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The UVSSA complex alleviates MYC-driven

transcription stress

Mai Sato!, Andrew Walter Liebau?@®, Zhaogqi Liu>4, Lizhi Liu?, Raul Rabadan?, and Jean Gautier'®

Cancer cells develop strong genetic dependencies, enabling survival under oncogenic stress. MYC is a key oncogene activated
across most cancers, and identifying associated synthetic lethality or sickness can provide important clues about its activity and
potential therapeutic strategies. On the basis of previously conducted genome-wide screenings in MCF10A cells expressing
MYC fused to an estrogen receptor fragment, we identified UVSSA, a gene involved in transcription-coupled repair, whose
knockdown or knockout decreased cell viability when combined with MYC expression. Synthetic sick interactions between MYC
expression and UVSSA down-regulation correlated with ATM/CHK2 activation, suggesting increased genome instability. We
show that the synthetic sick interaction is diminished by attenuating RNA polymerase Il (RNAPII) activity; yet, it is
independent of UV-induced damage repair, suggesting that UVSSA has a critical function in regulating RNAPII in the absence of
exogenous DNA damage. Supporting this hypothesis, RNAPII ChIP-seq revealed that MYC-dependent increases in RNAPII
promoter occupancy are reduced or abrogated by UVSSA knockdown, suggesting that UVSSA influences RNAPII dynamics
during MYC-dependent transcription. Taken together, our data show that the UVSSA complex has a significant function in
supporting MYC-dependent RNAPII dynamics and maintaining cell survival during MYC addiction. While the role of UVSSA in
regulating RNAPII has been documented thus far only in the context of UV-induced DNA damage repair, we propose that its
activity is also required to cope with transcriptional changes induced by oncogene activation.

Introduction
c-Myc (hereafter MYC) is one of the most frequently deregu-
lated, overexpressed, or amplified proto-oncogenes in human
cancers, ranging from hematopoietic to mesenchymal and epi-
thelial tumors (Dang, 2012; Gabay et al., 2014; Rickman et al.,
2018). Regulated MYC expression in response to mitogenic sig-
nals is essential in normal cells for controlling a wide range of
processes, including proliferation, differentiation, and metabo-
lism. Aberrant expression of MYC is sufficient to elicit multiple
hallmarks of cancer, including uncontrolled cell division, as
MYC is a rare bona fide proto-oncogene that does not require
mutations to transform cells (Conacci-Sorrell et al., 2014).
Developing drugs against MYC has been challenging because
MYC does not contain easily targetable domains, and MYC in-
hibition is lethal for normal dividing cells (McKeown and Bradner,
2014). As an alternative, targeting of cancer cells with aberrant
MYC expression can be achieved by identifying genes or pathways
that are specifically required for survival by cells expressing MYC
at oncogenic levels. Such genes or pathways that are synthetic
lethal (SL) with deregulated MYC expression (MYC-SL genes)
provide valuable insight into MYC biology, as well as identify

potential targets for attacking MYC-dependent cancer cells
(Cermelli et al., 2014; Hsu et al., 2015; Lin et al., 2012a; Molenaar
etal., 2009; Moser et al., 2012; Rottmann et al., 2005; Wang et al.,
2004; Yang et al., 2010; Zhou et al., 2014; Sato et al., 2015). No-
tably, the striking variety of MYC-SL genes identified empha-
sizes how versatile and widespread the effects of deregulated
MYC expression can be within a single cell, as well as across
various cell types.

MYC is a member of the basic helix-loop-helix leucine zipper
family of transcription factors and activates target genes through
binding gene promoters harboring canonical E-box sequences
with highest affinity (Dang, 2012). MYC also regulates gene ex-
pression in other ways beyond typical sequence-specific binding.
Oncogenic MYC binds to and activates transcription at many
genomic regions containing degenerate E-box sequences or even
no E-boxes at all, as long as they are accessible (Fernandez et al.,
2003; Orian et al., 2003; Zeller et al., 2006). MYC stimulates the
activity of RNA polymerases (RNAPs) I and III in addition to
RNAPII and increases the production of almost all types of RNA
when expressed at high levels (Campbell and White, 2014). MYC
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also directly regulates global RNAPII promoter-proximal pause
release (Adelman and Lis, 2012; Jonkers and Lis, 2015; Rahl et al.,
2010). This genome-wide control of transcription is deregulated
globally at gene promoters during oncogenic MYC expression
(Rahl et al., 2010).

Thus, MYC has been proposed to function as a global tran-
scription amplifier (Lin et al., 2012b; Nie et al., 2012). MYC likely
incurs both local and global effects on transcription, depending
on its abundance and cellular context. Indeed, MYC increases
both de novo RNAPII binding to promoters and pause release at
already active promoters (de Pretis et al., 2017). It is becoming
increasingly clear that MYC’s role in cell proliferation and on-
cogenesis is not limited to controlling the expression of a subset
of genes and that MYC'’s influence on genome-wide transcrip-
tion may be much more complex and global than originally
thought (Baluapuri et al., 2020).

Apart from promoter-proximal pause release, RNAPII stalling
and release have been extensively studied during transcription-
coupled repair (TCR), or transcription-coupled nucleotide exci-
sion repair (TC-NER), a DNA repair pathway that supports ef-
ficient repair of bulky adducts or UV-induced lesions specifically
on actively transcribed strands of DNA (Hanawalt and Spivak,
2008; Mellon et al., 1987; Spivak, 2016). The Cockayne syndrome
A (CSA)/ERCCS protein is recruited to stalled RNAPII at UV-
induced lesions along with CSB/ERCC6, and germline muta-
tions in CSA or CSB cause Cockayne syndrome (CS; Saijo, 2013;
Vélez-Cruz and Egly, 2013; Spivak, 2016). CSA is part of an E3
ubiquitin ligase complex required for degradation of CSB fol-
lowing lesion repair and subsequent recovery of transcription
(Groisman et al., 2006). CSA also recruits other TCR factors to
RNAPII-stalled sites, including the UV-stimulated scaffold pro-
tein A-ubiquitin-specific-processing protease 7 (UVSSA-USP?)
complex (Fei and Chen, 2012). UVSSA interacts with the USP7
deubiquitinase, and this complex is critical for the regeneration
of hypophosphorylated RNAPII complexes required for de novo
RNAPII loading, which is required for transcription recovery
following TCR (Nakazawa et al., 2012; Schwertman et al., 2012;
Zhang et al., 2012). UVSSA-USP7 also stabilizes CSB by pre-
venting its premature proteasomal degradation (Fei and Chen,
2012; Higa et al., 2016; Nakazawa et al., 2012; Schwertman et al.,
2012; Zhang et al., 2012). Intriguingly, germline inactivation of
UVSSA results in UV-sensitive syndrome (UV-SS), a condition
with much less severe symptoms than CS and other classical TCR
disorders (Itoh et al., 1996; Ogi et al., 2013). Cells from UV-SS
patients do not efficiently reinitiate transcription following
UV irradiation, much like cells from CS patients; yet, UV-SS
patient phenotypes are vastly milder, with no associated
neurodegeneration or developmental defects (Itoh et al., 1996,
1995, 1994). Notably, while CSA and CSB have been reported to
have roles outside of TCR, this has not yet been investigated
for UVSSA.

Here, we conducted a shRNA-based genome-wide screen to
identify MYC-SL candidates followed by community enrichment
protein analysis of the hits. One of the major protein commu-
nities we identified was highly enriched in DNA repair proteins
and included UVSSA and CSA/ERCC8. Knockdown of UVSSA or
CSA/ERCCS, or inhibition of USP7, decreased the viability of
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cells expressing a MYC- estrogen receptor fragment fusion protein
(MYC-ER), validating our screen results. ATM/Checkpoint kinase
2 (CHK2) was activated upon MYC induction and UVSSA knock-
down, suggesting genomic instability. Interestingly, attenuation of
RNAPII activity with a-amanitin abrogated the synthetic sick (SS)
effect, while reduction of DNA replication did not. This result
suggested that MYC-induced transcription contributes to genome
instability during MYC overexpression and UVSSA knockdown.
Global RNAPII chromatin immunoprecipitation-sequencing (ChIP-
seq) data showed that UVSSA knockdown greatly reduced the
MYC-dependent increase in RNAPII occupancy at gene promoters
and distribution of RNAPII on actively transcribing genes, im-
plying that UVSSA may be required to support RNAPII stability or
loading during MYC-induced transcription. Taken together, our
results suggest that oncogene-dependent transcription stress is a
vulnerability for MYC-deregulated cells and that the UVSSA
complex has a previously unidentified function in protecting
cells from this stress.

Results

Identification of MYC-SL/SS protein communities and
candidate genes

To identify proteins involved in MYC-SL/SS interactions, we
previously performed genome-wide screening in MCFIOA-
MYC-ER cells (Sato et al., 2015). In this shRNA-based screen,
data were accrued after 4 wk of continuous MYC-ER expression
at levels approximately twofold higher than control to mimic
relatively low and steady MYC overexpression, present in many
cancers addicted to MYC (Nesbit et al., 1999). As a result, MYC-
SL/SS candidates that we recovered contained a mixture of acute
SL targets as well as many SS targets that reduce the fitness of
MYC-ER-expressing cells over time, in contrast to a more acute
approach examining cell death within a shorter period of time
with higher MYC expression.

Here, we analyzed the data using a community enrichment
approach based on protein-protein interaction networks. Pro-
teins related to a common MYC-SL/SS biological process should
present an enrichment of fold scores in the genome-wide
screening data. Fold change increases from the shRNA screen
were assigned to weigh nodes (proteins), then local network
communities were detected and clustered. Resulting MYC-SL/SS
communities were ranked according to the average MYC-SL/SS
score of the included nodes. 18 MYC-SL/SS protein network
communities were detected, covering a variety of cellular pro-
cesses (cutoff, >100 nodes per community; Fig. 1 A; Table SI; see
Materials and methods).

Notably, community 9 was ranked third for average MYC-
SL/SS score and was highly enriched for DNA repair proteins.
Within the 152 gene products in this community, NER (which
encompasses both global NER and TC-NER in Kyoto Encyclo-
pedia of Genes and Genomes pathways) ranked as the second
most enriched pathway with high confidence (false discovery
rate, 1.94e-35), after Fanconi anemia. We focused our attention
on UVSSA (or KIAAI530), a gene in this dataset involved in TC-
NER, since it has not previously been implicated in any process
outside of UV damage or the repair of specific bulky adducts on
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Figure 1. MYC interacts with DNA repair protein community, and its expression correlates with UVSSA expression in a subset of tumor types.
(A) The highest-scoring MYC-SL gene product communities. Gene product communities were analyzed using STRING interactions and ranked according to
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average MYC-SL scores of each node in the community. A network of gene products involved in DNA repair ranks third (bold). (B) Most densely interconnected
nodes around UVSSA and ERCC8 within community 9. UVSSA and ERCC8 are emphasized in pink but do not represent special nodes. (C) Spearman correlation
analysis of MYC and UVSSA expression in 33 TCGA cancer types (green dots) using GEPIA 2. Pop-out box shows an example scatterplot for a given TCGA cancer
type with statistics shown. Blue box includes a legend listing abbreviations. (D) Scatterplots showing MYC and UVSSA expression in the diffuse large B cell
lymphoma (DLBC), ovarian serous cystadenocarcinoma (OV), and prostate adenocarcinoma (PRAD) TCGA cancer samples with statistical values. Values

measured in transcripts per million (TPM).

DNA (Fig. 1, A and B; and Fig. S1). Spearman correlation analysis
of MYC and UVSSA expression in 33 cancer types in The Cancer
Genome Atlas (TCGA) using GEPIA 2 (Gene Expression Profiling
Interactive Analysis) suggested strong correlation in at least a
subset of cancers, including uveal melanoma and diffuse large
B cell lymphoma, indicating that the relationship may be rele-
vant to MYC-expressing cancer cells, at least in certain contexts
(Fig. 1, C and D).

Importantly, two independent shRNA clones targeting UVSSA/
KIAAI530 were recovered as MYC-SL/SS in the screen (log, fold
change [Log2FC], -2.39; P = 0.0216; and Log2FC, -2.35; P = 0.0983;
Table S2). To validate this finding and confirm that UVSSA
knockdown is SL or SS with MYC activation, we used the same
MCF10A-MYC-ER cells from the original screen, expressing MYC-
ER at approximately twofold above endogenous MYC. We down-
regulated UVSSA expression using three unique shRNA clones
targeting distinct sequences from the library shRNAs, achieving
~40-50% knockdown of UVSSA mRNA levels (Fig. S2, A and B).
To compare the fitness of ShUVSSA cells to control cells, we em-
ployed a fluorescence-based competitive survival (FBCS) assay, a
sensitive and internally controlled assay to detect loss of fitness
over time. Cells with shUVSSA or shCONTROL coexpressing GFP
or RFP were coplated with cells without shRNA in equal numbers,
and the fraction of GFP/RFP-expressing cells was monitored over
time. Cells with UVSSA down-regulation were markedly less vi-
able with MYC activation over the course of 30 d (Figs. 2 A and
S2 D). While the survival ratio of MYC on/MYC off cells remained
approximately at 1.0 for ssCONTROL cells, the ratio for shUVSSA-
1 and shUVSSA-3 cells dropped to 0.81 and 0.78, respectively, and
for shUVSSA-4, it dropped to 0.46 (P < 0.001), validating that
decreased UVSSA expression results in an SS phenotype with
MYC-ER expression (Fig. 2 A). Notably, UV-related phenotypes
dependent on shUVSSA-4 were restored by expressing shRNA-
resistant wild-type UVSSA in previous studies, validating its
specificity (Fei and Chen, 2012). To confirm the specificity of
the synthetic sickness phenotype and rule out any potential
off-target effects of UVSSA shRNA, we inactivated endogenous
UVSSA via the CRISPR-based iSTOP technology (Billon et al.,
2017) in MCF10A cells expressing MYC-ER and in control cells
(Fig. S2 H). We assessed the impact of MYC expression in these
lines by calculating the doubling time for a 6-d logarithmic
growth period. As anticipated, MYC-ER activation increased
cells’ doubling time. Notably, MYC activation in the UVSSA-
knockout (UVSSA-KO) line triggered a significantly larger in-
crease in doubling time than MYC-ER alone, confirming that the
synthetic sickness observed with UVSSA knockdown was caused
by loss of UVSSA (Fig. S2 H).

ERCC8, or CSA, which acts in a complex with UVSSA during
TC-NER, was also identified as a high-confidence MYC-SL/SS
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candidate in the screen (Log2FC, -3.2; P = 0.03). To validate this
result, three independent shRNA clones were used to modulate
ERCC8 mRNA levels to 47-68% of control cells (Fig. S2 C). FBCS
assays showed a 67-78% decrease in the MYC ON/MYC OFF
survival ratio over the course of 18 d compared with control
cells, validating ERCCS as another MYC-SS gene (P < 0.001; Figs.
2 B and S2 E).

Since UVSSA and ERCC8 associate within a protein complex
in TCR, we next examined the effect of knocking down both
UVSSA and ERCC8 on cell survival in MYC-ER cells. We gen-
erated double-knockdown cells using shRNA clone UVSSA-4 in
combination with clone ERCC8-3, -4, or -6. The MYC ON/MYC
OFF survival ratios over the course of 30 d dropped to 0.45, 0.49,
and 0.41, respectively (P < 0.001), not significantly different
from UVSSA-4 alone (0.46; Fig. 2 C). This result suggests that
UVSSA and ERCCS likely act in a complex to yield the MYC-SS
effect.

UVSSA is also in complex with USP7 during TCR. We asked
whether inhibition of USP7 recapitulated the SS effect when
combined with MYC-ER expression. Treatment of MCFI0A-
MYC-ER cells with P5091, a specific small-molecule inhibitor of
USP7, sensitized MYC on cells approximately threefold over
MYC off cells in 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethox-
yphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assays (Fig. 2 D).
Clonogenic assays also revealed enhanced sensitivity of MYC-
expressing cells to P5091 (S2F). These results support our hypoth-
esis that down-regulating the UVSSA-USP7-ERCC8 complex is SS
with MYC deregulation.

Down-regulation of UVSSA in MYC-ER cells results in ATM/
CHK2 activation

Since the only known function of UVSSA is in TCR, we assessed
whether the SS effect upon UVSSA down-regulation in MYC-ER
cells was due to increased sensitivity to UV damage. We treated
shCONTROL or shUVSSA cells with increasing doses of UV-C
in the presence or absence of MYC activation. MYC ON cells
showed mild sensitivity to UV in both shCONTROL and shUVSSA
cells, consistent with previous studies (Herold et al., 2002; Fig.
S3 A). UVSSA knockdown alone also conferred UV sensitivity, as
previously reported in UV-SS patient cells and knockdown cells
(Nakazawa et al., 2012; Schwertman et al., 2012; Zhang et al.,
2012). Importantly, the induction of MYC did not exacerbate
the UV sensitivity of shUVSSA cells, suggesting the SS rela-
tionship between shUVSSA and MYC is independent of ex-
ogenous UV-induced DNA damage (Fig. S3 A). We then knocked
down expression of XPF, a downstream NER endonuclease
essential for UV repair, and performed an FBCS assay. XPF
knockdown did not impair the survival of MYC on cells. Rather,
MYC-ER induction appeared to moderately enhance survival of
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Figure 2. Down-regulation of the UVSSA-USP7-ERCC8 pathway sensitizes MCF10A cells to MYC overexpression. (A) FBCS assay with three unique
shRNA clones targeting UVSSA. Each curve represents the ratio of fluorescent signal between MYC on and MYC off conditions (treated with 200 nM 40HT or
vehicle) for each cell line determined by FACS at the indicated time points during the assay. A downward slope denotes sensitivity to MYC deregulation.
Asterisks indicate significant difference from shCONTROL at each time point (**, P < 0.01). Error bars represent the SEM (n = 4). (B) FBCS assay of cell lines
expressing three unique shRNAs against ERCC8. Asterisks indicate significant difference from shCONTROL at each time point (**, P < 0.01; *, P < 0.05). Error
bars represent the SEM (n = 4). (C) FBCS assay of cell lines expressing shUVSSA-4 in combination with one of three shRNA clones against ERCC8. No significant
difference was found between shUVSSA-4 alone and any of the double knockdowns. Error bars represent the SEM (n = 2). (D) MTS assay in the presence of
USP7 inhibitor P5091. MCF10A-MYC-ER cells were subjected to MTS assays in MYC OFF or MYC ON conditions using indicated doses of P5091. Asterisks

indicate significant difference from MYC off at each concentration (¥, P < 0.05). Error bars represent the SEM (n = 3).

cells with XPF knockdown (Fig. S3 B). These results indicate that
the MYC-SS effect of UVSSA knockdown is independent of its
known role in UV-induced damage repair, suggesting a novel
cellular role for UVSSA.

MYC-deregulated cells show increased genomic stress. We
asked whether UVSSA knockdown increases MYC-dependent
genomic instability by monitoring the accumulation of various
DNA damage markers. Phosphorylated CHK2 (T68), an indicator
of ATM activation, was enriched in UVSSA-knockdown cells
with MYC activation and peaked at 10 d after induction with
4-hydroxytamoxifen (40OHT; Figs. 3 A and S3 C). Accumulation
of phosphorylated KAP1 (P-KAPI1) was also observed, another
specific target of ATM (Fig. 3 B). While ATM activation is often
associated with the accumulation of DNA double-strand breaks
(DSBs), we did not observe significant accumulation of P-CHKI
(S345) or P-RPA (S4/S8), in contrast to the rapid accumulation of
these species following treatment with DSB-inducing agent ne-
ocarzinostatin (NCS; Fig. 3 B). The accumulation of phosphor-
ylated H2A histone family member X (P-H2AX), another DSB
marker and ATM target, was inconclusive by Western blot
analysis; however, P-H2AX foci were markedly scarcer in all
conditions compared with cells treated with NCS (Fig. S3 D).
These results suggest that activation of ATR following DSB
processing might be limited in cells with UVSSA knockdown and
MYC-ER activation.

Since ATM directly activates and phosphorylates CHK2
and KAP], we tested the sensitivity of MYC-induced UVSSA-
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knockdown cells to ATM inhibitor KU55933. While MYC in-
duction alone did not confer increased sensitivity to KU55933,
the combined knockdown of UVSSA with MYC induction in-
creased the sensitivity of MCF10A cells to acute treatment
with KU55933, suggesting that MYC-ER expression and
UVSSA knockdown trigger an ATM-dependent checkpoint
and prosurvival mechanism, consistent with previous results
(Figs. 3 C and S3 E).

ATM-dependent checkpoint activation affects cell cycle pro-
gression. As expected, after 20 d of culturing UVSSA-knockdown
cells in MYC OFF or MYC ON conditions, we observed a sig-
nificant accumulation of cells in S and G,/M phase, indicating
cell cycle slowing (Figs. 3 D and S3 F). Knockdown using clones
UVSSA-1, -3, and -4 all resulted in an increase in S-phase cells
compared with shCONTROL when combined with MYC in-
duction (Figs. 3 D and S3 F). In MYC OFF conditions, there were
no significant differences in the number of cells in S phase. The
G»/M population was also increased with UVSSA knockdown
and MYC-ER induction, consistent with checkpoint activation
(Figs. 3 D and S3 F).

SS phenotype is dependent on RNAPII transcription

Because MYC regulates both DNA replication and transcription,
we tested whether inhibiting DNA replication or transcription
could alleviate the SS interaction between MYC-ER expression
and UVSSA knockdown. In an FBCS assay, cells were either
continuously treated with low doses of aphidicolin or a-amanitin
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Figure 3. Down-regulation of UVSSA elicits a DNA damage response in MYC-deregulated cells. (A) CHK2 activation in three independent shUVSSA cell
lines following MYC induction. Indicated cell lines were treated with 200 nM 40HT or vehicle and 1 pg/ml doxycycline every 3 d and harvested at day 9. Whole-
cell lysates were subjected to Western blot analysis with anti-phospho-T68-CHK2 antibodies. B-Actin staining served as a loading control. (B) KAP1 phos-
phorylation in two independent shUVSSA cell lines following MYC induction. Indicated cell lines were treated with 200 nM 40HT or vehicle and 1 pg/ml
doxycycline every 3 d and harvested at day 9. Whole-cell lysates were subjected to Western blot analysis with indicated antibodies. B-Actin staining served as a
loading control. NCS treatment served as a positive control for induced DNA DSBs. (C) MTS assays in the presence of ATM inhibitor KU55933. sShCONTROL
(left) or shUVSSA-4 (right) cells were subjected to standard MTS assays with increasing concentrations of KU55933. Asterisks indicate significant difference
from MYC off at indicated concentration (*, P < 0.05). Error bars represent the SEM (n = 3). (D) Cell cycle distribution of ShnCONTROL or shUVSSA-4 cells in
MYC on or MYC off conditions. Cells in S phase (left) or Go/M phase (right) were measured by propidium iodide staining after 30 d of culturing cells with 1 pg/ml

doxycycline and 200 nM 4OHT or vehicle. P values are indicated where appropriate. Error bars represent the SEM (n = 3).

in MYC ON or MYC OFF conditions (Fig. 4, A and B). Aphidicolin
inhibits DNA replicative polymerases, whereas o-amanitin is a
potent inhibitor of RNAPIL Treatment with a-amanitin (100 ng/
ml) increased the MYC ON/MYC OFF survival ratio of UVSSA-
knockdown cells to levels comparable to those of shCONTROL
cells over the course of 14 d (Fig. 4 A, left; P < 0.005). In contrast,
after 26 d, the highest sublethal dose of aphidicolin (50 ng/ml)
did not alter the MYC ON/MYC OFF ratio of UVSSA-knockdown
cells (Fig. 4 B). Of note, the 100 ng/ml dose of a-amanitin was
toxic to cells beyond 14 d. Nevertheless, the SS phenotype was
transiently alleviated with a-amanitin, but not with aphidicolin.

Sato et al.
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These data strongly suggest that MYC-dependent transcription is
primarily responsible for the SS effect between MYC activation
and UVSSA knockdown.

To confirm whether the SS phenotype is dependent on
transcription induced by MYC-ER, FBCS assays were employed
in the presence or absence of (S)-(+)-tert-butyl-2-(4-(4-chlorophenyl)-
2,3,9-trimethyl-6H-thieno[3,2-f][1,2,4]triazolo[4,3-a] [1,4] diazepin-
6-yl)acetate (JQ1), an inhibitor of the BET family of bromodomain
proteins, most notably BRD4, that facilitate MYC-dependent
transcription (Delmore et al., 2011). We observed that the
decreased viability of MYC ON cells with UVSSA knockdown

Journal of Cell Biology
https://doi.org/10.1083/jcb.201807163

6 of 17


https://doi.org/10.1083/jcb.201807163

A B
g 1.24 o o
10 z
8 o
>
s 0.8 =
+ +
£ 0.6 fe)
§ 0.6 &.E
04 L) T 1 0.4 L) T 1
0 5 10 15 0 10 20 30
Day Day

-o- shCONTROL

-o- shUVSSA4

% shUVSSA-4 + AMANITIN 50ng/ml
-© shUVSSA-4 + AMANITIN 100ng/ml

-o- shCONTROL

-o- shUVSSA4

-©- shUVSSA-4+APHIDICOLIN 12ng/ml
% shUVSSA-4+APHIDICOLIN 25ng/ml
-A- shUVSSA-4+APHIDICOLIN 50ng/ml

E

@)
O

*k
© 0 | I
% 20 *ok 1.5+
=]
S B | |
(2] S 15 . 8
= g . ¢ g 4o
@ 5 Qo
g a 10 e E
= ~L
o = (>§3 0.5
T T 1 _g 0:549 ol® +
0 10 20 30 s
Da £ ool—y T o
d S @ R PSP
& § o) %5.) & yx
+JQ1 Q < S N S o
& S &
-o- shCONTROL ©- < & S
- shCONTROL+MYC & All MYC ON/shUVSSA-4
-8- shUVSSA ©
-8- shUVSSA+MYC ©
F G H3K27ac (n=13)
~ e r £
X X S *
P P )
2] (2] 2] < 25- *
s s 5 & 2 %
£ & &5 5 _ o 20 .
MYC - + - + - + - + KD T = * - £
17 58 157 Ve : g3
H3K4me1 — —— b3 104 X (oY
11 o © . o & <
17 25 5 |_| o g
HBK27AG | e i i s il s 5< T4 =
11 o> 4= B3
. 55 ¥ I oR)
Bactin  CE————————————— S B S B s T
-36 S e ot ©
MCF10A-MYCER WCL FCAEN P S
SRS
S ST ¥
S K
S S
Y X

Figure 4. SS effect between UVSSA knockdown and MYC induction depends on transcription. (A and B) FBCS assays in presence of a-amanitin or
aphidicolin. shCONTROL or shUVSSA-4 cells were subjected to FBCS assays in the presence of 1 pg/ml doxycycline, 200 nM 40HT or vehicle, and vehicle or
indicated doses of a-amanitin (A) or aphidicolin (B) administered every 48-72 h over the course of the indicated number of days. Asterisks indicate significant
difference of the data point with highest dose of drug from shUVSSA-4 only at the indicated time point (**, P < 0.01; *, P < 0.05). Error bars represent the SEM
(n = 3). (C) FBCS assay in the presence of BRD4 inhibitor JQ1. MCF10A-MYC-ER cells expressing the indicated ShRNA were subjected to FBCS assays with 200
nM 40HT or vehicle, 1 pg/ml doxycycline, and 220 nM JQ1 or vehicle administered every 3 d. Asterisks indicate significant difference of the +)Q1 data point
from its no JQ1 counterpart (in same color) at the denoted time points (**, P < 0.01; *, P < 0.05). Error bars represent the SEM (n = 3). (D) Quantification of
P-CHK2 signal with or without transcription inhibitors by Western blot analysis. Signal quantification was internally normalized to B-actin signal, and P values
were calculated using paired t tests. n = 13 for DMSO; n = 10 for JQ1; and n = 13 for triplotide conditions. (E) Effect of XPB inhibitor triptolide (TTL). Indicated
cell lines were subjected to FBCS assays with 200 nM 40HT or vehicle, 1 pg/ml doxycycline, and 56 pM TTL or vehicle administered every 3 d for 14 d. Survival
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ratio in each condition at day 14 is denoted in the graph. Error bars represent the SEM (n = 2). (F) Representative Western blot of markers of transcriptionally
active chromatin. Whole-cell lysates were prepared as described in Materials and methods after the indicated cell lines were treated with 200 nM 40HT or
vehicle and 1 pg/ml doxycycline for 72 h and probed with the indicated antibodies. B-Actin served as the loading control. (G) Quantification of histone
modification signals by Western blot analysis as in E. Each data point of H3K27Ac (left) or H3K4m31 (right) signal on Western blots was internally normalized to

B-actin. P values were calculated using paired t tests.

was partially alleviated by the addition of JQL, as predicted (Fig. 4
C). JQ1 treatment also decreased P-CHK2 signal in MYC ON
shUVSSA cells, consistent with transcription underlying ATM
activation (Fig. 4 D). Notably, JQ1 also improved survival of
MCF10A-MYC-ER cells without UVSSA knockdown, implying
that MYC-dependent transcription is a stressor even for cells
with unperturbed UVSSA expression.

Next, we examined the levels of post-translational histone
modifications associated with transcriptionally active chroma-
tin. We sought to assess whether transcription stress was re-
flected by an increase in histone marks following MYC activation
and UVSSA knockdown. Monomethylated histone H3 lysine K4
(H3K4) and acetylated H3K27 levels mark regions of chromatin
that contain primed or active enhancers and promoters, corre-
sponding to elevated transcriptional activity (Gates et al., 2017).
We observed increased levels of H3K4mel and H3K27Ac when
MYC-ER was activated in shCONTROL cells, consistent with
MYC'’s role in amplifying transcription (Fig. 4, F and G). Notably,
H3K4mel and H3K27Ac levels were further elevated when MYC-
ER was combined with UVSSA knockdown, which could signify
increased transcription, transcription-associated stress, or de-
regulation of signaling (Fig. 4 G). This result is consistent with
our hypothesis that UVSSA knockdown in MYC-ER cells is as-
sociated with aberrant transcription.

Transcription factor II human (TFIIH) is essential for both
RNAPII transcription and downstream DNA repair in global NER
and TC-NER (Compe and Egly, 2012; Egly and Coin, 2011; Wang
et al., 1994). Since TFIIH interacts with UVSSA during TC-NER,
we assessed the impact of TFIIH inhibition on the SS interaction
between MYC and UVSSA (Nakazawa et al., 2012; Okuda et al.,
2017). Triptolide, a small-molecule inhibitor of XPB, a DNA
helicase subunit of TFIIH, partially alleviated the survival defect
upon MYC up-regulation and UVSSA knockdown (Fig. 4 E). Like
JQl, triptolide treatment also decreased P-CHK2 signal in MYC ON
cells with UVSSA knockdown (Fig. 4 D). Consistent with our hy-
pothesis, these results suggest that TFIIH-dependent RNAPII tran-
scription contributes to the MYC-SS effect of UVSSA knockdown.

R-loops are RNA/DNA hybrid structures that occur at a
steady state during normal transcription with distinct roles,
including transcription control (Sanz et al., 2016; Skourti-Stathaki
et al,, 2011). R-loops can be a significant source of DNA damage
relevant in oncogene-induced genome instability, as in the case
of mutant HRAS (Kotsantis et al., 2016). Importantly, CSB, a
member of the TCR pathway, participates in R-loop processing
(Sollier et al., 2014). Increases or persistence of R-loops upon
MYC induction and UVSSA knockdown during transcription
could underlie the SS phenotype. To interrogate whether R-loops
accumulate on chromatin upon MYC activation and/or UVSSA
knockdown, we blotted whole genomic DNA using the $9.6 an-
tibody, which can recognize RNA/DNA hybrids (Boguslawski
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et al., 1986; Phillips et al., 2013). As expected, we detected in-
creased S9.6 signal upon camptothecin treatment, which was
sensitive to treatment with RNase H1 (Fig. S5 A). However, we
were unable to detect significant S9.6 signal using MCF10A-
MYC-ER cells via slot blot analysis (Fig. S5 B). Next, we thought
to monitor R-loops at specific sites known to be enriched in
DNA/RNA hybrids. DNA/RNA hybrid immunoprecipitation
(DRIP)-quantitative PCR (qPCR) revealed that MYC-ER expres-
sion, UVSSA knockdown, and their combination all decreased
DRIP signal compared with control at two known R-loop rich loci
(RPLI3A and EGRI), consistent with our previous observations
that R-loop signal does not increase (Fig. S5 C). Acute over-
expression of MYC and siRNA knockdown of UVSSA in two
different cell lines (U20S or 293T) did not significantly alter S9.6
signal as detected by slot blot or S9.6 immunofluorescence
analysis (Fig. S5, D-F). These results strongly suggest that the SS
effect between MYC-ER and UVSSA knockdown is caused by
genomic stress independent of R-loops.

MYC-driven changes in RNAPII occupancy and distribution are
abrogated by UVSSA knockdown
Given the role of UVSSA in RNAPII turnover during TCR, we
hypothesized that UVSSA may be modulating RNAPII behavior
during MYC-dependent transcription. We sought to compare
genomic RNAPII occupancy in normal or MYC-deregulated
conditions with or without UVSSA knockdown by performing
genome-wide ChIP-seq using antibodies against RNAPII. ChIP
signal from the N-20 antibody reflects all forms of RNAPII,
regardless of the phosphorylation status. We first established
that RNAPII signal was significantly enriched at the GAPDH
promoter region but not in a promoter-negative intergenic
region as confirmed by ChIP-gPCR (Fig. S4 A). Next, we ex-
amined RNAPII signal across all RNAPII-loaded transcription
start sites (TSSs) genome-wide (Fig. 5 A). We observed a marked
increase in RNAPII occupancy in the TSS when MYC-ER was
activated, consistent with previous reports (Sabo et al., 2014;
Fig. 5 A, red). UVSSA knockdown alone did not appear to sig-
nificantly alter the RNAPII occupancy in TSS regions compared
with control (Fig. 5 A, green). Notably, when MYC activation and
UVSSA knockdown were combined, RNAPII signal in the TSS
was drastically diminished to levels below control (Fig. 5 A,
black). Genes on either DNA strand were equally affected (Fig. S4
B). Pearson correlation coefficient (PCC) analysis was used to
identify individual gene loci that contributed most significantly
to the differences (Fig. S4, C and D). Genes with a PCC score >0.5
overlapped significantly between duplicate ChIP-seq experiments,
confirming our results (Fig. S4 D).

Next, we assessed whether RNAPII distribution across genes
is affected during MYC activation and UVSSA knockdown. We
examined the RNAPII stalling index (SI) in each condition to
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Figure 5. UVSSA knockdown alters MYC-driven RNAPII dynamics at TSSs and gene bodies. (A) Normalized PNAPII ChIP-seq footprints in a 2-kb window
surrounding TSSs. The y axis indicates logarithmic transformation of normalized read depths plus one at each site. (B) Empirical distribution of RNAPII Sls. Sls
were calculated as described in the text and plotted for all genes in which =30 RNAPII reads were detected in the TSS window and =1 reads were detected in

the gene body (n = 2,245 genes).

compare the relative abundance of RNAPII peaks in promoter
regions versus gene bodies. Of note, the SI reflects the ratio of
distribution and not the absolute abundance of RNAPII peaks.
Genes included in this analysis were those with at least 50
RNAPII reads in the TSS and all genes in the case of gene bodies.
MYC activation alone increased the RNAPII SI compared with
control, consistent with previous studies (Sabo et al., 2014; Fig. 5
B, red). UVSSA knockdown alone decreased the SI of over half of
the genes examined compared with control, implying that fewer
RNAPII peaks were distributed in TSS regions than in the cor-
responding gene bodies relative to control (Fig. 5 B, green).
Remarkably, when MYC activation and UVSSA knockdown
were combined, the SI was further decreased in almost the en-
tire gene set, suggesting that the distribution of RNAPII peaks
was shifted in favor of gene bodies in the majority of genes
examined (Fig. 5 B, black; and Fig. S4, E and F). This result, in
combination with the above data on TSS peaks, suggests that
UVSSA affects RNAPII progression, turnover, or stability during
normal transcription. This UVSSA function is critical for sur-
vival during MYC-induced transcription, giving UVSSA a novel
role in RNAPII regulation in the absence of UV-induced DNA
damage.

Discussion

Identifying genes or pathways specifically required for survival in
MYC-deregulated cells, but dispensable for normal cells, has po-
tential therapeutic value for many cancers. We focused on UVSSA
as a MYC-SL/SS candidate, since two independent shUVSSA clones
significantly scored as MYC-SL/SS in our genome-wide screen.
Furthermore, UVSSA loss in humans is compatible with develop-
ment and cell growth. UVSSA and CSA/ERCC8 were validated as
MYC-SS genes using three shRNA clones possessing unique target
sequences. Each shRNA decreased UVSSA or CSA/ERCC8 mRNA
levels to various extents. Nevertheless, every shRNA clone that
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decreased UVSSA or CSA/ERCC8 mRNA levels impaired cell sur-
vival over time when combined with MYC-ER activation, estab-
lishing that the MYC-SS phenotype is specific to UVSSA or CSA/
ERCC8 knockdown. Finally, KO of UVSSA by CRISPR exacerbated
MYC-dependent increase in doubling time, confirming the speci-
ficity of the MYC-SS phenotype.

We show that the UVSSA complex has a novel role in sup-
porting survival during MYC-induced transcription, likely in-
volving alleviation of genomic stress. Specifically, this genetic
interaction depends on active RNAPII transcription. It was un-
expected that modulating DNA replication would not affect the
MYC-SS phenotype, since MYC directly and indirectly stim-
ulates DNA replication and induces DNA damage during S phase
(Dominguez-Sola et al., 2007). We also expected elevated in-
cidences of aphidicolin-sensitive transcription-replication con-
flicts in MYC-deregulated cells. However, aphidicolin was unable
to dampen the SS phenotype, suggesting that loss of UVSSA af-
fects a genomic process that is mostly independent of DNA rep-
lication during MYC activation.

Because a-amanitin was able to mitigate the SS phenotype, it
is likely that transcription induced by MYC generates genomic
stress. We failed to identify specific transcription-dependent
toxic lesions that require UVSSA-USP7-ERCC8 for processing.
We did not detect accumulation of R-loops, a potentially toxic
intermediate of transcription (Fig. S5). Despite ATM/CHK?2 ac-
tivation, we did not detect evidence of DNA DSBs, at least
compared with that from DSB-inducing agent NCS. This may
reflect noncanonical ATM activation, which occurs in response
to cellular or genomic stress without DSBs and warrants further
investigation (Burgess and Misteli, 2015; Marteijn et al., 2017;
Tresini et al., 2015). Besides R-loops, little is known about the
contribution of transcription to DNA damage in mammalian
cells (Callegari, 2016; D’Alessandro and d’Adda di Fagagna, 2016).
In Escherichia coli and yeast, DNA damage can result from
transcription-associated mutagenesis and recombination. However,

Journal of Cell Biology
https://doi.org/10.1083/jcb.201807163

90f17


https://doi.org/10.1083/jcb.201807163

it is not known whether analogous processes occur frequently in
mammalian cells (Datta and Jinks-Robertson, 1995; Nickoloff, 1992).
If they do, these structures may block RNAPII progression and
signal for the recruitment of TCR complexes. Further studies are
necessary to better understand the dynamics of DNA and RNA in
actively transcribed regions under stress, especially with activated
oncogenes.

Alternatively, it is possible that MYC-induced transcription
does not generate specific DNA lesions. Deregulated or stressed
RNAPII complexes may themselves act as obstacles or triggers
that require the recruitment of specialized enzymes for removal
or clearance. TCR is activated in response to stalled RNAPII at
R-loops, as well as at 8-oxoguanine sites resulting from oxidative
DNA damage, in addition to traditional UV adducts (Guo et al.,
2013; Sollier et al., 2014). Given that UVSSA-USP?7 participates
in the regeneration of hypophosphorylated RNAPII complexes
during TCR and that UVSSA interacts with stalled RNAPII,
recruits TFIIH (van der Weegen et al., 2020), and promotes
ubiquitination of RNAPII in TCR (Nakazawa et al., 2020), we
hypothesize that this function may also be crucial under con-
ditions of aberrant RNAPII regulation, such as during MYC
overexpression, without a bulky adduct necessarily block-
ing the path. Whether endogenous UVSSA localizes to sites
of active transcription remains to be tested.

Our ChIP-seq results suggest that UVSSA knockdown results
in destabilization and/or eviction of RNAPII complexes from
TSS regions of actively transcribing genes, especially when MYC
is overexpressed. Whether the global landscape of RNAPII
phosphorylation and/or progression rate is altered remains a
question. Examination of the genome-wide distribution of dif-
ferentially phosphorylated RNAPII complexes by ChIP-seq, as
well as RNAPII progression using global run-on sequencing
methods, is critical to provide further insight into the intricate
changes in RNAPII dynamics that result from UVSSA knock-
down in both MYC on and off backgrounds.

UV-SS and CS are both TCR-defective conditions; yet, they
present with very different symptoms. These differences may
arise from CSA and CSB having distinct roles outside of TCR,
such as in transcription, oxidative DNA damage repair, and
mitochondrial DNA damage repair (Groisman et al., 2006;
Nicolai et al., 2015; Saijo, 2013; Vélez-Cruz and Egly, 2013). Al-
though no such role outside of TCR has been reported for
UVSSA, it has been established that the UVSSA-USP7-ERCCS8
complex exists in a complex before UV damage and is found on
chromatin before UV damage, and its abundance on chromatin
does not increase after UV damage (Zhang et al., 2012). The
interaction between the UVSSA-USP7-ERCC8 complex and
CSB/ERCC6 is stimulated by UV damage; moreover, a recent
study suggests that the interaction of UVSSA with RNAPII or
TFIIH on chromatin is enhanced upon UV damage (van der
Weegen et al., 2020). Interestingly, the UV-SS-causing UVSSA-
C32R mutation only affects UVSSA’s interaction with TFIIH after
UV damage and has no effect on the same interaction before UV
damage (Nakazawa et al., 2012). Collectively, these results allow
the possibility that the UVSSA-USP7-ERCC8 complex has roles
outside of UV-induced damage repair, as we have uncovered in
this study.
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Our summarized results suggest that the UVSSA complex has
a role in alleviating genomic stress during MYC-induced tran-
scription (Fig. 6). Whether the UVSSA complex associates with
RNAPII during normal transcription remains to be tested.
However, our data show that UVSSA affects RNAPII dynamics in
normal transcription to some degree. During MYC-dependent
transcription, some silent genes are activated de novo; already
active genes load additional RNAPII complexes due to MYC’s
enhancer activity; and RNAPII pausing and release is stimulated.
These changes in transcription trigger a requirement for the
UVSSA complex. When UVSSA is down-regulated during MYC-
ER induction, genomic stress is increased, likely as a result of
impaired regulation of RNAPII stability or turnover, and results
in loss of fitness over time.

Since many oncogenes regulate transcription, including
MYC, KRAS, c-JUN, and nuclear factor-kB, it is tempting to
speculate that transcription stress is not restricted to MYC and
that, in turn, UVSSA could be a crucial factor in sustaining
survival of cells that express a wide range of oncogenes that
trigger transcription stress (Paccez and Zerbini, 2001). MYC
expression is altered in many tumors; yet, it has been a partic-
ularly difficult protein to target directly with pharmacological
agents, making synthetic lethality or sickness an attractive ap-
proach for MYC-dependent cancer therapy. Unlike many MYC-
SL/SS candidates that have been identified in recent years,
UVSSA is not an essential gene in normal cells. UV-SS patients
with complete loss of function of UVSSA present with mild
photosensitivity, but, importantly, they have no predisposition
to cancer (Sarasin, 2012). Thus, targeting UVSSA could be a
useful candidate for targeting MYC-dependent cancer cells.

Materials and methods

Cell culture

MCF10A cells were purchased from the American Type Culture
Collection (ATCC; CRL-10317). MYC-ER was introduced into
MCF10A cells retrovirally using pBabe-hygro-MYC-ER, and
transduced clones were selected by the addition of 100 pg/ml
Hygromycin B (Roche Holding AG). Clones were isolated by
serial dilution. MCF10A cells were cultured in DMEM/F12
(Invitrogen) supplemented with 5% horse serum (Invitrogen),
20 ng/ml EGF (PeproTech), 0.5 ug/ml hydrocortisone (Sigma-
Aldrich), 100 ng/ml cholera toxin (Sigma-Aldrich), and 10 pg/
ml insulin (Sigma-Aldrich), and antibiotics.U20S (ATCC HTB-
96) cells and 293T (ATCC CRL-3216) cells were cultured in
DMEM (Invitrogen) with 10% FBS (Invitrogen) and antibiotics at
37°C and 5% CO,. All cell lines were originally purchased from
ATCC. Mycoplasma contamination tests by PCR were adminis-
tered periodically during culturing and showed negative results.

Production of lentivirus and shRNA

Glycerol stocks of lentiviral ShRNA constructs (pGIPZ, pTRIPZ)
were obtained from Thermo Scientific Open Biosystems. Clones
used were UVSSA-1 (V3THS_398946), UVSSA-3 (V3THS_398945),
UVSSA-4 (V2THS_139628), ERCC8-3 (V3LHS_332967), ERCC8-4
(V3LHS_332966), ERCC8-6 (V3LHS_404566), and XPF-2 (V3THS_
356949). An empty vector was used as a negative control.
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Figure 6. Summary and model of the role of UVSSA during oncogene-induced transcription stress. The UVSSA complex alleviates genomic stress during
MYC-induced transcription. Whereas the role of UVSSA complex during normal RNAPII-associated transcription is not known, UVSSA is required for MYC-
dependent transcription. UVSSA down-regulation during MYC-dependent transcription results in genomic stress, including aberrant RNAPII dynamics,
transcription-dependent cell sickness, and activation of the ATM/CHK2 DNA damage response pathway.
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Plasmids were isolated using the E.Z.N.A. Plasmid Miniprep
kit (Omega Bio-Tek, Inc.) and packaged into lentivirus by
transfecting (jetPEL; Polyplus-transfection S.A.) into 293T cells
with pMD.G and pCMVR8.91. Viruses were collected in MCF10A
media, filtered, and infected into MCF10A in the presence of
8 pg/ml polybrene (Sigma-Aldrich) and spin infected for 1 h
at 1,000 rpm at RT. After 24 h of incubation, infected cells
were selected by the addition of 2 pg/ml puromycin (Sigma-
Aldrich).

shRNA screen

The pooled shRNA screen was performed using the Thermo
Scientific Open Biosystems GIPZ Lentiviral Human shRNA-mir
Library as previously described (Rodriguez-Barrueco et al.,
2013). The library was packaged into lentivirus as described
above, and MCF1I0A-MYC-ER cells were infected at 30% effi-
ciency. Infected cells were selected with 2 pug/ml puromycin for
two passages and divided into 10 independent populations. Five
populations were treated with 200 nM 40HT (every 48 h), and
five were treated with vehicle. After 30 d, genomic DNA of
surviving cells was isolated by lysing cells with DNA lysis buffer
(l% SDS, 100 mM EDTA, pH 8.0, 50 mM Tris-HCI, pH 8,100 nM
NaCl), treating them with RNase A (Qiagen N.V.), and purifying
DNA with phenol chloroform extraction and isopropanol pre-
cipitation. Genomic DNA isolated from surviving populations
was subjected to PCR to recover the shRNA, using primers with
barcoded adapter sequences compatible with the Illumina se-
quencing platform. The ~450-bp PCR products were gel ex-
tracted and purified, pooled, then processed using the Illumina
HiSeq 2000 system. Data analysis was then performed as pre-
viously described (Yu et al., 2013) to generate Log2FC values
associated with each shRNA in the library between MYC ON and
MYC OFF conditions. Briefly, HiSeq data were processed into
FASTQ files and decoded to identify the shRNA represented by
each read, and the number of reads for each shRNA was calcu-
lated. The data were then normalized to calculate shRNA rep-
resentation in each sample. Quality assurance was performed at
this step to identify outliers. Then, the differential representa-
tion of each shRNA was calculated by identifying enrichment or
depletion of individual shRNAs between the start and end of the
experiment. This enrichment or depletion was expressed as a
Log2FC value.

Gene network community analysis

STRING interactions were adopted as the background biological
network (https://string-db.org). Only the top 10% of highly con-
fident interactions were adopted. Log2FC values from the raw
shRNA screen data were used to weigh the nodes of the above
network. Nodes with Log2FC scores >0 were removed. Nodes not
covered in the raw shRNA screen data were also removed. If one
gene was associated with multiple shRNAs in the screen library,
the lowest Log2FC score was adopted. The R package igraph was
used to cluster the node-weighted network. Specifically, we used
the function cluster_infomap to detect local network communities
with consideration of node weights (Rosvall and Bergstrom,
2008). After the clustering, each protein (node) was assigned
to one community. Log2FC scores from the shRNA screen were
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converted to MYC-SL scores for this analysis by multiplying by
a factor of -1. These converted MYC-SL scores were averaged
for community members to give average MYC-SL values shown
in Table S1.

FBCS assays

250,000 MCF10A-MYC-ER cells expressing stably integrated
shRNA and 250,000 MCF10A-MYC-ER cells without shRNA
were plated together. At the first passage, fluorescent cells were
counted by live-cell flow cytometry and replated with either
vehicle or 40HT. At each subsequent passage, the remaining
percentage of fluorescent cells was analyzed using flow cytom-
etry. All cell sorting was performed with the BD FACSCalibur
cell sorter (BD Biosciences). For experiments using a-amanitin
(A2263; Sigma-Aldrich), aphidicolin (A0781; Sigma-Aldrich), or
JQ1 (SML0974; Sigma-Aldrich), cells were supplemented every
72 h with the appropriate drug simultaneously with vehicle
(100% ethanol) or 200 nM 40HT (H7904; Sigma-Aldrich), and
1 pg/ml doxycycline (D9891; Sigma-Aldrich) or vehicle (PBS) for
inducible shRNA lines, during the duration of the experiments.

mRNA isolation and quantitative RT-PCR (qQRT-PCR)

RNA was isolated using the Nucleospin RNA II kit (Clontech
Laboratories, Inc.). 1 pg of RNA was subjected to reverse tran-
scription using the Applied Biosystems High Capacity cDNA
Reverse Transcription Kit (Life Technologies). cDNA was used as
a template for quantitative RT-PCR using ABsolute Blue QPCR
SYBR Green Low ROX Mix (Thermo Fisher Scientific) and the
Applied Biosystems 7500 Fast PCR system (Life Technologies).

MTS assay

MCF10A-MYC-ER cells were plated in 96-well plates at a density
of 3,000 cells per well with vehicle or 200 nM 40HT. The next
day, media in wells were replaced with fresh media including
the appropriate concentration of DMSO, P5091, or KU55933
(S1092; Selleck Chemical), along with vehicle or 200 nM 40HT.
Each condition was assayed in triplicate in each experiment.
48 h later, each well was replaced with fresh media for 1 h,
followed by addition of MTS reagent included in the CellTiter
96 AQueous Non-Radioactive Cell Proliferation Assay (G5421, Prom-
ega). After 2 h of incubation, plates were analyzed using the uQuant
plate reader (BioTek Instruments).

Cell lysis and cellular fractionation

Cells were lysed in radioimmunoprecipitation assay buffer
(150 mM NaCl, 1% NP-40, 0.5% deoxycholate, 0.1% SDS, 50 mM
Tris, pH 8.0), supplemented with protease and phosphatase
inhibitors (Sigma-Aldrich), for 15 min on ice. Samples were
sonicated (two times for 5 min each) and centrifuged for 10 min
at 4°C to produce whole cell lysates. Cellular fractionation was
performed as previously described (Méndez and Stillman,
2000). Briefly, cells were resuspended in buffer A (10 mM
Hepes [pH 7.9], 10 mM KCl, 1.5 mM MgCl,, 0.34 M sucrose, 10%
glycerol, 1 mM DTT, 5 ug of aprotinin per milliliter, 5 pg of
leupeptin per milliliter, 0.5 pg of pepstatin A per milliliter,
0.1 mM PMSF) at a density of 4 x 107 cells per milliliter. Triton X-
100 was added to a 0.1% concentration, and cells were incubated
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on ice for 5 min. Nuclei were collected by low-speed centrifu-
gation (4 min at 1,300 x g; 4°C) to form pellet P1. The supernatant
(S1) was then centrifuged at high speed (15 min at 20,000 x g;
4°C) to clarify. Nuclei in P1 were washed in buffer A and then
lysed in buffer B (3 mM EDTA, 0.2 mM EGTA, 1 mM DTT, and
protease inhibitors as described above). The insoluble chromatin
was then collected by centrifugation (4 min at 1,700 x g; 4°C),
washed in buffer B, and centrifuged again. The final chromatin
pellet (P3) was resuspended in Laemmli buffer and sonicated
for 15 s in aTekmar CV26 sonicator using a microtip at 25%
amplitude.

iSTOP CRISPR editing

Guides for the iSTOP protocol were designed from the online
iSTOP database (Billon et al., 2017). Three different guides were
selected and individually cloned into the B52 single-guide RNA
expression plasmid (Addgene; 100708). The B525 plasmid (a
generous gift from the Ciccia laboratory, Department of Genetics
& Development, Columbia University Medical Center, New York,
NY) was transfected into cells to transiently express the cas9-
APOBECI fusion protein BE3, as well as a GFP fluorescent marker
and a blasticidin resistance marker.

MCF10A cells, either wild type or expressing the MYC-ER
fusion protein, were cotransfected with the single-guide RNA
expressing B52 and the B525 plasmid using the Neon Trans-
fection System (1,250 V; 20 ms; two pulses; 2.5 x 10° cells per
transfection). Transfection efficiency was assessed by the GFP
fluorescent signal encoded by the B525 plasmid. Blasticidin was
added to the media after 48 h to select for transformed cells.
Following 96-h selection, cells were expanded to large uncloned
culture and prepared for cloning.

Cell cloning

Cells from each uncloned population were diluted to a density of
10 cells/ml and then plated onto a 96-well plate with 100 ul per
well. Wells were monitored for growth and for doublets and
expanded up to 24-well plates.

Doubling-time assay

MCFI10A cells were seeded at low density (4,500 cells/well in a
six-well dish) to ensure logarithmic growth through 6 d. Cells
were cultured with either 400 nM 40HT or ethanol (control),
added immediately upon seeding. For each condition, six wells
were seeded. Cells were collected on day 3 and day 6 after in-
duction in triplicates. Cells were counted using the Countess II
automated cell counter with Trypan blue dye to obtain a viable
cells per milliliter count. Doubling-time calculation was used to
compare the results of multiple biological replicates. For each
condition, the doubling time was calculated using the following
equation:

_ ty - t,
B W
log(2)
where t is the time after seeding (in hours) at the time of col-
lection and C is the average of the cell counts from each replicate
at that time point. This yields the time in hours that it takes for
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each cell line in each condition to complete one doubling. These
values were used to statistically compare the biological replicates.

Western blotting and antibodies

Cell lysates were prepared as described, added to 5x Laemmli
buffer, and heated at 95°C for 5 min. Samples were run on Tris-
glycine or NuPAGE Tris-acetate gels (Invitrogen) and trans-
ferred to polyvinylidene difluoride membranes at 35 V for 2 h.
Membranes were blocked in PBS-0.5% Tween-5% milk for 1 h
and stained with primary antibodies (1:250-1:2,000) for 1 h or
overnight, followed by staining with secondary antibodies
(1:10,000) conjugated with HRP (Jackson ImmunoResearch) for 1 h.
After incubation with ECL substrate (Pierce/Thermo Fisher Sci-
entific), blots were exposed to film. ImageQuant 5.2 (Molecular
Dynamics) was used for quantification. The following primary
antibodies were used for immunostaining: mouse anti-B-actin
(A2228; Sigma-Aldrich), mouse anti-MYC (9E10, sc-40; Santa Cruz
Biotechnology), rabbit anti-histone H3 (9715; Cell Signaling Tech-
nology), rabbit anti-histone H3K4mel (ab8895; Abcam), rabbit
anti-histone H3K27Ac (ab4729; Abcam), anti-phospho-Chk2 (2661,
rabbit; Cell Signaling Technology), rabbit anti-phospho-RPA32 (S4/
S8, A300-245A; Bethyl Laboratories), rabbit anti-phospho-CHK1
(2341S; Cell Signaling Technology), rabbit anti-UVSSA (GTX106751;
GeneTex), rabbit anti-UVSSA (NBP1-32598; Novus Biologicals), and
mouse $9.6 (ENHOOL KeraFAST). HRP-conjugated secondary goat
antirabbit and goat antimouse antibodies were obtained from Jack-
son ImmunoResearch.

Clonogenicity assays

MCF10A-MYC-ER cells, parental or stably expressing shCON-
TROL or shUVSSA-4, were plated at a density of 500 cells per
100-mm plate either with vehicle or with 200 nM 40HT. For UV
sensitivity assays, the next day, media were replaced with 2 ml
of PBS, and plates were irradiated with indicated doses of UV-C
(254 nm) using the Stratalinker UV Cross-linker 2400 (Stra-
tagene). For P5091 sensitivity assays, plates were treated with
appropriate doses of P5091. After irradiation or drug treatment,
plates were again replaced with media containing either vehicle
or 40HT and incubated for 10 d at 37°C and 5% CO,. At the time
of harvest, cells were washed twice with PBS, fixed with 100%
methanol, and stained with Crystal Violet (C3886; Sigma-Al-
drich) solution, and visible colonies were counted either visually
or by using ImageJ software (National Institutes of Health).

Cell cycle analysis

At the time of harvest, MCFI0A-MYC-ER cells were vortexed in
0.5 ml of PBS, and 5 ml of 70% ethanol were added dropwise for
fixing at -20°C overnight. The next day, cells were incubated in 1 ml
of PBS for 1 h on ice and centrifuged. To the resulting pellet, RNase
A was added at 1:400, and propidium iodide stock (10 mg/ml;
Sigma-Aldrich) was added at 1:1,000 for flow cytometry. All analysis
was performed with the BD FACSCalibur platform (BD Biosciences).

Chip

The ChIP protocol was performed on the basis of what is de-
scribed by Zhang et al., (2017). MCF10A-MYC-ER cells express-
ing shCONTROL or shUVSSA-4 were treated with or without
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200 nM 40HT and 1 pg/ml doxycycline for 4 wk before harvest.
ChIP was performed on two independent biological replicates.
Each pellet containing 50 million cells was fixed with 1% form-
aldehyde for 10 min at RT, following quenching with 0.125 M
glycine. Pellets were washed and lysed using lysis buffer
(50 mM Hepes-KOH, pH 7.5, 140 mM NaCl, 1 mM EDTA, pH 8.0,
10% glycerol, 0.25% Triton X-100, 0.5% NP-40, protease in-
hibitors), and resuspended in shearing buffer (50 mM Tris-HC],
pH 8.1, 0.1% SDS, 10 mM EDTA, pH 8.0, protease inhibitors)
before sonication using the S220 Ultrasonicator (Covaris) to
chromatin fragments ranging from 200 to 500 nt in size.
Fragments were then incubated overnight with 4 pg of anti-Pol
IT (N-20, sc-899; Santa Cruz Biotechnology) or purified rabbit
IgG (011-000-002; Jackson ImmunoResearch Inc.) at 4°C. Con-
jugation to protein A magnetic beads, subsequent immunopre-
cipitation, washes, reverse cross-linking, and treatment with
RNase A and proteinase K were performed as described by
Zhang et al. (Zhang et al., 2017). ChIP DNA was purified using
the MinElute Reaction Clean Up Kit (28204; Qiagen) and quan-
tified using Quant-iT PicoGreen dsDNA Reagent (P7581; Life
Technologies). Purified ChIP DNA was directly used as template
DNA for standard SYBR Green qPCR. ChIP-qPCR was analyzed
using the ChIP analysis protocol provided by Life Technologies.

ChiP-seq library preparation and Illumina sequencing

ChIP-seq libraries were prepared on the basis of the method of
Zhang et al. (2017). 20 ng of ChIP or input DNA were processed
for end repair, adapter ligation, and gel purification using the
Ilumina TruSeq ChIP Library Preparation Kit (IP-202-1012; II-
lumina), then quantified with the KAPA SYBR FAST Universal
gPCR Kit (KAPA Biosystems). Fragment sizes were analyzed
using the BioAnalyzer device (Agilent), and samples were pooled
together to a final concentration of 20 nM. The samples were
sequenced using the Illumina HiSeq 2000 system as single-end
100-bp reads, obtaining 29 million-42 million reads per sample.

ChiP-seq analysis

Single-end FASTQ files were aligned to the human genome
assembly (hgl9) using Bowtie 2 (version 2.1.0; Langmead and
Salzberg, 2012). Before further analysis, the initially aligned BAM
files were subjected to preprocessing that sorted and indexed using
SAMtools (Li et al, 2009). To assess RNAPII binding intensity
around TSSs, we used the function “pileup” from the R package
“Rsamtools” to calculate ChIP-seq read depth at each nucleotide in a
window of TSS plus 1 kb upstream and downstream for all human
genes. Next, read counts were normalized according to the library
size of the sample, followed by log,(x+1) transformation. Finally, we
took the mean values for each site within the window across all
genes to generate the read distribution under different conditions.
The ChIP-seq data have been deposited in the Gene Expression
Omnibus database under accession no. GSE121960.

Sis

SIs were calculated as the numerical ratio between the total
number of reads located in two regions for all expressed genes,
where “promoter” regions were defined as 300 bp upstream and
downstream of the TSS and “gene body” regions were defined as

Sato et al.
UVSSA limits MYC-driven transcription stress

TR
(J’ k(J
IV

301-3,000 bp downstream of the TSS, as previously described
by Sabo et al. (2014). The function “featureCounts” from the
package “Subread” was adopted to count the reads (Liao et al.,
2013). We then compared the empirical distributions of SIs of all
expressed genes under different conditions.

siRNA

siRNA transfections were performed using jetPEI transfection
reagent (101-01N; Polyplus-transfection S.A.) or Lipofectamine
2000 reagent (11668027; Thermo Fisher Scientific) with their
standard protocols. Cells were seeded in six-well plates and 24 h
later were transfected with 1 ug of pcDNA3 or pcDNA3-MYC-
FLAG where appropriate and with 40 pmol of appropriate siRNA
where denoted. siRNAs used were obtained from the Dharmacon
SiGENOME line (GE Healthcare). Transfected cells were then
harvested at denoted times and further processed. siRNAs used
in this study included: UVSSA-9 (D-024139-19), UVSSA-10 (D-
024139-20), and control (D-001206-13-05).

Slot blots

After the indicated transfections or treatments, genomic DNA was
isolated from cells using the QiaAMP DNA Mini Kit (51304; Qiagen).
0.5-1 pg of purified genomic DNA was then spotted onto an
Amersham Hybond-N* nylon membrane (RPN303B; GE Health-
care) using a slot blot manifold and vacuum. For RNase H treat-
ment, genomic DNA was incubated with RNase H (M0297S; New
England Biolabs, Inc.) for 20 min at 37°C before slot blot analysis.
Membrane was then blocked with 5% milk-PBS-0.2% Tween for 1 h
and incubated with $9.6 antibody (ENHOO1; KeraFAST) at a 1:1,000
dilution in 3% BSA in PBS-0.2% Tween for 1 h at RT or overnight
at 4°C. Membrane was washed three times for 10 min each in
PBS-0.2% Tween, then incubated with 1:10,000 goat anti mouse
HRP in 5% milk-PBS-0.2% Tween for 1 h at RT. Membrane was
again washed three times for 10 min each in PBS-0.2% Tween, then
incubated with ECL substrate (32106; Pierce/Thermo Fisher Sci-
entific) and exposed to film. Subsequently, membrane was stained
with 1:10,000 SYBR GOLD for 10 min and imaged with the LI-COR
Odyssey Fc system (LI-COR Biotechnology).

DRIP-qPCR
DRIP-qPCR was performed according to the method of Sanz et al.
(2016). Briefly, MCF10A-MYC-ER cells expressing shCONTROL or
shUVSSA-4 were treated with or without 200 nM 40HT and 1 pg/ml
doxycycline for 4 wk before harvest. Cells were pelleted and treated
with SDS and proteinase K overnight. The next day, after phenol-
chloroform extraction and EtOH precipitation, DNA was spooled
carefully to preserve R-loops. Extracted DNA was digested with a
cocktail of five restriction enzymes overnight at 37°C, then cleaned
up with phenol-chloroform extraction followed by EtOH precipita-
tion. For each DRIP, 4.4 pg of DNA was aliquoted with or without
pretreatment by RNase H overnight at 37°C. Some DNA was saved as
input, and the rest was incubated with binding buffer and S9.6
antibody for 16 h at 4°C with inversion. Then, 50 pl of protein A/G
sepharose beads (20421; Pierce) were washed and added to each
DRIP for 2 h at 4°C with inversion. After washing, beads were eluted
with proteinase K at 55°C for 45 min with inversion. Finally, the
eluate was subjected to phenol-chloroform extraction followed by
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EtOH precipitation. DRIP DNA was directly used as template DNA
for standard SYBR Green gPCR. Data were analyzed using the per-
centage input method.

Immunofluorescence microscopy

10,000 cells per chamber were seeded onto eight-chamber slides
with 0.5 ml of appropriate cell culture media. The next day, ap-
propriate samples were treated with camptothecin (0.5-2 uM final)
for 2 h. Cells were then washed and fixed with 4% PFA for 10 min,
followed by two washes. Chamber walls were them removed, and
three final washes were conducted using 0.01% Triton X-100 in
PBS. The whole slide was then blocked with 5% BSA in PBS-Triton
X-100 for 1 h at RT. Following three more washes, the slide was
incubated with $9.6 antibody (1:1,000 in 5% BSA-PBS-Triton X-
100) overnight at 4°C. The next day, following washes, the slide
was incubated with Alexa Fluor 488 goat antimouse secondary
antibody (ab150113; Abcam) and DAPI (both 1:1,000 in 5% BSA-
PBS-Triton X-100) for 1 h in the dark. The slide was kept in the
dark through three more washes and dried by aspiration, and a
coverslip was applied with a few drops of VECTASHIELD mounting
medium (H-1000; Vector Laboratories) and sealed with clear nail
polish. Slides were then imaged using the Nikon Eclipse 80i
fluorescence microscope (Nikon Instruments) equipped with the
CoolSNAP HQ2 camera (Photometrics) at 60x magnification with
a plan apochromatic 60x/1.40 NA oil objective. Images were
subsequently analyzed using Image] software.

Statistics

All statistical values represented in figures were generated through
appropriate t tests (paired, unpaired, one-sample, two-sample, or
Student’s) using Prism 5 software (GraphPad Software). Confi-
dence intervals were set at 95% (statistical significance, P < 0.05).
Sample numbers and error bars shown in each graph are denoted
in the figure legends.

Primer sequences

gRT-PCR primers: GAPDH forward, 5'-CATCTTCTTTTGCGTCGC-
3'; GAPDH reverse, 5'-AAAAGCAGCCCTGGTGAC-3'; UVSSA for-
ward, 5'-CTTGCCTTGGGCTACCACTT-3'; UVSSA reverse, 5'-TGC
TTCTCCTCTTCTCTCTTCCTT-3’; ERCC8 forward, 5'-GATAAT
CGAATGAGGCTCTG-3'; ERCCS reverse, 5'-CCACAGGAGACAGTG
AATTT-3’; XPF forward, 5'-CTACAGCCAGTGCATCTCCA-3'. XPF
reverse 5-CACCTCGGGAAGTGAGAGAG-3'. ChIP-gPCR primers:
GAPDH promoter forward, 5'-TACTAGCGGTTTTACGGGCG-3';
GAPDH promoter reverse, 5'-TCGAACAGGAGGAGCAGAGAG
CGA-3'; intergenic forward, 5'-ATGGTTGCCACTGGGGATCT-3';
intergenic reverse, 5'-TGCCAAAGCCTAGGGGAAGA-3'. DRIP-
gPCR primers: RPLI3A forward, 5'-AGGTGCCTTGCTCACAGA
GT-3'; RPL13A reverse, 5'-GGTTGCATTGCCCTCATTAC-3'; EGR1
forward, 5'-GCCAAGTCCTCCCTCTCTACTG-3'; EGRI reverse, 5'-
GGAAGTGGGCAGAAAGGATTG-3'; MYADM- forward, 5'-TGC
ATCTACATCCGCAAAAG-3'; MYADM- reverse, 5-AGAGTGGAC
GCTGCAGAAAT-3'. iSTOP guide RNAs: sg 1, 5'-GGATCAGAAACT
TTCGAAGT-3'; sg 2, 5'-TGGATCCACGAGCACACAGC-3"; sg 3, 5'-
ATCCAGGTGAGCCTCGAACC-3'. shRNA targeting sequences:
UVSSA-1, 5'-TTCTCAGGATTTAGTCGGG-3'; UVSSA-3, 5'-TGA
GCTTGAGTGTGTCGCG-3'; UVSSA-4, 5'-TCAGTGCGTAGTTAA
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ACTG-3'; ERCC8-3, 5'-ATTTCTTGTCTGTGACCCT-3'; ERCC8-4,
5'-TTGACTGAAATACACAGCA-3'; ERCC8-6, 5'-ATAGTTCATAAA
ATCTGCT-3'; XPF-2, 5'-ACAACTTCAGGTTTGTGCT-3'.

Online supplemental material

Fig. S1 shows the entire MYC-SL network community (community
9), including UVSSA and ERCCS. Fig. S2 shows shRNA knockdown
levels of UVSSA and ERCCS, representative single FBCS assays for
shUVSSA and shERCC8, and clonogenicity assay results using
P5091. Fig. S3 shows UV sensitivity of MYC on and/or shUVSSA
cells, knockdown and FBCS assay results for XPF, Western blots for
CHK2 activation, clonogenicity assay results using KU55933, and
representative raw results of cell cycle analyses. Fig. S4 shows
quality control data from ChIP, TSS data from the perspective of
either DNA strand, a schematic of the PCC analysis between repli-
cate ChIP-seq experiments, results from PCC analysis, and supple-
mental results of the SI analyses. Fig. S5 shows a control for S9.6
antibody’s recognition of RNA/DNA hybrids, results from MCF10A
cells, results from U20S and 293T cells, immunofluorescence re-
sults, and signal sensitivity to RNase HI. Table Sl lists the 18 top
MYC-SL network communities. Table S2 lists the 1,811 top-ranked
MYC-SL shRNA clones (Log2FC less than -2 and P < 0.1) from II-
lumina HiSeq analysis of the MCF10A-MYC-ER SL screen.
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Figure S1. MYC-SL community 9 network. All 152 nodes of community 9 are represented. UVSSA and ERCC8 are highlighted in pink but do not denote
special nodes. Distance between nodes and thickness of gray links between nodes represent relative relationships between nodes, according to the STRING

network. Analyzed in STRING, and image was generated by using Cytoscape.
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Figure S2. Down-regulation, inhibition, or KO of UVSSA-USP7 or CSA/ERCCS sensitizes MYC-overexpressing MCF10A cells. (A) qRT-PCR following
knockdown of UVSSA. Three independent doxycycline (DOX)-inducible shRNA clones were used to produce stable UVSSA-knockdown cell lines. Black bars
show UVSSA mRNA levels without shRNA induction, and gray bars show mRNA levels after 72 h of 1 pg/ml DOX treatment. Values were normalized to GAPDH.
Error bars represent the SEM (n = 3). (B) Western blot following knockdown of UVSSA. Whole-cell lysates were prepared after 72 h of 1 pug/ml DOX treatment
in stable cell lines with UVSSA knockdown and subjected to SDS-PAGE. Asterisks show nonspecific bands recognized by the UVSSA antibody. (C) qRT-PCR
following knockdown of ERCC8. Three independent shRNA clones were used to produce stable ERCC8-knockdown cell lines. Values were normalized to
GAPDH. Error bars represent the SEM (n = 3). (D) Representative raw data from UVSSA FBCS assays as seen in Fig. 2 A, comparing 4-hydroxy-tamoxifen
(40HT) treated and Not Treated (NT) conditions. Points denote RFP readings via FACS at the indicated time points. A shift in slope corresponds to sensitivity of
each cell line to MYC-ER activation (treated with 200 nM 40HT or vehicle). Error bars represent the SEM between technical replicates (n = 3). (E) Repre-
sentative raw data from ERCC8 FBCS assays as seen in Fig. 2 B, comparing 4-hydroxy-tamoxifen (4OHT) treated and Not Treated (NT) conditions. Points
denote GFP readings via FACS at the indicated time points. A shift in slope corresponds to the sensitivity of each cell line to MYC-ER activation (treated with
200 nM 40HT or vehicle). Error bars represent the SEM between technical replicates (n = 3). (F) Clonogenicity assay following 24 h of treatment with varying
doses of P5091 (treated with 200 nM 40HT or vehicle). Percentage survival is based on colony numbers after 10 d of incubation. Left: A representative
P5091 dose-dependent (0-4 pM) clonogenicity assay. Right: Clonogenicity difference between MYC on and MYC off cells after treatment with 2 uM P5091 for
24 h. P value was calculated from an unpaired t test (n = 4). (G) Western blot of UVSSA in iSTOP edited clonal lines. Cloned MCF10A lines edited by iSTOP using
three different guides were lysed in radioimmunoprecipitation assay lysis buffer. The whole-cell lysates were then subjected to Western blot analysis using an
anti-UVSSA antibody. The UVSSA-specific band is marked by an asterisk. Vinculin served as a loading control. *Nonspecific bands. (H) Doubling time for
UVSSA-KO MCF10A cells. MCF10A cells with the indicated genotypes were grown with 40HT (400 nM) or vehicle control for up to 6 d, and doubling time was
calculated from cell counts, as described in the Materials and methods (n = 3, 4, 5, and 5, respectively). Statistical analysis was performed using Student’s t test,
paired for intraline comparisons and unpaired for interline comparisons (¥, P < 0.05; **, P < 0.03; ***, P < 0.005).
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Figure S3. Down-regulation of UVSSA elicits a DNA damage response in MYC-deregulated cells. (A) Clonogenicity assay following UV treatment.
shCONTROL cells (left) or shUVSSA-4 cells (right) were treated with vehicle or 1 pg/ml doxycycline (DOX), in combination with 200 nM 40HT or vehicle, and
subjected to increasing doses of UV-C radiation. Percentage survival is based on colony numbers after 10 d of incubation. Error bars represent the SEM (n = 3).
(B) XPF knockdown and FBCS assays. XPF was down-regulated using DOX-inducible shRNA (XPF-2). qRT-PCR shows XPF mRNA levels without shRNA in-
duction in black and mRNA levels after 72 h of 1 pg/ml DOX treatment in gray (top). Values were normalized to GAPDH, and error bars represent the SEM (n = 3).
shCONTROL and shXPF cells were subjected to FBCS assays with 1 ug/ml DOX and 200 nM 4OHT or vehicle (bottom). Survival is indicated as a ratio of RFP
signal between MYC on and MYC off conditions. Error bars represent the SEM (n = 3). (C) Western blot showing CHK2 activation in MYC-deregulated UVSSA
knockdown cells. Indicated cell lines were treated with 200 nM 40HT or vehicle and 1 pg/ml DOX every 3 d and harvested at day 9. Following cell fractionation,
chromatin-bound and soluble cytoplasmic fractions were run on SDS-PAGE gels and subjected to Western blot analysis with the indicated antibodies. Histone H3
served as a loading control. (D) Quantification of H2AX foci following MYC induction. Indicated cell lines were treated with 200 nM 40OHT or vehicle and 1 pg/ml
DOX for 3 d before fixing and immunostaining with H2AX antibodies. NCS was used as a positive control. Red lines indicate means. (E) Clonogenicity assays were
performed for shCONTROL or shUVSSA-4 cells treated with 31.5 uM KU55933. Statistical analysis was performed using t tests. Error bars represent the SEM (n =
3). (F) Representative raw data for Fig. 3 D. Fractions of cells in S phase (left) or G,/M phase (right) were measured using FACS after 30 d of culturing cells with
1 pg/ml DOX and 200 nM 40HT or vehicle. Error bars represent the SEM (n = 3).
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Figure S4. RNAPII ChIP-seq quality control, correlation analysis of replicates, and calculation of Sls. (A) RNAPII ChIP-qPCR results shown by fold
enrichment (left) or percentage input (right). GAPDH primers serve as a positive control for RNAPII enrichment, while NEG primers serve as a negative control.
n = 4. Error bars represent SEM. (B) Normalized ChIP-seq footprints in a 2-kb window of genomic TSSs. Curves for genes on either the minus (left) or plus
(right) strands were plotted, respectively. The y axis indicates logarithmic transformation of normalized read depths plus one per site. (C) Schematic for PCC
analysis. For each gene, the PCC was calculated between the averaged ChiP-seq footprint curve and corresponding raw read depths around the TSS +300 bp.
PCCs were then averaged over all four conditions. (D) Distributions of averaged PCCs of genes from RNAPII ChIP-seq replicates 1and 2. The black bar denotes a
PCC of 0.5. Venn plot for genes associated with average PCC >0.5. (E) Empirical distribution of normalized read density on gene promoter (left) and gene body
(right) regions. Genes with at least 30 reads on the promoter and at least 1 read in the gene body were selected for this analysis, and the cumulative Sls are
denoted in Fig. 5 B. (F) Empirical distribution of RNAPII Ss (left) and normalized read density (center, right) for genes with at least 50 reads on the promoter
and at least 1 read in the gene body. IP, immunoprecipitation.
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Figure S5. R-loops do not accumulate upon MYC activation or UVSSA knockdown. (A) Slot blot to examine S9.6 signal specificity. MCF10A-MYC-ER cells
were treated with 500 nM camptothecin (CPT) or vehicle for 48 h. Genomic DNA was treated with vehicle or RNase H1 for 1 h, then purified and spotted onto a
membrane and incubated with $9.6 antibody. (B) Slot blot to examine 59.6 signal following MYC induction. MCF10A-MYC-ER cells were simultaneously treated
with 500 nM CPT or vehicle and 200 nM 40HT or vehicle to induce MYC-ER and DNA damage for 48 h. Genomic DNA was purified and spotted onto a
membrane and incubated with $9.6 antibody. (C) DRIP-gPCR signal upon MYC deregulation and UVSSA down-regulation. RPL13A and EGR1 are known R-loop
rich loci, while MYADM- represents a negative control. Error bars represent SEM (n = 3). (D) Slot blot to examine S9.6 levels following MYC induction and
UVSSA knockdown in various cell types. U20S or 293T cells were transfected with siRNA against UVSSA and pcDNA-MYC-FLAG or empty vector for 48 h.
Genomic DNA was isolated and subjected to slot blot analysis and staining with $9.6 antibody. (E) Immunofluorescence visualization of R-loops. U20S cells
were transfected with pcDNA-MYC-FLAG and subjected to immunofluorescence using S9.6 antibody after 48 h (top). The indicated number of cells was
analyzed for $9.6 intensity in the nuclei (bottom). (F) Slot blot analysis of genomic DNA using $9.6 antibody. Purified genomic DNA harvested from 293T cells
transfected with control siRNA or UVSSA siRNA (clones 9 and 10) and pcDNA3-MYC-FLAG or vector was harvested after 72 h. DNA was treated with RNase H1
or vehicle and spotted on a slot blot, and the membrane was incubated with S9.6 antibody (top). Subsequent to imaging, the membrane was stained with SYBR
GOLD and visualized (bottom). IB, immunoblot.

Sato et al. Journal of Cell Biology
UVSSA limits MYC-driven transcription stress https://doi.org/10.1083/jcb.201807163

S5


https://doi.org/10.1083/jcb.201807163

TR
(J’ k(J
IV

Two tables are provided online. Table S1 lists the 18 top MYC-SL gene network communities. Table S2 lists the 1,811 top-ranked
MYC-SL shRNA clones (Log2FC<-2 and P < 0.1) from Illumina HiSeq analysis of MCF10A-MYC-ER SL screen.
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