGa cells, gH2Ax foci indicating DNA
damage were induced by treatment with etoposide, and this
response was observed to be even stronger in the WaGa cells
with inducible TA shRNA knockdown (Figure 5a and b).
Surprisingly, the treatment with the EHMT2 inhibitor
t tLT. (a, b) Viability of the cells was assessed by MTS assay after 48 hours of

KL-1 cells comparing WT with inducible TA knockdown (shTA) cells. (c) Cell

ls were treated with 5 mM BRD4770 after 5 days of Dox shTA induction. (d)

nhibition and 24 hours of treatment with etoposide at different concentrations.

, tetrazolium inner salt; shTA, T antigenetargeted short hairpin RNA; tLT,

ith/without; WT, wild-type.
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Figure 5. Analysis of the involvement

of EHMT2 and tLT in DDR. (a)

Immunofluorescence imaging of

gH2Ax loci in WaGa WT and shTA

cells after treatment with 1 mM
etoposide for 24 hours, 5 mM
BRD4770 for 48 hours, or combined

treatment with 5 mM BRD4770 for 48

hours and 1 mM etoposide for 24

hours. Bar ¼ 50 mm. (b). Graphic

representation of gH2Ax loci number

for each condition. (c, d) Western

blotting of several DDR markers in (c)

WaGa or (d) MKL-1 WT and inducible

TA shRNA cells with and without

EHMT2 inhibition. The cells were also

treated with 2 mM to induce

replicative stress and were harvested

either directly after 4 hours of HU

treatment or after 18 hours of

recovery. (e) Graphic representation

of the OTM obtained by Comet assay

on WaGa WT and shTA cells with and

without EHMT2 inhibition. The cells

were also treated with 2 mM HU to

induce replicative stress and were

analyzed either directly after the 4

hours of HU treatment or after 18

hours of recovery. DDR, DNA damage

response; EHMT2, euchromatic

histone lysine methyltransferase 2; h,

hour; HU, hydroxy urea; OTM, olive

tail moment; pATM, phosphorylated

ataxia telangiectasia mutated; pATR,

phosphorylated ataxia telangiectasia

mutated and RAD3-related; pCHK,

phosphorylated CHK; shTA, T antigen

etargeted short hairpin RNA; TA, T

antigen; tLT, truncated large T antigen;

WT, wild-type.
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BRD4770 led to different outcomes depending on TA
expression. In the cells expressing normal TAs levels, EHMT2
inhibition triggered an increase in gH2AX foci number,
whereas we detected a slight decrease in cells with TA
knockdown (Figure 5a and b). This result indicates that TA
expression is essential for EHMT2 inhibitor (but not for
etoposide)einduced DNA damage in MCC cells.
Journal of Investigative Dermatology (2024), Volume -
To investigate the impact of EHMT2 on the DDR, we
determined the relative status of DDR markers for the
different conditions. We induced the TA shRNA expression
for 7 days and then treated the WaGa/MKL-1/PeTa WT and
WaGa/MKL-1/PeTa inducible TA shRNA cells with 5 mM of
BRD4770. We observed a trend of decreased gH2Ax levels
in the WaGa TA-targeted shRNA conditions, suggesting a
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lower activity of the DDR signaling than in WT WaGa cells
(Figure 5c). However, this was not the case for MKL-1 and
PeTa cells (Figure 5d and Supplementary Figure S3b),
potentially revealing differential involvement of tLT in actual
basal levels of DNA damages across cell lines. We also
observed more phosphorylated CHK2 in both the WT- and
TA-targeted shRNAeinduced condition upon EHMT2 inhi-
bition in WaGa cells (Figure 5c). The inhibition of EHMT2
seems to activate or lift the inhibition of the DDR signaling
after replication stress or SSBs.

EHMT2 and tLT cooperatively regulate the DDR pathways

EHMT2 is linked to the DDR machinery, and its inhibition
impairs proper DDR, with H3K9me2 being potentially
required for proper DNA repair (Gursoy-Yuzugullu et al,
2017). EHMT2 can also play a role in replication proteins
A recruitment at DNA double-strand breaks in a methylation-
dependent manner (Yang et al, 2017).

We assayed the ability of the VP-MCC cell line WaGa to
trigger an efficient DDR. We evaluated the status of DDR
markers after TA knockdown, EHMT2 inhibition, and upon
induction of replicative stress by hydroxy urea (HU) treat-
ment, with/without recovery time (Figure 5c). HU is used to
initiate replication stress that induces SSB (Ercilla et al, 2020;
Petermann et al, 2010). The analysis before recovery aims
at assessing the possibility of the cells to trigger the DDR, and
after the recovery, it is aimed at testing their ability to recover
from SSB.

Analyzing DDR markers, we observed that in parental
WaGa cells, EHMT2 inhibition alone led to an increase of
DDR signaling, as shown by increased phosphorylated ATM
and RAD3-related, phosphorylated CHK1, phosphorylated
CHK2, p21, and gH2Ax levels (Figure 5c). Interestingly, after
TA depletion, we also observed increased expression/phos-
phorylation of these markers (except for phosphorylated
CHK1), with the difference that the increase started from a
much lower level and did not reach that of untreated parental
WaGa cells (Figure 5c). TA knockdown also led to decreased
EHMT2 protein levels, whereas EHMT2 methyltransferase
inhibition caused an accumulation of EHMT2. As expected,
the treatment with the replicative stress inducer HU led to an
increase of all analyzed DDR markers, but again, the levels in
TA-depleted cells did not reach that of untreated parental
cells. Interestingly, it also caused an accumulation of EHMT2.
Indeed, the highest EHMT2 level was observed after 18 hours
of recovery after HU treatment. Moreover, we observed a
strong reduction in phosphorylated CHK1 level in the WT
WaGa cells after 18 hours of recovery after HU treatment,
whereas its level was still high when EHMT2 was inhibited,
suggesting that EHMT2 inhibition leads to a sustained acti-
vation of DNA damage signaling as shown by high CHK1
phosphorylation. This result indicates that EHMT2 activity is
required for proper DDR and recovery after replication stress
induced by HU treatment. The high level of phosphorylated
CHK1 after HU recovery and under EHMT2 inhibition was
striking. We thus decided to assess phosphorylated CHK1
status in MKL-1 and PeTa cells under the same panel of
conditions (Figure 5d and Supplementary Figure S3b). In
addition to what was observed in the WaGa cells, EHMT2
inhibition also led to a sustained CHK1 phosphorylation in
inducible TA shRNA cells and not only the WT cells after HU
recovery. However, MKL-1 and PeTa cells showed a decrease
in p21 level after EHMT2 inhibition, whereas WaGa cells
showed an increase. It was described by Gaggioli et al (2023)
that EHMT2 was involved in replication stress management
through trimethylation of H3K9. We thus quantified global
H3K9Me3 levels under replication stress with EHMT2 and/or
TA knockdown but did not observe any differences between
the conditions in VP-MCC cells (data not shown). The sus-
tained CHK1 phosphorylation when EHMT2 is inhibited
could reflect defects in DNA repair and compromised
genomic integrity. We then performed Comet assays to
further characterize the relationship between the DDR ac-
tivity and actual DNA damages and test their putative
uncoupling. The olive tail moment is calculated from the
Comet assay and serve as an indicator of single- and double-
strand DNA breaks abundance (Figure 5e). A difference
analogous to the phosphorylated CHK1 levels, which is
higher in EHMT2 inhibitoretreated cells, was observed for
the olive tail moment, indicating that the DNA repair was less
effective upon EHMT2 inhibition and that the sustained high
phosphorylated CHK1 levels could indicate the persistence
of unresolved DNA damages. To monitor EHMT2 inhibition
effect on apoptosis, we measured cleaved PARP levels by
western blot (Figure 5c and d and Supplementary Figure S3b).
Similar patterns were observed in all 3 VP-MCC cell lines.
EHMT2 inhibition resulted in an increase of cleaved PARP in
all the WT cells, with no effect of the HU treatment. In WaGa
and PeTa, the increase of cleaved PARP levels was lower in
the inducible TA shRNA cells than in the WT cells. The MKL-
1 inducible TA shRNA did not display any increase in cleaved
PARP under EHMT2 inhibition.

To test whether EHMT2 impact on the DDR was restricted
to VP-MCC cell lines, the effects of EHMT2 inhibition were
also evaluated in parental U2OS cells and U2OS cells
transduced to express tLT (Supplementary Figure S4). In this
context, we observed an increase in phosphorylated CHK1
levels after HU treatment (Supplementary Figure S4), indi-
cating an effective DDR signal transmission from DNA break
detection to CHK1 phosphorylation. We also observed an
increase in phosphorylated CHK1 levels after EHMT2 inhi-
bition. Interestingly, in contrast to WaGa and following the
trend observed in MKL-1 and PeTa cells, the increase in
CHK1 phosphorylation did not correlate with an increase of
p21 expression when EHMT2 was inhibited. In the replica-
tion stress setting, that is, after HU treatment, the EHMT2
inhibition led to a strong increase in phosphorylated CHK1
levels but also a decrease in p21 total level. In this cell line,
EHMT2 levels did not seem sensitive to its inhibition, HU
treatment, or tLT ectopic expression.

In summary, these data strongly suggest that EHMT2 plays
a role in the DDR after SSBs and/or replicative stress but that
its role is cell type dependent. The constant observation
across all analyzed cell lines is that EHMT2 methyltransferase
activity is involved in a pathway leading to reduced CHK1
phosphorylation.

DISCUSSION
In this study, we identified EHMT2 as an important partner of
tLT. tLT-dependent addressing of EHMT2 at DDR factor
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proximity could be central in the atypical genetic stability of
MCCs and continuous growth despite replicative stress. This
hypothesis is supported by the augmented abundance of
DNA repair machinery factors in parental WaGa versus
WaGa cells with inducible TA shRNA knockdown.
Conversely, EHMT2 inhibition under these 2 settings did not
change the proteomes composition, suggesting its involve-
ment in transcription regulationeindependent mechanisms.

The growth rescue upon TA knockdown of VP-MCC
inducible TA shRNA cells by EHMT2 inhibition suggested a
disruption of the cell cycle arrest mechanism normally after
TA depletion. In addition to its role in DDR, EHMT2 meth-
yltransferase activity inhibition was reported to increase the
expression of RB1 (Rao et al, 2016). If these results were
transposable to VP-MCC cell lines, EHMT2 inhibition should
lead to a tight cell cycle arrest and therefore should not lead
to a growth rescue. Our result suggests a more complex role
of EHMT2 here, possibly involving its relation to DDR
signaling after replicative stress caused by the high prolifer-
ation pace of the MCC cells.

Furthermore, we show a methyltransferase-dependent ef-
fect of EHMT2 in SSB response. In both VP-MCC and non-
MCC cell lines, the inhibition of EHMT2 leads to increased
levels of phosphorylated CHK1, which is a marker of SSB.
Although some differences are observed between the 3
VP-MCC cell lines, they all show a higher level of phos-
phorylated CHK1 when EHMT2 is inhibited. In addition to
this initial observation on WT cells, we noticed that in 2 of 3
VP-MCC cell lines, an increase in phosphorylated CHK1 is
also observed upon TA knockdown and not only in WT cells.
This could be due to an efficient induction of CHK1 phos-
phorylation upon HU treatment in MKL-1 and PeTa inducible
TA shRNA, whereas the phosphorylated CHK1 level in WaGa
cells with inducible TA shRNA knockdown seems insensitive
to HU treatment. Thus, in MKL-1 and PeTa, phosphorylated
CHK1 levels fail to go back to basal levels after 18 hours of
recovery after HU-induced replication stress. The variations
observed between the cell lines regarding p21 levels suggest
a cell-typeedependent involvement of EHMT2 in p21 regu-
lation. These results suggest that the efficiency of the DDR
signal transduction through CHK1 phosphorylation is inde-
pendent of EHTM2 methyltransferase function. However, the
reduced DNA repair efficiency upon EHTM2 inhibitor treat-
ment determined by Comet assays in WaGa suggests an
involvement of its methyltransferase activity in DNA repair
efficiency. The gH2Ax foci counts revealed a difference be-
tween the cells with and without TAs. In WaGa cells with
inducible TA shRNA knockdown, we observed more gH2Ax
foci than in the WT when treated with etoposide but less
when treated with both etoposide and BRD4770. This dif-
ference in reaction to the combined inhibition of TAs and
EHMT2 suggests a compensation of EHMT2 inhibition by the
presence of the TAs. Altogether, our data show the centrality
of a coordinated control of the DDR pathway by the coop-
erative action of tLT and EHMT2. Our experiments in the
U2OS cells revealed that EHMT2 activity on the DDR
pathway seems not only dependent on tLTexpression but also
dependent on the cellular context. This latter observation
strongly suggests that additional cofactors cooperate to tune
which type of activity EHMT2 would have on the DDR
Journal of Investigative Dermatology (2024), Volume -
pathway. Although further experiments are needed to char-
acterize the fine EHMT2 mechanism in the DDR, our work
reveals a strong interdependency of tLT and EHMT2 in DDR
control, the centrality of tLT-dependent DNA damage control
in MCC, and the involvement of EHMT2 in SSB signaling.

Our findings revealing a role for EHMT2 in DDR signaling
and repair are consistent with a recent work by Gaggioli et al
(2023) implicating EHMT2 in the protection of stalled repli-
cation forks. Specifically, they found that prolonged replica-
tion stress induced by HU led to increased trimethylation of
H3K9 by EHMT2 proximal to stalled forks and described
EHMT2 as a replication stress checkpoint. This increase in
heterochromatic H3K9me3 marks resulted in chromatin
compaction around stressed forks, which helped maintain
fork integrity and prevent DNA damage. Notably, we did not
observe any change in global trimethylation of H3K9 in the
whole-cell lysates (data not shown). It is possible that the
changes in H3K9me3 are only perceptible locally at stalled
forks or DNA damage sites. Our experiments suggest an
involvement of EHMT2 downstream of the DDR, whereas the
study by Gaggioli et al (2023) suggests that EHMT2 could
also acts upstream, during replication stress, to mediate a
protective chromatin state that preserves stalled fork struc-
ture. In light of the apparent scaffolding effect of tLT on
EHMT2 at the stalled replication fork, Gaggioli et al (2023)’s
findings support its probable protective effect in VP-MCCs.
These results indicate that EHMT2 could regulate multiple
stages of the replication stress response, first, by promoting
chromatin modifications that protect fork stability, and sub-
sequently, by facilitating efficient DNA damage signaling and
repair. Interestingly, we observed for all 3 VP-MCC that
EHMT2 inhibition led to apoptosis induction. The increase in
cleaved PARP after EHMT2 inhibition was also observed
when TA expression was reduced but to a lesser extent. In
line with our results, other histone methyltransferase linked to
MCC oncogenesis have been recently involved in DDR. Xu
et al (2019) showed in multiple myeloma that the inhibition
of EZH2 was responsible for a sensitization of the cells to
DNA damage. The need for DNA damage control in MCC
could then explain the selective cytotoxicity of EZH2 inhi-
bition in VP-MCC cell lines (Durand et al, 2023). The use of
HKMT-1-005, an inhibitor targeting both EZH2 and EHMT2,
presented synergistic effect when combined with PARP in-
hibitor treatment (rucaparib) in ovarian cancer cells (Garner
et al, 2021). PARP inhibitors being one of the most com-
mon pharmacological tools to target DDR in cancer, this
synergy highlights the potential benefit of investigating the
role of histone methyltransferase in DDR and testing their
inhibition for cancer treatment.

Given the development of epigenetic factors targeting
drugs, these results are important to carefully consider their
use in VP-MCCs and in cancer therapy in general, consid-
ering EHMT2 checkpoint role in stalled fork protection and in
U2OS cell line. A recent and important body of knowledge,
along with the development of small-molecule inhibitors,
supports the clinical interest of targeting specific DDR com-
ponents to potentiate radiotherapies, chemotherapies, and
immunotherapies (reviewed in Groelly et al [2023]). Cancer
cells develop—primarily or at relapse—strategies to bypass
genotoxic or replicative stress through hyperactivation of 1 or
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several DDR pathways (Sadoughi et al, 2021). In addition,
DDR targeting could potentiate immunotherapies by turning
on the inflammation in tumors through micronuclei produc-
tion and cGASeSTING pathway activation, facilitating the
infiltration of immune cells (Concannon et al, 2023; Sen et al,
2019). Regarding therapeutic strategies, the key question is
which DDR inhibitor would be the best to give to which
patient. Ongoing clinical trials rely on the expression levels
of canonical DDR checkpoints (eg, ATM and RAD3-related,
ATM, CHK1, and WEE1). Our work suggests that EHMT2
could be of interest as a potential target in combination with
immune checkpoint inhibitor or conventional chemotherapy
in the VP-MCC context. The discrepancies observed between
the 3 VP-MCC cell lines at the p21 levels after EHMT2 in-
hibition could indicate a patient-dependent response. To
investigate the potential of EHMT2 expression as a marker for
adjuvant therapy, we evaluated EHMT2 expression in a pre-
viously described cohort of MCC tumors included in a tissue
microarray (Kervarrec et al, 2019), with the written informed
consent of the patient and within the frame of the study
approved by the local Ethics Committee in Human Research
of Tours (Tours, France) (approval number ID RCB2009-
A01056-51). Among the 135 interpretable cases, EHMT2
expression was intense and diffuse in 42 cases (31%), low/
moderate in 46 cases (34%), and absent in 47 cases (35%),
with no substantial differences between VP-MCC and virus-
negative MCC cases (data not shown). This suggests that the
expression level of EHMT2 may serve as a potential marker
for stratifying a specific patient subpopulation that could
benefit from EHMT2 inhibition, particularly in VP-MCCs
where tLT is likely to act as a scaffold enhancing the inter-
action between EHMT2 and DDR components. Finally, the
recent discovery of EZH2 as a potential target in MCC sug-
gests that dual targeting of EHMT2 and EZH2 could be an
interesting approach to test in VP-MCCs because it appeared
promising to treat other neoplasia (Curry et al, 2015; Ishiguro
et al, 2021).

In conclusion, we report the physical and functional
cooperation between tLT and EHMT2 in DNA damage repair
control in VP-MCCs. On the basis of these data, we believe
that targeting EHMT2 could be a promising approach to
potentiate current VP-MCC therapies. Our study warrants
further research down that path, such as inhibiting EHMT2 or
cotargeting EHMT2 and EZH2 in patient-derived xenografts
expressing different levels of EHMT2.

MATERIAL AND METHODS
Cell culture

Flp-In T-REx HEK293 and U2OS cells were grown in DMEM (Gibco)

supplemented with 10% fetal bovine serum (Sigma-Aldrich), Glu-

taMAX, and penicillinestreptomycin (1�). VP-MCC cells WaGa and

MKL-1 were grown in RPMI (Gibco) supplemented with 10% fetal

bovine serum, penicillinestreptomycin, and 2 mM glutamine. The

WaGa cells with inducible shRNA targeting TA have been described

previously (Hesbacher et al, 2016). BioID and whole-proteome an-

alyses are detailed in Supplementary Materials and Methods.

Western blot

Cells treated with Dox for 7 days and Brd4770 (MedChem Express,

number HY-16705) for 2 days were lysed in RIPA buffer (100 mM
sodium chloride, 50 mM Tris, 5 mM EGTA, 5 mM EDTA, 100 mM

sodium fluoride, 10 mM sodium pyrophosphate, 1% NP-400, 1 mM

phenylmethylsulfonyl fluoride) supplemented with protease inhibitor

cocktail (Sigma-Aldrich). Sample preparation and analysis and the

antibodies used are described in Supplementary Materials and

Methods.

Confocal microscopy

In brief, cells were cultivated in labtek chambers coated with poly-

lysine and subsequently rinsed using PBS. They were then fixed,

washed, and permeabilized. After DAPI and anti-gH2Ax labeling

(details in Supplementary Materials and Methods), images were

acquired with similar exposure parameters on a Zeiss LSM700

confocal microscope, processed using the Zeiss Zen 2 software,

assembled, and analyzed under ImageJ.

Proximity ligation assay

Cells were incubated in blocking solution of 1% PBS/BSA and, af-

terward, incubated with antibody solution overnight at 4 �C. The
antibodies were diluted in resuspension buffer provided in the

proximity ligation assay kit (Sigma-Aldrich, number DUO92101).

The antibody used and their dilutions are as follows: antieLT-MCPyV

(Santa Cruz Biotechnology, number sc-136172, 1:200) and anti-

EHMT2 (Cell Signaling Technology, number 3306s, 1:200). The

proximity ligation assay was performed according to the kit pro-

vider’s instructions. Images were acquired using the same process as

described in the section on confocal microscopy.

Proliferation assay

WaGa, MKL-1, A375, and HEK293 cell lines were treated with

increasing doses of BRD4770, and viability profile of each cell line

was assessed by tetrazolium inner salt assay (Supplementary

Figure S1). The half-maximal inhibitory concentration of BRD4770

in WaGa cells was calculated as described in Supplementary

Materials and Methods. Cells were treated with Dox at 2 mg/ml for

5 days and seeded in 96-well plate before being treated or not with

BRD4770 (MedChemExpress, number HY-16705) and UNC0642

(MedChemExpress, number HY-13980). For the matrix displayed in

Figure 4b, etoposide (MedChemExpress, number HY-13629) was

added or not to the wells. After 24 hours, 10 ml of the CellTiter 96

AQueous One Solution Reagent (Promega, number G3580) were

added, and the absorbance was read after 2.5 hours of incubation in

the dark at 37 �C.

Mixed cell culture assay

Growth behavior was compared between WaGa cells with inducible

TA-targeted shRNA expression and WaGa with constitutive GFP

expression. WaGa TA-targeted shRNA cells were mixed with

approximately 30% of WaGa GFP. The changes in abundances be-

tween the 2 populations were recorded using flux cytometry. The

cells were treated or not with Dox on day 0 and treated or not with 5

mM BRD4770 starting at day 6 of Dox treatment; BRD4770 was

added every 48 hours after that initial treatment.

Comet assay

Alkaline comet tests were conducted using 2 � 105 cells, following

previously established protocols (Trapp-Fragnet et al, 2014). An

Axiovert 200 M inverted epifluorescence microscope (Zeiss) was

used to visualize the comets, and photographs were captured with

an Axiocam MRm device (Zeiss). At least 50 comets were examined

for each sample through the CometScore tool (version 1.5, TriTek).

The metric of the olive tail moment was calculated on the basis of
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the tail’s length and the percentage of content DNA. Data are rep-

resented as the average olive tail moment plus/minus SD.
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An P, Sáenz Robles MT, Pipas JM. Large T antigens of polyomaviruses:
amazing molecular machines. Annu Rev Microbiol 2012;66:213e36.

Angermeyer S, Hesbacher S, Becker JC, Schrama D, Houben R. Merkel cell
polyomavirus-positive Merkel cell carcinoma cells do not require expres-
sion of the viral small T antigen. J Invest Dermatol 2013;133:2059e64.

Ayrapetov MK, Gursoy-Yuzugullu O, Xu C, Xu Y, Price BD. DNA double-
strand breaks promote methylation of histone H3 on lysine 9 and tran-
sient formation of repressive chromatin. Proc Natl Acad Sci USA 2014;111:
9169e74.

Becker JC, Stang A, Hausen AZ, Fischer N, DeCaprio JA, Tothill RW, et al.
Epidemiology, biology and therapy of Merkel cell carcinoma: conclusions
from the EU project IMMOMEC. Cancer Immunol Immunother 2018;67:
341e51.

Cheng J, Park DE, Berrios C, White EA, Arora R, Yoon R, et al. Merkel cell
polyomavirus recruits MYCL to the EP400 complex to promote oncogen-
esis. PLoS Pathog 2017;13:e1006668.

Concannon K, Morris BB, Gay CM, Byers LA. Combining targeted DNA repair
inhibition and immune-oncology approaches for enhanced tumor control.
Mol Cell 2023;83:660e80.

Curry E, Green I, Chapman-Rothe N, Shamsaei E, Kandil S, Cherblanc FL,
et al. Dual EZH2 and EHMT2 histone methyltransferase inhibition in-
creases biological efficacy in breast cancer cells. Clin Epigenetics 2015;7:
84.
Journal of Investigative Dermatology (2024), Volume -
Durand MA, Drouin A, Mouchard A, Durand L, Esnault C, Berthon P, et al.
Distinct regulation of EZH2 and its repressive H3K27me3 mark in
polyomavirus-positive and -Negative Merkel cell carcinoma. J Invest Der-
matol 2023;143:1937e46.e7.

Ercilla A, Feu S, Aranda S, Llopis A, Brynjólfsdóttir SH, Sørensen CS, et al.
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SUPPLEMENTARY MATERIALS AND METHODS

Cell culture

The Flp-In system was used to create stable cell lines
expressing in an inducible way either BirA* alone, truncated
large T antigen (330 amino acid), or euchromatic histone
lysine methyltransferase 2 N- or C-terminally tagged with
BirA*Flag. The cells were generated through cotransfection of
pOG44 and pcDNA5 FRT/TO BirA*Flag-bait protein gene
plasmid. The selection was done in complete DMEM sup-
plemented with 200 mg/ml hygromycin B. BioID of BirA*
tagged euchromatic histone lysine methyltransferase 2 was
performed using transient transfection of pcDNA5 FRT/TO
BirA*Flag-euchromatic histone lysine methyltransferase 2
into cells expressing either a Flag alone or truncated large T
antigen (330 amino acid) N-terminally tagged with a Flag.

Half-maximal inhibitory concentration calculation

The relative half-maximal inhibitory concentration in WaGa
cells was calculated using GraphPad (version 10.2.1) on the
basis of the dose response of BRD4770 on WaGa cells
(Supplementary Figure S1). With a maximum effect of
BRD4770 at 20 mM (67% of living cells, determined by
tetrazolium inner salt assay), the relative half-maximal
inhibitory concentration (50% of the maximum effect of the
drug) was measured for (100�[(100�67)/2]) ¼ 83.5% of
living cells. Using an (Y ¼ bottom þ [top�bottom]/[1þ (IC50/
X)

ˇ

HillSlope]) equation to model the dose response, we
obtained an interpolated curve (Y ¼ 0.3475/[(7.066/X)

ˇ

(�3.923) þ 1) þ 0.67]), providing an X value (relative half-
maximal inhibitory concentration) of 7.066 mM
(4528e9604 with a 95% confidence interval), in line with the
6.3 mM reported by Yuan et al (2012). We selected a working
dose of 5 mM on the basis of our data and the reported
BRD4770 half-maximal effective concentration of 5 mM
on MedChemExpress (https://www.medchemexpress.com/
BRD4770.html).

BioID sample preparation

Subconfluent cells were incubated in complete DMEM sup-
plemented with 1 mg/ml tetracycline (Sigma-Aldrich) and 50
mM biotin for 24 hours, harvested by scraping, pelleted,
washed with cold PBS, dried, and frozen. Each cell pellet was
resuspended in 5 ml of lysis buffer (50 mmol/l Tris-hydrogen
chloride, pH 7.5, 150 mmol/l sodium chloride, 1 mmol/l
EDTA, 1 mmol/l EGTA, 1% Triton X-100, 0.1% SDS, 1:500
protease inhibitor cocktail [Sigma-Aldrich], 1:1000 turbonu-
clease [Accelagen]), incubated on an end-over-end rotator at
4 �C for 1 hour, briefly sonicated to disrupt any visible ag-
gregates, and then centrifuged at 45,000g for 30 minutes at 4
�C. Twenty-five microliters of packed, preequilibrated strep-
tavidin Ultralink Resin (Pierce) were added, and the mixture
was incubated for 3 hours at 4 �C with end-over-end rotation.
Beads were pelleted by centrifugation at 500g for 2 minutes
and washed once with 1 ml lysis buffer and 5 times with 1 ml
of 50 mmol/l ammonium bicarbonate (pH ¼ 8.3). Tryptic
digestion was performed by incubating the beads with 1 mg
MS-grade TPCK trypsin (Promega) dissolved in 200 ml of 50
mmol/l ammonium bicarbonate (pH 8.3) overnight at 37 �C.
The following morning, 0.5 mg MS-grade TPCK trypsin
was added to the beads and incubated for 2 additional hours
Journal of Investigative Dermatology (2024), Volume -
at 37 �C. After centrifugation at 500g for 2 minutes, the su-
pernatant was collected and transferred to a fresh Eppendorf
tube. One additional wash was performed with 200 ml of 50
mmol/l ammonium bicarbonate and pooled with the first
eluate. The samples were then lyophilized and prepared for
mass spectrometry.

Mass spectrometry

BioID. Lyophilized samples were resuspended in 0.1%
trifluoroacetic acid solution and desalted using C18 phase
(number ZTC18S096, Sigma-Aldrich). Nano liquid chroma-
tography (easy1000, Thermo Fisher Scientific) coupled to
mass spectrometry (Q-Exactive, Thermo Fisher Scientific) was
used to analyze the peptides. The system was operated in
positive ion mode with a linear gradient of acetonitrile
(2e30%) in 0.1% formic acid over 140 minutes at a flow rate
of 300 nl/minute. Data-dependent acquisition was per-
formed, selecting top 10 most intense MS1 ions for frag-
mentation and MS2.

Whole-proteome analysis. Seven million cells treated with
doxycycline for 10 days were lysed using RIPA buffer (50 mM
Tris-hydrogen chloride, pH 7.5, 150 mM sodium chloride, 1
mM EDTA, 1 mM EGTA, 1% Triton X-100, 0.1% SDS, 1:100
protease inhibitor cocktail [Sigma-Aldrich]), and proteins
were extracted. Filter Assisted Sample Preparation (Amicon
10 kDA, number UFC501024, Merck Millipore) and protein
digestion were performed with trypsin and Lys-C proteases
(number V5073, Promega). Peptides were eluted, dried, and
desalted using C18 phase (number ZTC18S096, Sigma-
Aldrich). Nano liquid chromatography (easy1000, Thermo
Fisher Scientific) coupled to mass spectrometry (Q-Exactive,
Thermo Fisher Scientific) was used to analyze the peptides.
The system was operated in positive ion mode with a linear
gradient of acetonitrile in 0.1% formic acid over 140 mi-
nutes. MaxQuant (version 1.6.10.43) software was used to
process the data using label-free quantification (LFQ). The
UniProt human reference proteome database supplemented
with MC polyomavirus T antigen sequences added manually
was used (downloaded in December 2021). Abundance of
each identified protein was compared between all conditions
on the basis of LFQ. The identification parameters of the
proteins and peptides were performed with a false discovery
rate at 1% and a minimum of 2 peptides per protein. The
statistical analysis was performed comparing 2 conditions (3
biological replicates for each condition) using student t-test
for each given identification.

Data analysis: BioID. The proteins were identified through
comparison of tandem mass spectrometry data and the Uni-
prot Homo Sapiens proteome database (as of December
2021) with the aid of MaxQuant (version 1.6.10.43). The
guidelines were adjusted to allow for up to 2 missed trypsin
cleavages. We designated methionine oxidation and N-ter-
minal protein acetylation as variable modifications. The
software’s default parameters were used for the LFQ.
Regarding mass tolerance, we picked 6 ppm for mass spec-
trometry mode and established 20 ppm for fragmentation
data to coincide with tandem mass spectrometry tolerance.
The protein and peptide identification practices were con-
ducted with a false discovery rate of 1%, requiring a

https://www.medchemexpress.com/BRD4770.html
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minimum of 2 peptides for each protein. For the control
group, the LFQ measures from the 20 control experiments
(BirA* solo samples from enduring cell lines) were combined
into the top 3 scores for each specific identification. This trio
of values served as the benchmark for comparison with the
triplicates of the viral bait proteins. The data were processed
using Perseus software (version 1.6.15.0). In summary, the
LFQ intensity for each specimen was downloaded into
Perseus, followed by a data matrix filter that excluded po-
tential contaminants, reversed, and those identified only by
site. The data were then transformed using the log2(x) func-
tion. Student’s t-test was performed to compare 3 biological
replicates of the bait proteins with the 3 controls. Bait with a
q-value <0.01 and log2 fold change >1 were considered
high-confidence interactors. For the whole-proteome anal-
ysis, the same instrumentation and software were used.

Western blot. Lysateswere sonicated2�15 seconds at 30%
amplitude and centrifuged at 14, 000g for 20minutes at 4 �C to
pellet the debris; the supernatantwas collected and transferred
into a new tube. For each sample, protein concentration was
measured using Bradford protein assay (Bio-Rad Laboratories).
The concentration of the samples was homogenized, and 4 �
Laemmli buffer was added. SDS-PAGE migration was done
using precast gelswith a4e20%polyacrylamide gradient (Bio-
Rad Laboratories). Immunoblotting was performed using
standard protocols. The primary antibodies used were
antiephosphorylated CHK1 (Ser345) (Cell Signaling Technol-
ogy, number 2348, 1/1000), antiephosphorylated CHK2
(Thr68) (Cell Signaling Technology, number 2197, 1/1000),
antiephosphorylated ataxia telangiectasia mutated and
RAD3-related (Thr1989) (Cell Signaling Technology, number
30632, 1/1000), antiephosphorylated ataxia telangiectasia
mutated (Ser1981) (Cell Signaling Technology, number 5883,
1/1000), anti-gH2Ax (Abcam, number ab2893, 1/5000), anti-
p21 (Cell Signaling Technology, number 2947, 1/1000),
antieeuchromatic histone lysine methyltransferase 2 (Cell
Signaling Technology, number 3306, 1/1000), antieMerkel
cell polyomavirus large T antigen (Santa Cruz Biotechnology,
number sc-136172, 1/2000), and antieproliferating cell nu-
clear antigen (Abcam, catalog number ab29).

Confocal microscopy. After fixation using 4% para-
formaldehyde for 15 minutes at room temperature, cells were
washed 3 times with PBS, and membrane perforation was
done using PBS containing 0.1% Triton X-100. Blocking was
performed using a solution of PBS with 0.01% Tween 20 and
5% BSA for half an hour at a temperature of 4 �C. Afterward,
the cells underwent an overnight incubation at 4 �C with the
primary antibody anti-gH2Ax (at a 1:1000 dilution, Abcam,
number ab2893). After three 10-minute washes with PBS and
0.01% Tween 20, the cells were exposed to the Alexa Fluor
555elabeled secondary antibody donkey anti-rabbit IgG
(HþL) (diluted 1:2000, Thermo Fisher Scientific, catalog
number A-31572). A subsequent wash with PBS was per-
formed, and cell nuclei were stained using 1 mg/ml DAPI
(Thermo Fisher Scientific, number 62247) in a PBS medium
for a duration of 5 minutes. After a final wash and a desalting
process, slides were mounted using Dako Fluorescent
Mounting Medium (Agilent Dako, Santa Clara, CA). Images
were captured on a Zeiss LSM700 confocal microscope,
which was linked to a Zeiss Axiovert 200 M that came with
an EC Plan-Neofluar �63/1.30 numerical aperture oil im-
mersion lens (Carl Zeiss AG, Oberkochen, Germany). Images
acquisition were executed utilizing Zeiss Zen 2 software, and
graphics were put together and analyzed with ImageJ
(ImageJ, RRID:SCR_003070).
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Supplementary Figure S1. EHMT2 inhibition effect on VP-MCC and non-

MCC cell lines. Upper panel: BRD4770 dose response in WaGa cells and

interpolated standard curve (in red; curve formula indicated; GraphPad).

Bottom panel: Proliferation of the indicated cell lines was assessed by MTS

assay after 48 hours of treatment with EHMT2 inhibitor at different

concentrations. EHMT2, euchromatic histone lysine methyltransferase 2;

HEK, human embryonic kidney; MCC, Merkel cell carcinoma; MTS,

tetrazolium inner salt; VP-MCC, virus positive Merkel cell carcinoma.

Supplementary Figure S2. WaGa, PeTa, and MKL-1 ind.TA.sh efficiency on

tLT expression. Western blotting of whole-cell lysates with anti-tLT in the

indicated conditions. ind.TA.sh, inducible T antigen short hairpin RNA; shTA,

T antigenetargeted short hairpin RNA; tLT, truncated large T antigen; VP-

MCC, virus-positive Merkel cell carcinoma.
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Supplementary Figure S3. EHMT2 inhibition’s effect on proliferation and replication stress in PeTa cells (VP-MCC). (a) Proliferation of the cells was assessed

by MTS assay after 48 hours of treatment with EHMT2 inhibitor at the indicated concentrations in PeTa cells with inducible T antigens knockdown.

(b) Western blotting of several DDR markers in PeTa cells with and without EHMT2 inhibition and/or tLT expression. The cells were also treated with 2 mM HU

for 4 hours to induce replicative stress and recovered 18 hours after HU treatment. DDR, DNA damage response; EHMT2, euchromatic histone lysine

methyltransferase 2; h, hour; HU, hydroxy urea; MTS, tetrazolium inner salt; pCHK1, phosphorylated CHK1; shTA, T antigenetargeted short hairpin RNA; tLT,

truncated large T antigen; VP-MCC, virus-positive Merkel cell carcinoma; WT, wild-type.

Supplementary Figure S4. EHMT2’s inhibition effect on replication stress in

non-MCC cell lines. Western blotting of several DDR markers in U2OS cells

with and without EHMT2 inhibition and/or tLTexpression was performed. The

cells were also treated with 2 mM for 4 hours to induce replicative stress.

DDR, DNA damage response; EHMT2, euchromatic histone lysine

methyltransferase 2; h, hour; HU, hydroxy urea; pCHK1, phosphorylated

CHK1; tLT, truncated large T antigen.
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