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1. INTRODUCTION:

The major objective of the research is to develop the idea that prostate cancers with pol zeta

deletions are specifically sensitive to therapeutic DNA damaging agents, including radiation. This
could lead to individualized treatment of an important group of prostate cancers. It will also indicate
the usefulness of DNA damaging chemotherapy for a previously unrecognized major group of
prostate cancers. Because we know that normal cells do not grow well in the absence of pol zeta, we
also intend in this research to identify genetic alterations that allow cells to proliferate in the absence
of pol zeta. This will be a practically important advance because it will help identify the pol zeta-

deleted class of cancers.
2. KEYWORDS:

DNA polymerase, DNA repair, mitomycin C, cisplatin, radiation, cell lines, gene deletion

3. ACCOMPLISHMENTS:

What were the major goals of the project?

cancer cells

Specific Aim 1: Determine the DNA damage sensitivity conferred by disruption of pol { in prostate

o
Major Task 1: REV3L will be inactivated by targeted genetic deletion in ¢
; . . : Months comple-

prostate cancer cell lines and specific mutations will be tested tion
Inactivate REV3L 1-6 100
Toxicity measurements 7-12 100
Make specific mutations in cDNA 7-12 100
Complementation assays using mouse MEFs 13-20 100

Specific Aim 2: Identify suppressor mutations that allow cells to proliferate in the absence of pol {

Major Task 1: Candidate suppressor genes suggested by preliminary Months MDA
studies will be tested in REV3L-deficient human prostate cancer cells.
Make targeted deletions in cell lines 1-12 70
Toxicity measurements 6-18 100
Major Task 2: Identify genes that, when downregulated, alleviate the
growth defects in REV3L -defective human cancer cells.
Subtask 1: Make targeted deletions in cell lines and measure growth rates 1-12 60




Subtask 2: A genome-wide shRNA screen for growth of REV3L-defective 1204 20
cells )

Specific Aim 3: Determine radiation and chemosensitivity of a pol (-defective prostate cancer
model in mice

Major Task 1: Establish xenograft model and determine the response to
ionizing radiation and cisplatin-based treatment will be quantified.

Months MDA

Subtask 1: Obtain mice and establish xenografts 6-18 0

Subtask 2: Test drug and radiation resistance of xenografts 9-20 0

What was accomplished under these goals?

Major Activities: The major activities described below under “Key Outcomes” and also in the
publications provided with the Appendix.

Specific Objectives: Identifying inactivation of REV3L in primary prostate cancers, and the reasons
enabling tolerance of pol  inactivation were the primary objects of research.

A major objective of Specific Aim 1 was to test the functionality and consequence of cancer-
associated mutations in REV3L, the catalytic subunit of DNA polymerase {. We focused on
measurement of sensitivity to the chemotherapeutic agent cisplatin, which produces lesions
including DNA interstrand crosslinks. Cell lines were generated in REV3L KO cell lines REV3L
4(-/Cre)TAg MEF and REV3L 3(+/Cre)TAg MEF. Cancer associated mutations in REV3L
included the planned P2744S and R2523C and the more recently reported R187W mutation found
in a cohort study of 40 Spanish families with colorectal cancer. The parental cell lines are REV3L
4(-/Cre)TAg MEF and REV3L 3(+/Cre)TAg MEFs. Successfully transfected clones are isolated by
fluorescence activated flow-sorting. They are then confirmed by checking plasmid integration using
PCR and immunoblotting.

We constructed the following complemented MEF cell lines, several independent clones of each:
pCDH-FH-TR4-2 ASM REV3L KO
pCDH-FH-TR4-2 R2523C REV3L KO
pCDH-FH-TR4-2 P2744S REV3L KO
pCDH-FH-TR4-2 R187W REV3L KO
pCDH-FH-TR4-2 4A REV3L KO

Methodology:
To test sensitivity to chemical DNA damaging agents, the immortalized MEFs were plated into

white 96-well plates (immortalized MEFs— 5,000 cells/well). The following day, various
concentrations of cisplatin (Sigma) were added to the wells, and the cells were incubated for 48 hr.
Then the cells were lysed, a reagent was added that emits light in the presence of ATP (ATPLite
One Step, Perkin Elmer), and luminescence was measured using a plate reader (Biotek Synergy II).




The luminescence measurement was normalized to undamaged control. The ATP content measured
by luminescence provides a measure of survival.

Significant Results:

Aim 1: Representative survival results were summarized in earlier reports. The cancer-associated
R2523C, P27448S, and R187W mutations did not affect the functionality of the TR4-2 REV3L.
However, it is significant that inactivation of the four REV7 binding sites in REV3L (in the 4A
mutant) was sufficient to inactivate REV3L function (Fig 1A). To obtain a readout of genetic
instability in REV3L-defective cells for future use in assessing REV3L defects, we assayed
micronuclei, which are diagnostic of unresolved double strand breaks in chromosomes (Fig 1D).
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Figure 1: Shortened REV3L construct rescues phenotypes of pol  disruption

A) Schematic of full-length human REV3L and human REV3L construct, TR4-2. TR4-2 retains
most conserved domains and binding sites of REV3L including the regions that coordinate
interactions with the accessory subunits of pol , the C-terminal domain (CTD, purple) the two
REV7 binding sites (R7B, black), and a positively charged domain (PCD) of uncertain function. The
B-family catalytic core is formed by folding of the N-terminal domain (NTD, green) and the
polymerase domain (POL, red). B) Immunoblot with HA antibody showing stable expression of
TR4-2 with an N-terminal Flag-HA tag in Rev3/ KO MEF clones. C) Stable expression of TR4-2 in
Rev3/ KO MEF clones reverses hypersensitivity to cisplatin. MEFs were exposed to the indicated
cisplatin concentrations for 48 h and relative survival was quantified with the ATPlite assay. D)
Stable expression of TR4-2 decreases micronuclei formation in unchallenged Rev3/ KO MEF
clones.

Aim 2: A major objective of Specific Aim 2 is to construct REV3L knockout cell line(s) in prostate
cancer cells. As described in last year’s report, we did extensive screening of Crispr-Cas9 targeted
clones in DU145 and PC3 prostate cancer cell cells. None of the many candidate clones had full
REV3L deletion. The inviability of these cells following REV3L deletion was, in some ways



expected according to our current hypothesis, because neither cell line harbors the large deletion on
chromosome 6q that encompasses REV3L and surrounding genes. We also cultured REV3L
knockout cells from the human Jurkat cell line for a total 12 months to attempt to find clones that
regained cell growth speed sufficient for CRISPR-Cas9 screening, but we did not find such cell
lines.

These results show that there is very strong selection to retain REV3L function in primary
cells and in most cancer cells. We have been careful in our genetic analysis, in contrast to some
other reports in the field. For example, a recently published manuscript describes REV3L knockout
cells from human HEK293T cells (Su et al 2019, J. Biol Chem. PMID: 30842261
10.1074/jbc.RA119.007925). We examined the deleted DNA sequences given in this paper. They
do not prove that both alleles of REV3L are inactivated. One of the targeted mutations eliminates a
splice site and part of an intron, leaving open the strong possibility that alternative splicing may
permit REV3L function in that cell line.

Loss of polymerase { alters the transcriptome

In order to uncover the type of stress occurring in cells lacking pol {, we performed genome-wide
mRNA sequencing on a controlled set of immortalized clones: Rev3/ HET + empty vector, Rev3l/
KO + empty vector and Rev3/ KO + TR4-2. To focus on major changes, we set a strict threshold (>
12| logz fold change and FDR < 0.05). Expression analysis of 17,346 mapped transcripts revealed
that 1117 transcripts were either upregulated or downregulated in the Rev3/ KO + empty vector
relative to the Rev3/ HET + empty vector MEFs (Fig 2A). The majority (~68%) were upregulated
(Fig 2A). These upregulated or downregulated genes displayed no statistically significant
enrichment or depletion for DNA replication or canonical DNA damage sensing pathways. This is
not completely unexpected given that p53 promotes much of the transcriptional response to DNA
damage, while our MEFs have inactivated p53 due to large T-antigen immortalization. In these
immortalized high passage cells, we are likely to observe stable transcriptional alterations, rather
than an acute response.

Instead, the upregulated genes displayed an enrichment in immune system-related pathways, as
revealed by gene ontology analysis (Fig 2B). Upstream regulator analysis was used to analyze all
differentially expressed genes. This revealed that the alterations in the transcriptome are consistent
with activation of positive regulators of the interferon response, including key transcription factors
in this pathway, IRF3 and IRF7 (Fig 2C). Importantly the predicted activation of IRF3 and IRF7
was reversed by expression of the Rev3/ TR4-2 cDNA, showing that these results stem from a
function of Rev3/. The same trends were also observed by applying a substantially lower threshold
(log2 FC > |0.5]) for differentially expressed genes. This increased the dataset to 2071 differentially
expressed transcripts. Pathway analysis showed a negative correlation with predicted TRIM24
activation. TRIM24 suppresses interferon-stimulated gene expression [16], confirming that our data
is consistent with expression of interferon stimulated genes.

To explore whether our data set is in fact consistent with an interferon response, we
analyzed a curated set of 25 known interferon stimulated genes and observed increased expression
in the Rev3/ KO relative to the Rev3/ HET MEFs, which was partially reduced by TR4-2 stable
expression (Fig 2D). Together our results reveal that disruption of pol { promotes induction of
interferon-stimulated genes.
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Figure 2: Cells deficient in DNA polymerase { have an altered transcriptome.

A) Differentially expressed genes in Rev3/ KO + empty vector relative to Rev3/ HET + empty
vector using the threshold of a log> fold change of > |2| and a false discovery rate of < 0.05. B) Top
10 GO (Gene Ontology) terms reveal enrichment of immune system related genes in upregulated
genes in Rev3/ KO MEFs. C) Upstream regulator analysis reveals the data set is consistent with
predicted activation of positive regulators of an interferon response in Rev3/ KO MEFs. D)
Heatmap of a set of 25 known interferon-stimulated genes.

Disruption of Rev3l induces interferon-stimulated gene expression driven by the cGAS-
STING axis

Given that our complemented cell lines were generated using lentivirus constructs and grown
continually under selection, we moved to validate the results in the parental Rev3/ KO and Rev3!
HET MEF cell lines and one additional set of cell lines to limit extraneous variables. We confirmed
an increase in mRNA expression of specific interferon stimulated genes in the Rev3/ KO MEFs
relative to the control cell lines, including key chemokines (Fig 3A).
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Figure 3: Disruption of Rev3/ results in increased expression of interferon stimulated genes
and proteins. A) Gene expression (22" of selected interferon stimulated genes normalized to
HPRT detected by qRT-PCR. Error bars represent standard deviation. Unpaired student t-test, * = p
<0.05, ** =p <0.01 and *** = p < 0.001. B) Immunoblots showing increased protein levels of
interferon stimulated genes, MDAS and ISG15. C) Immunoblot showing presence of components of
the innate immune system, cGAS and STING, in MEFs, with reduced STING in pol { knockout
cells. D) Enhanced phosphorylation of S888 of IRF3 (corresponding to S396 in humans) in Rev3!/
KO MEFs.



In order to extend these findings to the protein level, we examined interferon stimulated
gene products by immunoblotting. Corresponding to an increase in mRNA levels, we also observed
an increase in protein levels of known interferon stimulated genes, MDAS (encoded by the /FIH1
gene), ISG15, and viperin (encoded by the RSAD?2 gene) (Fig 3B). Together these data indicate that
an interferon branch of the innate immune system may be activated due to disruption of pol {
function. Since it seems unlikely that pol { plays a direct role in transcriptional regulation, the next
obvious question is how and why loss of pol { induces the expression of interferon stimulated
genes.

The major consequence of pol € disruption in unchallenged mammalian cells is increased
genomic instability as evidenced by multiple markers including y-H2AX foci, chromosome
fragmentation and aberrations, and micronuclei (Fig 1D). Therefore, it seems likely that this
transcriptional response ultimately stems from the vast genomic damage induced by loss of pol {
function. Consistent with this hypothesis, the innate immune system not only can recognize and
mount an interferon response to foreign DNA, but also can respond to endogenous DNA that has
escaped from the nucleus. In some instances, this response can halt cell growth providing organisms
to shut down propagations of virally infected cells and cells with dangerously fragmented genomes.

Mammalian cells have a host of cytosolic nucleic acid sensors that patrol the cytosol for
DNA. One of these, cGAS, is increasingly recognized to be of paramount importance in the
induction of an interferon response to both exogenous and endogenous cytosolic DNA. When cGAS
binds to double stranded DNA, it activates its enzymatic activity and results in the production of
cGAMP, a cyclic dinucleotide. cGAMP binds to the STING receptor on the membrane of
endoplasmic reticulum, resulting in activation of kinases including TBK1 which can in turn
phosphorylate and activate IRF3, a central transcription factor in the interferon response.

Given that cGAS-STING axis has been implicated specifically in responding to endogenous
DNA damage and has been correlated with micronuclei formation, we asked whether cGAS-STING
promotes the induction of expression of interferon stimulated genes due to loss of function of pol L.
Consistent with most MEFs having a functional innate immune system, both Rev3/ KO and HET
MEF cell lines expressed both cGAS and STING (Fig 3C). We noted a decrease in STING
expression in Rev3/ KO MEFs, which is consistent with a constitutive activation of the cGAS-
STING pathway, as cGAS activation leads to a negative feedback loop resulting in STING
degradation [19,20]. Importantly, we detected an increase of IRF3 phosphorylated at S888
(corresponding to S396 in humans) indicative of IRF3 activation in Rev3/ KO MEFs (Fig 3D).

This led us to investigate if cGAS-STING drives expression of interferon-stimulated genes
upon loss of pol {. Knockdown of either cGAS or STING significantly reduced the mRNA
expression of selected interferon stimulated genes as well as the protein levels (Fig 4A-D). In
addition, depletion of cGAS or STING in Rev3/ KO MEFs markedly reduced S888 phosphorylation
of IRF3 (Fig 4E). Together this indicates that disruption of pol { function promotes activation of an
innate immune response driven by the cGAS-STING axis.
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Figure 4: The cGAS-STING axis promotes expression of interferon stimulated genes due to
loss of pol £ function. A) Knockdown of cGAS or STING reduces mRNA expression of CCL35,
CXCLI11, RSAD?2 (which encodes Viperin protein), /FIHI (which encodes MDAY) as detected by
qRT-PCR in Rev3l KO 1. Gene expression (2°2Y) of selected interferon stimulated genes
normalized to HPRT detected by qRT-PCR. Error bars represent standard deviation. Unpaired
student t-test, * = p <0.05, ** =p <0.01, *** =p <0.001, and **** =p <0.0001. B) Same as in A
except with Rev3/ KO 2. C) Efficient knockdown of cGAS or STING protein levels. D) MDAS,
ISG15, and Viperin protein levels decrease with cGAS and STING knockdown. E) Phosphorylation
of S888 in mouse (analogous to the human S396) of IRF3 in Rev3/ KO MEFs decrease with
knockdown of cGAS and STING.

11



An innate immune response cause by loss of pol { function

Pol  stands apart from the other translesion polymerases in that it is required for mammalian
development and proliferation of primary cells. Now we can add that in addition to activating p53-
dependent responses, disruption of pol { function invokes a prominent innate immune response
promoted by the cGAS-STING pathway.

It is remarkable that disruption of an enzyme commonly thought of as a specialized
transleion synthesis polymerase can lead to a constitutive innate immune response. Recently, cells
with loss of function of key DNA repair enzymes, RNaseH2, BRCA2, and BLM have been shown
to have an elevated cGAS-STING response that correlates with an increase in micronuclei that
colocalize with cGAS. There are several sources of DNA damage that may give rise to a sustained
response including cytosolic mitochondrial DNA and cytosolic DNA arisen from stalled and
processed replication forks. DNA stress may continually arise from likely collapse of DNA
replication forks in the absence of pol {, which could promote formation of micronuclei and also
release small fragments of DNA. Further, some nuclear genes including pol

® wicronuclei Figure 5: Model for disruption of
o pol Z triggering an innate immune
Other DNA? response. Loss of pol ¢ induces
genomic damage that results in
~{ accumulation of forms of cytosolic
% cGAS DNA, including micronuclei at a
minimum. This results in DNA
STING o binding of cGAS and activation of
e ©® CcGAMP STING which indirectly promotes
phosphorylation and activation of
) IRF-3. This results in expression of

‘P - interferon stimulated genes (ISG).
IRF-3

control mitochondrial DNA integrity, and there is evidence that mitochondrial function is
compromised without pol £ [29]. It remains to be seen whether micronuclei are the primary source
of interferon signalling in cells lacking pol {, or whether they are more of an indicator of DNA
degradation.

An interferon response can result in shutting down cell growth. Specifically, cGAS has been
tied to promoting senescence in primary cells [30,31]. Our experiments were performed in T-
antigen immortalized MEFs. In addition to blunting p53 activity, large T-antigen has been
implicated in impairing an interferon response to nucleic acids [32]. Loss of pol { would likely
induce an innate immune response of even greater magnitude in primary MEFs. Primary MEFs
lacking pol { only make it approximately two cell divisions before cell growth completely halts,
which is accompanied by an increase in senescent cells [11]. An essential function of pol { is also
evident from the failure of Rev3/-defective embryos to develop, and the from the inability of Rev3I-
defective primary keratinocytes to proliferate in a mouse model [2,10,11]. It is possible that cGAS-
STING drives this severe growth arrest in primary cells due to loss of pol { function.
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In addition to widening our understanding of the lengths cell go to protect themselves from
the genomic damage induced by impairment of pol {, these results could have impact on
translational approaches. A potential approach, suggested by experiments in laboratory settings, has
been to disrupt pol { function to enhance chemotherapeutic effectiveness. For example, an inhibitor
that impairs the interaction of pol { with the master regulator REV1 has been developed that
sensitizes cancer cells and xenograft tumors to cisplatin treatment. Our work suggests that such
inhibitors might also induce an interferon response. This approach would have multiple advantages
for therapy by enhancing DNA damage sensitivity, limiting induced mutations, and potentially
enhancing a cytotoxic immune response on targeted cells.

This is exciting and highly relevant to prostate cancer because our genetic analysis shows
that CGAS is one of the co-deleted genes with REV3L in human primary prostate cancer, as it is
located at human chromosome 6q13 in the deleted region (Fig 7). It is possible that CGAS deletion
may allow REV3L defective cells to survive, and we are currently testing this candidate gene.

We are also testing A7G5 as a candidate gene, deleted in a similar fraction of primary
prostate adenocarcinoma. This is a collaboration with Dr. Bratton in our department.

If we obtain suitable human knockout cell lines for screening, we will use Crispr-Cas9
libraries as proposed.

Figure 7. Oncoprint generated from cBioportal for TCGA data of prostate adenocarcinoma
(492 patients). About 13% of all patients have a deep deletion of REV3L, and about half of
these also have a deep deletion of CGAS.
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cBioPortal uses the GISTIC algorithm on copy number segments to determine if a gene has a deep
deletion. We are finding that this algorithm overcalls deletions by looking at the underlying copy
number segment data.

Another approach is to use copy number segment data and RNA-seq (Figure 8). This figure
shows that copy number calls as deep (homozygous deletion) in TCGA are questionable for these
data. Even the lowest copy number calls are not correlated with exceptionally low expression.
Another view is the color-coded plot in Figure 9, covering the area of chromosome 6 harboring
REV3L. The gradated spectrum of blue color shows that making a distinct call for homozygous
deletion is not possible from these data. If one chooses only those patients (120) where coverage of
the REV3L gene is < 0.2 (log2), it is interesting that those with some REV3L deletion show lower
survival (Figure 10). We are investing this data by further bioinformatic analysis.
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Figure 8. TCGA data for 499 Prostate Adenocarcinoma samples, plotting TCGA copy number

Spearman: 0.46
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values vs mRNA expression for REV3L. The points/samples within and around the red-circled area

are those with multiple lines of evidence that there is a potential deep deletion. Ideally, one would

like to identify samples in the extreme bottom left corner.
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Figure 10. TCGA data for 120 Prostate Adenocarcinoma samples, where the coverage log 2
(Tumor/Normal) is less that -0.2. with p = 0.1, those samples with REV3L loss have a lower
probability of survival than those with normal copy numbers of REV3L.
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We wish to be able to detect cell containing the chromosome 6 deletion (including REV3L, ATGS,
CGAS and FOX03A) in an efficient manner. Therefore, we carried out immunohistochemical
analysis of a prostate adenocarcinoma tissue microarray. An anti-FOXO3A antibody was used, and
we found conditions that give a clear distinction between positive and negative samples (Fig 11).
This is satisfying because it opens up the possibility of identifying REV3L-deleted human prostate
cancer samples, which are expected to be vulnerable to chemotherapy or radiation.

Figure 11. Detection of FOXO3A-negative
samples by staining a prostate adenocarcin-
oma tissue microarray (PR1921a) with anti-
FOXO3A antibody (CST #12829). This
antibody is diagnostic for the chromosome 6
deletion region and thus for REV3L deletion.
The samples shown (duplicate tissue slices)
are from malignant tumors of 73 year old
individuals with prostate adenocarcinoma,
Gleason grade 4. Formalin-fixed paraffin Wi
embedded tissue f was immunostained
(brown) and counterstained with
hematoxylin. The tumor from one patient (top
two samples is FOXO3A positive), and from
the other patient is FOXO3A negative. The
FOXO?3A status is predicted to reflect the
REV3L status.

Significant Results or Key Outcomes: The research showed that identifying REV3L in tumors will
require access to a large number of primary samples, and new methods for verifying deletions. The
traditional method of using an antibody to REV3L for immunohistochemistry is unavailable.
Further, only about 10% of prostate adenocarcinomas are predicted to harbor a deletion of the
appropriate region of chromosome 6. We obtained 10 fresh-frozen biopsy slides from patients at
MD Anderson, but none had relevant deletions as shown by staining with an antibody to the
adjacent proxy marker FOXOA3. With the aid of our collaborator Dr. Dean Tang at the Roswell
Park Cancer Institute, we have obtained additional sets of tissue microarrays (TMAs), which has
provided a fresh approach. In the last year we stained the TMAs with FOXOA3 and have done
preliminary scoring. The next step is to perform in situ hybridization of REV3L mRNA of the
TMAs. Once the in situ hybridization for RNA is done, a serious study to identify suppressor genes
could be done as proposed using mouse models. Until this background work is finished, a mouse
model study as originally proposed In Specific Aim 3 is not practical or desirable.

During the course of the research, we made unexpected and important discoveries regarding
the function of Rev3L in normal and cancer cells and reported them in four papers in top journals.
All of these papers cite the support provided by the DOD grant. In the paper Martin SK, Tomida J,
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Wood RD. Cell Reports (2021), we found that disruption of DNA polymerase { engages an innate
immune response in mouse cells. The results are described further in the Appendix. In this paper we
also set up the in situ hybridization technique for REV3L mRNA, and we are now poised to do
similar experiments with the human transcript and TMAs. We reviewed the field of REV3L
function in a survey and summary article for Nucleic Acids Research (Martin and Wood, 2019).

Other Achievements:

Adjacent to this exploration of REV3L function, we found that pol { operates in a role to help repair
heterochromatin regions in normal cells. Ben Yamin et al, EMBO Journal, 2021. These regions are
difficult to repair, and further help specify the essential role of REV3L.

As part of the synthetic lethality approach described in Aims 1 and Aim 2, we worked on a
collaboration involving a related DNA polymerase. Relevant to this proposal, the results were able
to answer whether there is a synthetic lethal relationship between subunits of pol { and pol 6.
Synthetic lethality was detected with pol 8 combined with suppression of the MAD2L2 (REV7)
subunit, but not with the REV3L subunit (Feng et al,. Nature Communications, 2019). The synthetic
lethality with MAD2L2 is related to the function of this protein as a component of the shieldin
complex, where it helps control resection at double-strand breaks in DNA. The results show that pol
0 inhibition is unlikely to be a first choice target for inhibition in REV3L-deficient prostate cancers.

What opportunities for training and professional development has the project provided?

During the overall project, two postdoctoral fellows and one graduate student have worked on the
project, co-authored papers, and obtained positions afterwards, thus fostering their training and
professional development. Further, two undergraduate students have been able to work with the
key personnel on this project, and learn about mechanism of pol zeta action. They presented their
work at the annual undergraduate symposium in the department.

How were the results disseminated to communities of interest?

The communities of interest are research scientists and physicians. Publications of our results has
been the main mechanism of dissemination. We have also disseminated results by presenting
them at department seminars, international meetings, and the to the prostate cancer SPRE group
at MD Anderson.

What do you plan to do during the next reporting period to accomplish the goals?

Nothing to report (Final Report)

4. IMPACT:

Scientific feedback from our conference presentations on the work that is now published has been
favorable. Peer review of all the papers was done before publishing the results in well regarded
journals. The prospects for significant future impact are high, if we can identify the most relevant
suppressor genes, and REV3L-deficient prostate cancers.
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What was the impact on other disciplines?

This is hard to gauge at present, until we have more information on Rev3l deletion in prostate
cancer.

What was the impact on technology transfer?

Technologies were transferred from scientist to scientist, including many trainees as described
above. Thus, it seems the impact was high.

What was the impact on society beyond science and technology?

Education and training of undergraduates, and scientific education of medical professionals.

CHANGES/PROBLEMS:

Changes in approach and reason for change:

There were no major changes in approach and goals, but as described above we decided that the
mouse tumor studies were premature and so we focused more on Aims and 2 of the project.

Actual or anticipated problems or delays and actions or plans to resolve them

Several factors combined to create delays during the course of this project. Following discussions
with DOD we were able to obtain 2 no-cost extensions to the grant, allowing us to be
significantly productive as shown by publications. Some delays were related to the ongoing
COVID-19 pandemic (i) Because of the pandemic, our laboratories shut down on March 20 and
reopened with shift work a few months later. All mouse work had to be stopped and could not be
restarted in the interim (ii) We could not hire new positions, even grant funded, during this
interim due to an institutional rule. US Government rules and uncertainties for obtaining a J1 visa
for candidates are introducing further delays. We therefore requested a no-cost extension to
conclude all studies, and this extension was approved. In addition, during 2021 we devoted
months to moving of the laboratory (and our entire department) to a building in Houston.

Changes that had a significant impact on expenditures

These delays described above also spread out the rate of expenditure, but all funds from the grant
have now been spent.

Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or
select agents:

No significant changes.
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Significant changes in use or care of human subjects

No significant changes.

Significant changes in use or care of vertebrate animals

No significant changes.

Significant changes in use of biohazards and/or select agents

No significant changes.

6. PRODUCTS:
o Publications, conference papers, and presentations

Journal publications.

I. Martin SK, Tomida J, Wood RD. Disruption of DNA polymerase { engages an innate
immune response. Cell Reports. 2021;34(8):108775. Epub 2021/02/25. doi:
10.1016/j.celrep.2021.108775. PubMed PMID: 33626348; PMCID: PMC7990024.

2. Ben Yamin B, Ahmed-Seghir S, Tomida J, Despras E, Pouvelle C, Yurchenko A, Goulas
J, Corre R, Delacour Q, Droin N, Dessen P, Goidin D, Lange SS, Bhetawal S, Mitjavila-Garcia
MT, Baldacci G, Nikolaev S, Cadoret JC, Wood RD, Kannouche PL. DNA polymerase zeta
contributes to heterochromatin replication to prevent genome instability. EMBO Journal.
2021;n/a(n/a):e104543. doi: https://doi.org/10.15252/embj.2020104543.

3. Martin SK, Wood RD. DNA polymerase { in DNA replication and repair. Nucleic Acids
Res. 2019;47(16):8348-61. doi: 10.1093/nar/gkz705. PubMed PMID: 31410467.

4, Feng W, Simpson D, Carvajal-Garcia J, Price BA, Kumar RJ, Mose LE, Wood RD,
Rashid N, Purvis JE, Parker JS, Ramsden DA, Gupta GP. Genetic Determinants of Cellular
Addiction to DNA Polymerase Theta. Nature Commun. 2019;10:4286. PubMed PMID:
31537809; PMCID: PMC6753077

Books or other non-periodical, one-time publications.

Nothing to Report.
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Other publications, conference papers and presentations.

Leiden, The Netherlands, 5th DNA Polymerases Meeting, September 26, 2018, “DNA
Polymerase zeta and cancer”.

University of California, Berkeley, Department of Molecular and Cellular Biology, seminar
presentation October 10, 2018, “DNA Polymerase, breaks and cancer”.

New York University School of Medicine seminar presentation April 18, 2019, “A DNA
polymerase for stress relief and cancer suppression”.

Invited Speaker, University of Pittsburgh, Biological Sciences, Pittsburgh, PA, November 18,
2019, “DNA polymerases, breaks and cancer”.

Invited Speaker, DNA Polymerases and Cancer, 4th DNA Repair/Replication Structures and
Cancer Conference, Nassau, Bahamas, February 16, 2020, “DNA Polymerases and Cancer”.

Invited Speaker, A DNA polymerase for stress relief and cancer suppression, Gordon Research
Conference on DNA Damage, Mutation and Cancer, Ventura, CA, March 5, 2020, “A DNA
Polymerase for Stress Relief and Cancer Suppression”.

Speaker, Genome Instability Group (Houston), October 30, 2020 “DNA polymerases, breaks and
cancer’”’.

o Website(s) or other Internet site(s)
Nothing to report
o Technologies or techniques

As reported in the publications above

o Inventions, patent applications, and/or licenses

Nothing to report

° Other Products

Nothing to report
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7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

What individuals have worked on the project?

Name: Richard D. Wood (No Change)

Name: Sarita Bhetawal

Project Role: Senior Research Assistant

Nearest person month worked: 5

Contribution to Project: Technical assistance with all experiments
Name: Yuzhen Li

Project Role: Postdoctoral Fellow

Nearest person month worked: 12

Contribution to Project: Technical assistance with all experiments

Has there been a change in the active other support of the PD/PI(s) or senior/key personnel
since the last reporting period?

NEW:

Title: “Pol 0 synthetic lethality in non-small cell lung cancer”

Major Goals: Aim 1. In NSCLC cells with candidate DNA repair gene alterations, determine
the synthetic lethality potential of POLQ disruption; Aim 2. Determine whether small molecule
inhibitors inhibit proliferation of NSCLC cells with candidate DNA repair gene alterations; and
Aim 3. Measure the level of POLQ protein expression in NSCLC cells

Status of Support:  Active

Project Number: 2021-00059785-Y1

Name of PD/PI: Wood, Richard

Source of Support: Institutional Research Grant/Tobacco Pilot

Primary Place of Performance: The University of Texas MD Anderson Cancer Center, Houston,
Texas

Project/Proposal Start and End Date: (MM/YYYY) (if available): 05/01/2021 — 8/31/2023
Total Award Amount (including Indirect Costs):

Person Months (Calendar/Academic/Summer) per budget period (.6 Calendar/Unpaid/year)

NEW:

Title: “J. Ralph Meadows Chair in Carcinogenesis Research at Science Park — Research

Division”

Status of Support: Active

Project Number: 185800-80-102850-50

Name of PD/PI: Wood, Richard

Source of Support: Institutional Support

Primary Place of Performance: The University of Texas MD Anderson Cancer Center, Houston,

Texas

Project/Proposal Start and End Date: (MM/YYY'Y) (if available): 08/01/2020 — Open
Person Months (Calendar/Academlc/ Summer) per budget period. (.42 Calendar/Year)

Total- Award-Asmoun elhidin AndirectCocta): firnatad anaia lineama

A A + ( +
A 0tar7yvvarga 7xrrmmrouaIniv \lllbluullls Lllull\«\/l, I3 O}. J_zol.llllul,\/u armmTruar IIIivutItiv
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What other organizations were involved as partners?

Roswell Park Comprehensive Cancer Center
Elm and Carlton Streets, Buffalo, NY 14263
Collaboration with Dean Tang, Ph.D., Professor and Chair

. SPECIAL REPORTING REQUIREMENTS

COLLABORATIVE AWARDS: N/A
QUAD CHARTS: N/A

. BIBLIOGRAPHY

Publications:

1. Martin SK, Tomida J, Wood RD. Disruption of DNA polymerase { engages an innate
immune response. Cell Reports. 2021;34(8):108775. Epub 2021/02/25. doi: 10.1016/j.celrep.
2021.108775. PubMed PMID: 33626348; PMCID: PMC7990024.

2. Ben Yamin B, Ahmed-Seghir S, Tomida J, Despras E, Pouvelle C, Yurchenko A, Goulas J,
Corre R, Delacour Q, Droin N, Dessen P, Goidin D, Lange SS, Bhetawal S, Mitjavila-Garcia MT,
Baldacci G, Nikolaev S, Cadoret JC, Wood RD, Kannouche PL. DNA polymerase zeta contributes
to heterochromatin replication to prevent genome instability. EMBO Journal.
2021;n/a(n/a):e104543. doi: https://doi.org/10.15252/embj.2020104543.

3. Martin SK, Wood RD. DNA polymerase { in DNA replication and repair. Nucleic Acids
Res. 2019;47(16):8348-61. doi: 10.1093/nar/gkz705. PubMed PMID: 31410467.

4, Feng W, Simpson D, Carvajal-Garcia J, Price BA, Kumar RJ, Mose LE, Wood RD, Rashid
N, Purvis JE, Parker JS, Ramsden DA, Gupta GP. Genetic Determinants of Cellular Addiction to
DNA Polymerase Theta. Nature Commun. 2019;10:4286. PubMed PMID: 31537809; PMCID:
PMC6753077.

Meetings/Abstracts:

Leiden, The Netherlands, Sth DNA Polymerases Meeting, September 26, 2018, “DNA Polymerase
zeta and cancer”.

University of California, Berkeley, Department of Molecular and Cellular Biology, seminar
presentation October 10, 2018, “DNA Polymerase, breaks and cancer”.

New York University School of Medicine seminar presentation April 18, 2019, “A DNA
polymerase for stress relief and cancer suppression”.

Invited Speaker, University of Pittsburgh, Biological Sciences, Pittsburgh, PA, November 18, 2019,
“DNA polymerases, breaks and cancer”.

Invited Speaker, DNA Polymerases and Cancer, 4th DNA Repair/Replication Structures and Cancer
Conference, Nassau, Bahamas, February 16, 2020, “DNA Polymerases and Cancer”.
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Invited Speaker, A DNA polymerase for stress relief and cancer suppression, Gordon Research
Conference on DNA Damage, Mutation and Cancer, Ventura, CA, March 5, 2020, “A DNA
Polymerase for Stress Relief and Cancer Suppression”.

Speaker, Genome Instability Group (Houston), October 30, 2020 “DNA polymerases, breaks and
cancer”.

List of Personnel receiving pay from the research effort:

Richard D. Wood, Professor and PI

Junya Tomida, Instructor

Yi Zhong, Senior Statistical Analyst

Sara Martin, Graduate Student

Sarita Bhetawal, Senior Research Assistant
Yuzhen Li, Postdoctoral Fellow

10. APPENDICES: (See publications attached)
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SUMMARY

In mammalian cells, specialized DNA polymerase ¢ (pol €) contributes to genomic stability during normal DNA
replication. Disruption of the catalytic subunit Rev3l is toxic and results in constitutive chromosome damage,
including micronuclei. As manifestations of this genomic stress are unknown, we examined the transcrip-
tome of pol ¢-defective cells by RNA sequencing (RNA-seq). Expression of 1,117 transcripts is altered by
>4-fold in Rev3I-disrupted cells, with a pattern consistent with an induction of an innate immune response.
Increased expression of interferon-stimulated genes at the mRNA and protein levels in pol ¢-defective cells is
driven by the cyclic guanosine monophosphate-adenosine monophosphate synthase (cGAS)-signaling part-
ner stimulator of interferon genes (STING) pathway. Expression of key interferon-stimulated chemokines is
elevated in basal epithelial mouse skin cells with a disruption of Rev3I. These results indicate that the disrup-
tion of pol £ may simultaneously increase sensitivity to genotoxins and potentially engage parts of the innate

immune response, which could add an additional benefit to targeting pol ¢ in cancer therapies.

INTRODUCTION

Mammalian genomes encode an array of translesion DNA
polymerases, which provide a diverse tool kit to tolerate
assorted genomic lesions (Lange et al., 2011). While most
translesion DNA polymerases are required for cells to survive
various exogenous genotoxic assaults, they are not essential
for mammalian development or unchallenged cellular survival
(Lange et al., 2011). An exception is DNA polymerase ¢ (pol ).
The pol ¢ catalytic subunit is encoded by the Rev3/ gene (Mar-
tin and Wood, 2019). Germline disruption of Rev3/ results in
embryonic lethality in mice (Bemark et al., 2000; Esposito
et al., 2000; Wittschieben et al., 2000). The indispensable na-
ture of pol ¢ reflects genome protective functions that are
inadequately understood. Disruption of Rev3/ in B cells or ker-
atinocytes in mice leads to acute genomic stress in the target
tissues (Daly et al., 2012; Lange et al., 2013, 2018; Schenten
et al., 2009; Wittschieben et al., 2010). Primary mouse embry-
onic fibroblasts (MEFs) rapidly accumulate chromosome
breaks at the first metaphase following Rev3/ disruption
(Lange et al., 2012). In addition, chromosome rearrangements
are observed in Rev3/-deficient MEFs in a p53 null back-
ground (Wittschieben et al., 2006). Loss of pol ¢ in primary
MEFs cripples cell proliferation, with the cells failing to repli-
cate past roughly two rounds of cell division following Rev3/
disruption (Lange et al., 2012). If cells can survive Rev3/
disruption, this promotes spontaneous tumorigenesis in

Gheck for
Updates

mouse models (Lange et al., 2013; Wittschieben et al.,
2010). Given that the loss of pol ¢ function results in chromo-
some breaks and structural abnormalities (Lange et al., 2012;
Wittschieben et al., 2006), this could generate genetic variety
to promote oncogenic growth, but only if the cells can over-
come the disruption of pol ¢. This makes it of great interest
to understand the cellular consequences of the loss of Rev3l.

The dramatic growth suppression in Rev3/ knockout MEFs ap-
pears to be ameliorated by blunting DNA damage quality control
responses, for example, by p53 deletion (Wittschieben et al.,
2006) or large T-antigen expression (Lange et al., 2012) (which in-
hibits p53 and other targets). However, p53 deletion utterly fails
to rescue the embryonic lethality of Rev3/ disruption in mice (O-
Wang et al., 2002; Van Sloun et al., 2002; Wittschieben et al.,
2006). This implies that there are additional, p53-independent,
growth-suppressive responses to the genomic strain caused
by Rev3I disruption. We set out to clarify the consequences of
the sustained genomic stress induced by the loss of pol ¢ in
mammalian cells. Starting with an unbiased transcriptome-
wide approach, we discovered that the loss of pol ¢ induces
the constitutive expression of immune system-related genes,
in particular, interferon-stimulated genes (ISGs). Furthermore,
we found that the cytosolic nucleic acid sensor cyclic guanosine
monophosphate-AMP synthase (cGAS) and its downstream
signaling partner stimulator of interferon genes (STING) drive
this response in absence of functional pol ¢. Given that the
cGAS-STING axis can inhibit cell growth, this provides a further
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See also Figure S1.

potential explanation for why the loss of pol ¢ function is remark-
ably toxic to proliferating cells.

RESULTS AND DISCUSSION

A shortened REV3L construct rescues known
phenotypes of pol { disruption

To dissect the consequences of the poorly resolved genome
protection function of pol ¢, we set up a complementation sys-
tem using large T-antigen immortalized MEFs (Lange et al.,
2012), either with a pol ¢-proficient background, Rev3! heterozy-
gous (HET), or a pol ¢ deficient background, Rev3/ knockout
(KO). The KO cell lines (Rev3/~’%) were generated by adeno-
virus-Cre disruption of a single allele in Rev3/~'°* MEFs (Lange
etal., 2012). HETs (Rev3/*’%), which retain pol ¢ activity, provides
a control for this process since they also had deletion of a single
Rev3l allele using adenovirus-Cre with Rev3/*'** MEFs as the
parental cell line. We have not observed phenotypic differences
between Rev3/ HETs and WT cells or mice (Lange et al., 2012).

A biochemically active shortened human REV3L construct,
TR4-2 (Lee et al., 2014) (Figure 1A), with an N-terminal FLAG-
hemagglutinin (HA) tag, was stably expressed in Rev3/ KO
MEFs (Figures 1B and S1A). To test that our complementation
system was in fact addressing both external and endogenous
genome-protective functions of pol ¢, we tested both cellular
sensitivity to cisplatin and the formation of micronuclei in unchal-
lenged cells. Micronuclei are a marker of genomic instability and
arise when a whole chromosome or fragment of a chromosome
missegregates and forms its own discrete nuclear compartment.
DNA breaks that result in chromosome fragmentation can lead to
acentric chromosomes that form micronuclei (Fenech et al.,
2011).

As expected, Rev3/ KO + empty vector (EV) MEFs were hyper-
sensitive to cisplatin relative to the Rev3/ HET MEFs + EV (Fig-
ures 1C and S1B). Stable expression of TR4-2 in Rev3/ KO
MEFs reversed the hypersensitivity to cisplatin (Figures 1C and
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S1B). This indicates that in this context, TR4-2 can restore the
function of REV3L in DNA damage tolerance. Consistent with
large-scale genomic stress, ~15%-23% of unchallenged
Rev3l KO MEFs had at least 1 micronucleus, relative to Rev3/
HET MEFs, which had a micronucleus frequency of ~1%-3%
(Figure 1D). Stable TR4-2 expression in Rev3/ KO MEFs restored
micronucleus frequency to near normal, showing that TR4-2 can
restore some Rev3/ genome-protective functions. We used this
isogenic system as a tool to probe the unknown consequence
of the loss of pol €.

Loss of polymerase ¢ alters the transcriptome
To uncover the type of stress occurring in cells lacking pol ¢, we
performed genome-wide mRNA sequencing on a controlled set
of immortalized clones: Rev3/ HET + EV, Rev3/ KO + EV, and
Rev3l KO + TR4-2. To focus on major changes, we set a strict
threshold (>|2| log, fold change and false discovery rate
[FDR] < 0.05). Expression analysis of 17,346 mapped transcripts
revealed that 1,117 transcripts were either upregulated or down-
regulated in the Rev3/ KO + EV relative to the Rev3/ HET + EV
MEFs (Figure 2A). The majority (~68%) were upregulated (Fig-
ure 2A). These upregulated or downregulated genes displayed
no statistically significant enrichment or depletion for DNA repli-
cation or canonical DNA damage-sensing pathways. This is not
completely unexpected, given that p53 promotes much of the
transcriptional response to DNA damage, and our MEFs have in-
activated p53 due to large T-antigen immortalization. In these
immortalized high-passage cells, we are likely to observe stable
transcriptional alterations, rather than an acute response.
Instead, the upregulated genes displayed an enrichment inim-
mune system-related pathways, as revealed by Gene Ontology
(GO) analysis (Figure 2B). Upstream regulator analysis was
used to analyze all differentially expressed genes. This revealed
that the alterations in the transcriptome are consistent with the
activation of positive regulators of the interferon response,
including key transcription factors in this pathway, IRF3 and
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Figure 2. Cells deficient in DNA polymerase ¢ have an altered transcriptome

(A) Differentially expressed genes in Rev3/ KO + empty vector (EV) relative to Rev3/ HET + EV using the threshold of a fold change >4 and a false discovery rate
of <0.05.

(B) Top 10 GO (Gene Ontology) terms reveal enrichment of immune system-related genes in upregulated genes in Rev3/ KO MEFs.

(C) Upstream regulator analysis reveals the dataset is consistent with the predicted activation of positive regulators of an interferon response in Rev3/ KO MEFs.
(D) Expression of individual interferon-stimulated genes (ISGs) is elevated in Rev3/ KO MEFs and is suppressed by TR4-2 expression. The fragments per kilobase
of transcript per million mapped reads (FPKM) of 3 clones for each condition, HET + EV (ID nos. 4, 8, 11), KO + EV (ID nos. 3, 4, 15), and KO +TR4-2 (ID nos. 8, 18,
21) is graphed. The error bars represent SEMs.

See also Figure S2 and Table S1.

IRF7 (Figure 2C). Importantly, the predicted activation of all five To explore whether our dataset is in fact consistent with an
of the identified upstream regulators was reversed by expression interferon-like response, we analyzed a curated set of 24 known
of the Rev3/ TR4-2 cDNA (Figure 2C). This shows that the ISGs and observed increased expression in the Rev3/ KO relative
changes in differential gene expression stem from a function of  to the Rev3/ HET MEFs, which was largely reduced by the stable
Rev3l. The same trends were also observed by applying a sub-  expression of the Rev3/ cDNA TR4-2 (Figure 2D). It is notable that
stantially lower threshold (log, FC > |0.5|) for differentially ex-  while the expression of TR4-2 conferred nearly complete rescue
pressed genes. This increased the dataset to 2,071 differentially  of cisplatin sensitivity (Figure 1C) and micronuclei formation (Fig-
expressed transcripts. Pathway analysis showed a negative cor-  ure 1D), the expression of some individual ISGs was only partially
relation with predicted TRIM24 activation. TRIM24 suppresses reversed (Figures 2D and S2; Table S1). It is possible that the
ISG expression (Tisserand et al., 2011), confirming that our expression of some genes in the MEF clones may have been sta-
data are consistent with the expression of ISGs. bilized by epigenetic changes, not reversible by the reintroduction
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of Rev3l. ltis also possible that segments of REV3L not present in
TR4-2 (e.g., the DUF4683 domain) (Figure 1A) may contribute to a
specific gene expression function of REV3L but not to the DNA
damage bypass function. These results reveal that the disruption
of pol ¢ promotes the induction of ISGs.

The cGAS-STING pathway drives the expression of ISG
expression in Rev3/-disrupted cells

Given that our complemented cell lines were generated using
lentivirus constructs and grown continually under selection, we
moved to validate the results in the parental Rev3/ KO and
Rev3I HET MEF cell lines and 1 additional set of cell lines to limit
extraneous variables. We confirmed an increase in the mRNA
expression of specific ISGs in the Rev3/ KO MEFs relative to
the control cell lines, including key chemokines (Figure 3A). To
extend these findings to the protein level, we examined ISG
products by immunoblotting. Corresponding to an increase in
mRNA levels, we also observed an increase in the protein levels
of known ISGs MDAD5 (encoded by the Ifih1 gene), ISG15, and vi-
perin (encoded by the Rsad2 gene) (Figure 3B).

These results were obtained by analysis of isogenically
matched pairs of Rev3/-proficient and Rev3/-deficient immortal-
ized cell lines. An important question is whether the disruption of
REV3L function drives the induction of ISGs in primary cells. This
is experimentally challenging, because complete disruption in
primary cells rapidly promotes senescence in primary MEFs
(Lange et al., 2012). We instead took advantage of a mouse
model system in which Rev3l! is specifically disrupted only in ker-
atin-5-expressing cells, principally the epithelial cells of the skin
and hair follicles. These mice survive, but they have a constitu-
tively lower cell density in the basal epithelium (Lange et al.,
2013). The skin is extremely sensitive to physical insults,
including UV irradiation and wounding (Lange et al., 2013,
2018). Rev3I-defective epithelial cells struggle with re-prolifera-
tion because of ongoing DNA replication stress, which accounts
for the fragility of the epithelia (Lange et al., 2013, 2018).

We hypothesized that the expression of ISGs in the immortal-
ized MEFs may depend on DNA damage incurred during replica-
tion. Thus, we examined primary cells arising from proliferation in
the skin. In normal mice, stem cells in the hair follicles undergo
division and migrate to continuously repopulate the epithelium.
Using skin sections from mice previously reported (Lange
et al., 2018), we tested the expression of the mRNA of CXCL10
and CCL5 by in situ hybridization (Figures 3C-3F and S3). We
found that with 3 independent mice in Rev3/-defective cells,
CXCL10 and CCLS5 levels were significantly upregulated by
2.6-fold and 2.9-fold, respectively (Figures 3E and 3F).

These data indicate that an interferon-like branch of the innate
immune system may be activated due to the disruption of pol ¢
function. Since it seems unlikely that pol ¢ plays a direct role in
transcriptional regulation, the next obvious question is how
and why loss of pol ¢ induces the expression of ISGs.

The major consequence of pol ¢ disruption in unchallenged
mammalian cells is increased genomic instability as evidenced
by multiple markers, including chromosome fragmentation and
aberrations and micronuclei (Lange et al., 2012, 2013, 2016;
Wittschieben et al., 2006) (Figure 1D). Therefore, it seems likely
that this transcriptional response ultimately stems from the
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vast genomic damage induced by the loss of pol ¢ function.
Consistent with this hypothesis, the innate immune system can
respond to endogenous DNA that has escaped from the nucleus,
in addition to its more canonical role in recognizing and mounting
an interferon response to foreign DNA. In some instances, this
response can halt cell growth to shut down propagations of vir-
ally infected cells and cells with dangerously fragmented
genomes.

Mammalian cells have a host of cytosolic nucleic acid sensors
that patrol the cytosol for DNA. One of these, cGAS, is increas-
ingly recognized to be of paramount importance in the induction
of an interferon response to both exogenous and endogenous
cytosolic DNA (Ablasser and Chen, 2019). Binding of double-
stranded DNA to cGAS activates the enzymatic activity of
cGAS and leads to the production of 2',3' cyclic GMP-AMP
(cGAMP). cGAMP binds to the STING receptor on the membrane
of the endoplasmic reticulum, resulting in the activation of ki-
nases, including TBK1, which can in turn phosphorylate and acti-
vate interferon regulatory factor 3 (IRF3), a central transcription
factor in the interferon response.

Given that the cGAS-STING axis has been implicated specif-
ically in responding to endogenous DNA damage and has been
correlated with micronuclei formation (a potential source for
cGAS activation), we asked whether cGAS and STING promote
the induction of expression of ISGs due to the loss of function of
pol €. Consistent with most MEFs having a functional innate im-
mune system, both Rev3/ KO and HET MEF cell lines expressed
both cGAS and STING (Figure 3G). In the Rev3/ KO cells, the
steady-state levels of STING (but not cGAS) are somewhat lower
(decreased by ~3- to 4-fold for KO 1 and decreased by ~20%-—
60% in KO 2). The decreased STING protein level is consistent
with a constitutive activation of the cGAS-STING pathway, as
cGAS activation leads to a negative feedback loop resulting in
STING degradation (Gonugunta et al., 2017; Prabakaran et al.,
2018). Importantly, we detected an increase in IRF3 phosphory-
lated at S888 (corresponding to S396 in humans), indicative of
IRF3 activation in Rev3/ KO MEFs (Panne et al., 2007; Yoneyama
et al., 2002) (Figure 3F).

This led us to investigate whether cGAS-STING drives the
expression of ISGs in cells with disrupted pol ¢. Knockdown of
either cGAS or STING significantly reduces the mRNA expres-
sion of selected ISGs and dramatically decreases corresponding
protein levels (Figures 4A-4D). In addition, the depletion of cGAS
or STING in Rev3/ KO MEFs markedly reduced S888 phosphor-
ylation of IRF3 (Figure 4E). This indicates that the disruption of
pol ¢ function promotes the upregulation of ISGs driven by the
cGAS-STING pathway.

Pol ¢ stands apart from the other translesion polymerases in
that it is required for mammalian development and proliferation
of primary cells. Now we can say that in addition to activating
p53-dependent responses, disruption of pol ¢ function promotes
the activation of the cGAS-STING pathway.

It is remarkable that the disruption of an enzyme commonly
thought of as a specialized translesion synthesis polymerase
can lead to the constitutive activation of the cGAS-STING
pathway. Recently, cells with a loss of function of key DNA
repair enzymes RNaseH2, BRCA2, and BLM have been shown
to have an elevated cGAS-STING response that correlates with
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Figure 3. Disruption of Rev3l results in increased expression of ISGs and proteins

(A) Gene expression (272 of selected ISGs normalized to hypoxanthine phosphoribosyltransferase (HPRT) detected by qRT-PCR. Error bars represent
standard deviation. Unpaired 2-tailed Student’s t test, *p < 0.05, **p < 0.01, and ***p < 0.001.

(B) Immunoblots showing increased protein levels of ISGs MDAS5, ISG15, and viperin. The quantification of each protein relative to KO 1 is shown underneath the
blot. The signals were first normalized to total protein.

(C) Representative image of CCL5 (blue) and CXCL10 (red) signals in the epithelia of conditional Rev3/ KO mice (BK5.Cre,Rev3! %) positive cells are shown with
blue and red arrows, respectively. A 10 um scale bar is shown. The brown staining is epithelial melanin present in the KO model.

(D) Same as (C), except for conditional Rev3/ HET mice (BK5.Cre,Rev3/*/1®). A 10 um scale bar is shown.

(E) Quantification for percentage of cells positive for CCL5 in the epithelia for 3 mice of each genotype.

(F) Same as (E), except for CXCL10.

(G) Immunoblot showing the presence of components of the innate immune system, cGAS and STING, in MEFs, with reduced STING in pol ¢ KO cells. Quan-
tification of the signal intensity of cGAS and STING relative to KO 1 is displayed underneath the blot. The signal intensity of each band was first normalized to total
protein. For cGAS, we detect 2 bands: 1 at full-length molecular weight (F.L.) and 1 (small) that we confirm is another cGAS species in Figure 4C.

(H) Enhanced phosphorylation of S888 of IRF3 (corresponding to S396 in humans) in Rev3/ KO MEFs. The relative quantification of p-IRF3 signal intensity
normalized to IRF3 is displayed underneath the p-IRF3 blot. The signal intensities were first normalized to total protein signal.

See also Figure S3.
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Figure 4. The cGAS-STING axis promotes
expression of ISGs due to loss of pol ¢
function

(A) Knockdown of cGAS or STING reduces mRNA
expression of CCL5, CXCL11, RSAD2 (which en-
codes viperin), and IFIH1 (which encodes MDAS5)
as detected by qRT-PCR in Rev3/ KO 1. Gene
expression (272 of selected ISGs normalized to
HPRT detected by qRT-PCR. Error bars represent
standard deviation. Unpaired 2-tailed Student’s
t test, *p < 0.05, *p < 0.01, **p < 0.001, and
****p < 0.0001.

(B) Same as in (A), except with Rev3/ KO 2.

(C) Efficient knockdown of cGAS or STING protein
levels. The relative quantification of the full-length
cGAS (F.L.), a cGAS smaller species (small), and
STING are displayed underneath each blot. The
signal intensities were first normalized to total
protein.

(D) MDA5, ISG15, and viperin protein levels
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an increase in micronuclei (Gratia et al., 2019; Mackenzie et al.,
2016, 2017; Reislander et al., 2019). There are several sources
of DNA damage that may give rise to a sustained response,
including cytosolic mitochondrial DNA (West et al., 2015) and
cytosolic DNA arising from stalled and processed replication
forks (Coquel et al., 2018). DNA stress may continually arise
from DNA replication fork collapse in the absence of pol ¢,
which could promote the formation of micronuclei and also
release small fragments of DNA. Furthermore, some nuclear
genes, including pol ¢, control mitochondrial DNA integrity.
There is evidence that mitochondrial function is compromised
without pol ¢ (Singh et al., 2015). It remains to be seen whether
micronuclei are the primary instigator of cGAS activation in
cells lacking pol ¢ or whether they are more of an indicator of
DNA degradation.
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signal intensities were first normalized to total
protein signal.

(E) Phosphorylation of S888 in mouse (analogous
to the human S396) of IRF3 in Rev3/ KO MEFs
decreases with knockdown of cGAS and STING.
The relative quantification of p-IRF3 signal in-
tensity-normalized IRF3 is displayed underneath
the p-IRF3 blot. The signal intensities were first
normalized to total protein signal.
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Our experiments were performed with
MEFs immortalized by large T-antigen,
which allowed cellular survival in the
absence of pol ¢. In addition to blunting
p53 activity and inactivating Rb, large
T-antigen has been implicated in impairing
an interferon response to nucleic acids in
primary MEFs and suppressing cGAS-
STING activation in human 293 cells
through an unknown mechanism or mech-
anisms (Lau et al., 2015; Reus et al., 2020).
Which functions of the large T-antigen enable cells to tolerate
Rev3l deletion is an interesting but unexplored question. It could
involve the poorly understood role of large T-antigen in inhibiting
an interferon response or be tied to the blockage of p53 and Rb
functions, or both.

An interferon response can result in shutting down cell growth.
Specifically, cGAS has been tied to promoting senescence in pri-
mary cells (Gluck et al., 2017; Yang et al., 2017). Primary MEFs
lacking pol ¢ only make it approximately two cell divisions before
cell growth completely halts, which is accompanied by an
increase in senescent cells (Lange et al., 2012). Further demon-
strating the essential nature of pol ¢, Rev3/-defective primary ker-
atinocytes are unable to proliferate in a mouse model, and germ-
line disruption of Rev3/ blocks embryo development (Lange
et al., 2012, 2013; Martin and Wood, 2019). It is possible that
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cGAS-STING drives this severe growth arrest in primary cells
due to the loss of pol ¢ function.

In addition to widening our understanding of the lengths that cells
go to protect themselves from the genomic damage induced by the
impairment of pol ¢, these results could have an impact on transla-
tional approaches. A potential approach, suggested by experi-
ments in laboratory settings, has been to disrupt pol ¢ function to
enhance chemotherapeutic effectiveness (Berdis, 2008; Sall
etal., 2017; Xu et al., 2013). An inhibitor that impairs the interaction
of pol ¢ with its regulator REV1 has been developed that sensitizes
cancer cells and xenograft tumors to cisplatin treatment (Wojtaszek
et al., 2019). This approach would have multiple advantages for
therapy by enhancing DNA damage sensitivity and eliminating pol
¢-dependent point mutations during lesion bypass. Our work sug-
geststhat such inhibitors may also induce a cGAS-STING response
due to the increased chromosomal instability. Promoting the acti-
vation of the cGAS-STING pathway as a way to engage the immune
system is being widely explored as a new tool in cancer therapy
(Hoong et al., 2020). Given our results, it would be exciting to inves-
tigate whether pol ¢ disruption could also engage the innate im-
mune system in a way that could be exploited for cancer treatment.
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Cell Signaling Technologies
Cell Signaling Technologies

Cell Signaling Technologies

Cell Signaling Technologies

Cell Signaling Technologies

Cell Signaling Technologies

Cell Signaling Technologies

Cell Signaling Technologies
Cell Signaling Technologies

Cat#3724; RRID:AB_1549585

Cat#31659;
RRID:AB_2799008

Cat#13647;
RRID:AB_2732796

Cat#5321;
RRID:AB_10694490

Cat#4947;
RRID:AB_823547

Cat#4302;
RRID:AB_1904036)

Cat#14994;
RRID:AB_2737027

Cat#3504; RRID:AB_2255663
Cat#5483; RRID:AB_10693472

Mouse anti-Viperin Millipore Cat#MABF106

RRID:AB_11203644
Goat anti-Rabbit 800CW LI-COR Cat#926-32211; RRID:AB_621843
Goat anti-Mouse 800CW LI-COR Cat#827-08364; RRID:AB_10793856
Critical commercial assays
REVERT Total Protein Stain Kit LI-COR Cat#926-11010
ATPlite Luminescence Assay System Perkin Elmer Cat#6016941

MycoAlert Mycoplasma Detection Kit

Lonza Bioscience

Cat#L.T07-218

Deposited data

Raw and analyzed RNA sequencing data

Full immunoblots for the cropped
immunoblots in Figures 1, 3, 4, and S1.

This paper
This paper

GEO: GSE163313

Mendeley Data: https://dx.doi.org/10.
17632/5348dspthz.1

Experimental models: cell lines

Rev3I HET 1 MEFs: Rev3L(+/A) mT/mG
(+/—) MEFs from mouse embryo 3, TAg
immortalized clone 6 (or 3(+)6)

Rev3/ HET 2 MEFs: same as above except
clone 10 (or 3(+)10)

Rev3/ KO 1 MEFs: Rev3L(-/A) mT/mG (+/-)
MEFs from mouse embryo 4, TAg
immortalized clone 5 (or 4(-)5)

Rev3/ KO 2 MEFs: same as above except
clone 10 (or 3(+)10)

Rev3/ HET + EV #Clone: HET 1 + pCDH-
EF1-Flag-HA-Empty, clones: 4, 8 and 11
Rev3/ KO + EV #Clone: KO 1 + pCDH-EF1-
Flag-HA-Empty, clones: 3, 4, and 15

Rev3l KO + TR4-2 #Clone: KO 1 + pCDH-
EF1-Flag-HA-TR4-2, clones: 8, 18, and 21

Lange et al., 2012, 2016

Lange et al., 2012, 2016

Lange et al., 2012, 2016

Lange et al., 2012, 2016

This study

This study

This study

N/A

N/A

N/A

N/A

N/A

N/A

N/A

(Continued on next page)
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Oligonucleotides

“siCTL”: Negative Control DsiRNA Duplex
“sicGAS”: cGAS (MB21D1) DsiRNA Duplex

“siSTING”: STING (TMEM173) DsiRNA
Duplex

Integrated DNA Technologies
Integrated DNA Technologies
Integrated DNA Technologies

Cat#51-01-14-03
Design ID: mm.Ri.Mb21d1.13.1
Design ID: mmRi.Tmem173.13.2

For primers used for gPCR in this study, see See Table S2 N/A
Table S2.

Recombinant DNA

pLEXm-Hisg-MBP-TR4-2 Lee et al., 2014 N/A
pCDH-EF1-Flag-HA-TR4-2 This study N/A
pCDH-EF1-Flag-HA-Empty Tomida et al., 2015 N/A
Software and algorithms

TopHat (version 2.0.10) Kim et al., 2013 N/A
HTSeq package (version 0.6.0) Anders et al., 2015 N/A
R/Bioconductor package edgeR (version Robinson et al., 2010 N/A
3.8.6)

Prism (version 8) GraphPad N/A

RESOURCE AVAILABILITY

Lead contact
Additional information and requests for resources and reagents can be directed to and fulfilled by Lead Contact, Dr. Richard Wood
(rwood@mdanderson.org).

Materials availability
This study did not generate unique reagents.

Data and code availability

The datasets produced in this study have been uploaded to Gene Expression Omnibus. Accession number for the RNA sequencing
data is GEO: GSE163313. The full immunoblot images in Figures 1, 3, 4, and S1 have been uploaded to Mendeley Data: https://dx.
doi.org/10.17632/5348dspthz.1

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The immortalized Rev3/ knockout (KO) and heterozygous (HET) mouse embryonic fibroblast (MEF) parental cell lines in this
study were as described (Lange et al., 2012). In brief, the Rev3/ KO MEFs were generated by large T-antigen immortalization
of primary MEFs isolated from mouse embryos with one null Rev3/ and one floxed allele, followed by ex vivo Ad-Cre deletion
of the floxed allele, and clonal selection to ensure a homogeneous population with the genotype Rev3/”. The Rev3!/ HET MEFs
were isolated in the same manner expect starting MEFs from embryos with one wild-type and one floxed allele, resulting in
MEFs with the genotype Rev3/*’2. The floxed allele was generated by placing loxP sites flanking two conserved exons, corre-
sponding to residues 2776-2860, that contain the three conserved catalytic aspartate residues of REV3L (Wittschieben et al.,
2010). The null allele replaced these two exons with a lacZ-neo® cassette (Wittschieben et al., 2000). In this study two sets of
clones were analyzed. Cells were grown in DMEM (Sigma #5796), 10% fetal bovine serum (FBS) and 1 X penicillin/streptomycin
(GIBCO #15140122). Cell lines were genotyped for Rev3/ allele status as described (Lange et al., 2012), and karyotyping
confirmed the presence of mouse chromosomes only. The RNA sequencing data show that the Rev3/*’* MEF cell line expresses
characteristic Y chromosome genes (Kdm5d, Uty, Eif2s3y, Ddx3y) indicating that it was derived from a male embryo (Mizukami
et al., 2019). The Rev3/”® MEF does not express these genes but expresses Xist, indicating derivation from a female embryo. Al
cell lines were negative for mycoplasma infection as shown by regular checks with a MycoAlert Mycoplasma Detection Kit
(Lonza Bioscience).
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METHOD DETAILS

Generation of TR4-2 expressing Rev3l KO MEFs

The TR4-2 construct, a gift from Dr. Wei Yang (Lee et al., 2014), was cloned into the pCDH backbone with an N-terminal Flag-HA tag
as the same previously described for the full length Rev3/ cDNA (Tomida et al., 2015). The pCDH-Flag-HA-TR4-2 or pCDH-Flag-HA
empty vector was stably inserted into the MEF cell lines using lentiviral infection as previously described (Lange et al., 2016). Three
single clones were isolated for analysis and continually grown in 1 ug/mL of puromycin to ensure stable integration of the construct.

RNA isolation

RNA was isolated from 1.5 x 10° (Figure 2, RNA seq) or 2.5 x 10° cells (Figure 3, gene expression) or 1 x 10° cells (Figure 4, gene
expression), using the RNeasy Kit (QIAGEN # 74104) following the manufacturer’s instructions including the on-column DNase |
digestion (QIAGEN #79254).

Genome-wide mRNA sequencing

mRNA libraries were prepared using the lllumina TruSeq Stranded mRNA kit following manufacturer’s instructions and 75 base
paired end sequencing was run on the lllumina HiSeq 3000. Three biological replicates were prepared for each condition. 41-46
million pairs of reads were generated per sample. Each pair of reads represents a cDNA fragment from the library.

Sequence mapping
The reads were mapped to the mouse genome mm10 by TopHat (version 2.0.10) (Kim et al., 2013). By reads, the overall mapping rate
is 96.0%-97.1%. 93.9%-95.3% fragments have both ends mapped to the mouse genome.

Identifying differential expression

GENCODE Release M19 (Mudge and Harrow, 2015) using htseq-count from HTSeq package (version 0.6.0) (Anders et al., 2015) was
used to determine the number of fragments in identified genes. A normalized estimate of gene expression was calculated as frag-
ments per kilobase of exon model per million reads mapped (FPKM). If genes had less than 10 fragments in all the samples, they
were excluded from differential expression analysis. R/Bioconductor package edgeR (version 3.8.6) (Robinson et al., 2010) was
used to statistically assess differentially expressed genes. Genes with FDR (false discovery rate) < 0.05, fold change > |0.5| and
length > 200 bp were called as differentially expressed. More stringent cut-offs for fold change were used for various analyses as
described below.

Analysis of differentially expressed genes

For gene ontology analysis, genes upregulated more than 4-fold with an FDR < 0.05 were entered into DAVID 6.8 on 02/22/20 and the
top 10 GOTERMS_BP_Direct were plotted based on -log(p value) (Huang et al., 2009a, 2009b). For upstream regulator analysis, differ-
ential expressed genes both upregulated and downregulated more than 4-fold with an FDR < 0.05. were entered into IPA (QIAGEN Inc.,
https://digitalinsights.giagen.com/products-overview/discovery-insights-portfolio/analysis-and-visualization/qgiagen-ipa/). Given that
upregulated genes are overrepresented in the Rev3l KO differentially expressed genes, this results in an expected bias for upstream
regulators that also predominately result in the upregulation of targeted genes which we see in our dataset. Since, bias-corrected
z-scores are not reported for upstream regulators with a |bias term| > 0.5, we’ve reported the uncorrected z-score here. Given that
the majority of differentially expressed genes are upregulated in our dataset, bias is to be expected for transcription regulators that pri-
marily induces expression of genes.

Gene expression analysis by quantitative PCR

High Capacity cDNA Reverse Transcription (Applied Biosciences #4368814) was used to prepare cDNA from 1000 ng of total RNA
from each sample. gPCR was run iTaq Universal SYBR Green Supermix (Biorad #1725121) on the Applied Biosystems 7900HT Fast
Real-Time PCR System. Gene expression of calculated using the 2"2C* method normalizing to the Hort gene. See STAR methods
table for the primers used for mouse Hprt and target genes (Mackenzie et al., 2016; West et al., 2015; Yang et al., 2007).

Immunoblotting

Cells were lysed (3 million cells /100 pL) in lysis buffer (Tris-HCI: 50 mM, pH 7.5, NaCl 250 mM, EDTA 1 mM, Triton X-100 0.1%, 1 X
Protease/Phosphatase Inhibitor Cocktail CST #5872) for 30 min on ice with mixing every 10 min. Debris was pelleted by centrifugation
at 15,000 x g for 20 min at 4°C. Protein amounts were quantified using Biorad Protein Assay (Biorad #500-0006) and a bovine serum
albumin standard curve (Biorad #500-0007) following manufacturer’s instructions. The samples were denatured using 4 x loading
buffer (LI-COR #928-40004). 25 ng of protein / well and Precision Plus Protein All Blue Standards (Biorad #161-0373) were run on
4%-20% polyacrylamide gels (Biorad #4561096) in 1 x Tris/Glycine/SDS buffer (Biorad #161-0772). Protein was transferred to Im-
mobilon-FL PVDF Membrane (Millipore #IPFL0O0010) in 1 x Tris/Glycine buffer (Biorad #161-0772), 20% methanol. After transfer,
membranes were dried. Total protein was measured using REVERT total protein stain kit (LI-COR #926-11010) following the manu-
facturer’s instructions. Membranes were blocked for 1 hin 0.5X Odyssey Blocking Buffer (OBB, LI-COR # 927-50000) in Tris Buffered

Cell Reports 34, 108775, February 23, 2021 e3



https://digitalinsights.qiagen.com/products-overview/discovery-insights-portfolio/analysis-and-visualization/qiagen-ipa/

¢ CelPress Cell Reports

OPEN ACCESS

Saline (TBS) and then incubated in primary antibody overnight at 4°C. The primary antibodies were used at the following dilutions in
0.5XOBB/TBS/0.2% Tween-20. Rabbit anti-HA-Tag (C29F4) (CST #3724, 1:1000), Rabbit anti-cGAS (Mouse specific) (D3080) (CST
#31659, 1:1000), rabbit anti-STING (D2P2F) (CST # 13647, 1:1000), rabbit anti-MDA-5 (D74E4) (CST # 5321, 1:1000), rabbit anti-
ISG15 (CST # 2743, 1:500), rabbit anti-Phospho-IRF-3 (Ser396) (4D4G) (CST #4947, 1:1000), rabbit anti-IRF-3 (D83B9) (CST
#4302, 1:1000), mouse anti-viperin (Millipore #MAB106, 1:250), rabbit anti-STAT1 (D1K9Y) (CST: #14994, 1:1,000), rabbit anti-
TBK1 (D1B4) (CST: #3504, 1:1,000), and rabbit anti-Phospho-TBK1 (S172) (D52C2) (CST: #5483, 1:1,000).

After primary incubation membranes were washed three times in TBS/0.1% Tween-20, and incubated for 1 h in secondary anti-
body either goat anti-Rabbit 800CW (LI-COR #926-32211) or goat anti-mouse 800CW (Li-Cor #827-08364) diluted 1:20,000 in 0.5X
OBB /TBS /0.2% Tween-20/0.01% SDS. After primary incubation, membranes were washed three times in TBS/0.1% Tween-20,
rinsed with TBS, then dried and imaged on the LI-COR Odyssey FC.

Knockdown of cGAS and STING protein levels

600,000 cells were seeded into 10 cm plates. The next day, cells were transfected with 1 nM of the appropriated siRNA using Lip-
ofectamine RNAIMAX (ThermoFisher #13778150) following the manufacturer’s protocols. The following dicer-substrate short inter-
fering RNAs were used: siCTL (IDT: Negative Control DsiRNA # 51-01-14-03), sicGAS (IDT: DsiRNA Duplex mm.Ri.Mb21d1.13.1),
and siSTING (IDT: DsiRNA Duplex mmRi.Tmem173.13.2). After 48 h, cells were harvested in paired pellets for RNA and protein anal-
ysis and flash frozen in liquid nitrogen.

Cisplatin sensitivity

10,000 cells were seeded in triplicate into 96 well plates. The following day cells were treated with the appropriate concentration of
cisplatin or vehicle control. After 48 h, the relative survival of the cells was calculated by using the ATPlite assay (Perkin Elmer
#606016943) following the manufacturer’s instructions.

Micronuclei frequency
20,000 cells per chamber were seeded on four-chamber slides. After 48 h, cells were fixed in 100% methanol and slides were stained
with DAPI. The slides were mounted and imaged. Micronuclei were counted as discrete units distinct from the nucleus.

Single-molecule RNA in situ hybridization

Skin tissues were from previously described 7-10 wk old mice of genotypes BK5.Cre; Rev3*"** and BK5.Cre; Rev3/™"°%. In these
mice, the floxed allele of Rev3! is deleted specifically in epithelial cells where the keratin 5 promoter (BK5) is active (Lange et al.,
2018). Sections of formalin fixed, paraffin-embedded archival blocks were stained with hematoxylin and eosin. RNA in situ hybrid-
ization experiments were performed using RNAscope® (Wang et al., 2012). Paired double-Z oligonucleotide probes were designed
against target RNA using custom software. The following probes were used Mm-Ccl5, cat no. 469601, NM_013653.3, 11 pairs, nt 4-
527 and Mm-Cxcl10-C2, cat no. 408921-C2, NM_021274.2, 16 pairs, nt 11-1012. The RNAscope® 2.5 HD Duplex Reagent Kit
(Advanced Cell Diagnostics, Newark, CA) was used according to the manufacturer’s instructions. Each sample was quality controlled
for RNA integrity with probes specific to the housekeeping genes PPIB and POLR2A. Negative control background staining was eval-
uated using a probe specific to the Bacillus subtilis dapB gene. Brightfield images were acquired using an Aperio ScanScope CS
microscope using a 40x objective. Fields of interfollicular basal epithelial cells with defined nuclei were scored. Positive cells usually
contained only one hybridization focus. Images from three individual mice of each genotype were visualized with QuPath and scored
(15 fields per mouse, total > 800 epithelial cells/mouse).

QUANTIFICATION AND STATISTICAL ANALYSIS
Unpaired two-tailed Student’s t tests were applied to gPCR, micronuclei frequency, and in situ hybridization results using Prism 8.

The significance threshold was set at o < 0.05. On all graphs the mean is graphed and the error bars represent + SD. For the graph of
gene expression (FPKM) from RNA sequencing data (Figure 2D), the error bars represent SEM.
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Figure S1. Shortened REV3L construct rescues phenotypes of pol { disruption in an additional set of clones,
Related to Figure 1

(A) Stable expression of TR4-2 with an N-terminal Flag-HA tag in Rev3/ KO clones as detected by HA immunoblot.
For REVERT total protein loading control see Fig 1 and S1 in Mendeley Data: doi: 10.17632/5348dspthz. |

(B) Stable expression of TR4-2 in Rev3/ KO MEF clones reverses hypersensitivity to cisplatin. MEFs were exposed
to the indicated cisplatin concentrations for 48 hr and relative survival was quantified with the ATPlite assay.
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Figure S2. Heatmap of expression of 24 interferon-stimulated genes, Related to Figure 2
The heatmap was generated with the same RNA-seq data, genes and samples as in Fig 2D and Table S1.



Figure S3. Positive and Negative controls for single-molecule RNA in situ hybridization, Related to Figure 3.
(A) Positive Control. Skin section of a keratin 5 conditional heterozygous Rev3/ mouse (BK.5 Cre Rev3I*"°9) was
analyzed with RNA in situ hybridization probes specific for the housekeeping genes Ppib (blue dots) and Polr2a
(red dots). Arrows point to one example of probe signals.

(B) Negative control. Single-molecule RNA in situ hybridization in skin of keratin 5 conditional heterozygous Rev3/
mouse (BK.5 Cre Rev3I*/*V) using a probe specific for the Bacillus subtillus dapB gene. As expected, no signal is
detected.



Table S1.

Rev3l KO+ EV vs
Rev3l HET + EV

Rev3l KO + TR4-2 vs
Rev3l KO + EV

Gene Log2 Fold FDR Log2 Fold FDR
Name Change Change
Cxcl11 10.08783( 1.43E-08 -5.0312| 0.000362
Lyz2 8.870484| 1.31E-09| -4.772444| 1.91E-05
Oas2 8.267013| 3.67E-05| -6.567388| 0.002339
Oas3 7.959514| 3.31E-06]| -6.542195| 0.000362
Ifi44 7.479926| 1.44E-06| -4.825919( 0.003736
Usp18 6.572054| 7.54E-07| -4.059615| 0.005592
Rsad2 6.196355| 3.40E-05| -4.282616| 0.01059
Oas1g 6.161099| 0.000707]| -5.145596( 0.011973
Irf7 5.839463| 5.85E-11| -3.041723| 0.001875
Mx2 4.957664( 0.000188| -3.258566| 0.041769
Oas1a 4.870041( 0.000783| -4.308707| 0.009657
Oasl2 4.500346( 9.79E-08| -2.551515| 0.010097
Dhx58 4.068542| 2.92E-09| -2.264432| 0.004736
Ccl20 4.171942| 0.004204| -4.143873| 0.013561
Ifit3 3.995032| 9.81E-05| -2.691874| 0.032516
Ifi27 3.896872| 1.04E-07| -1.961613 0.035
Isg15 3.587676| 2.05E-07| -2.203871| 0.007627
Ccl5 3.546222| 3.94E-06| -2.176328| 0.021028
Irf§ 3.182247| 5.70E-05| -0.922754| 0.53922
Ifih1 3.155781| 1.23E-06| -1.783102| 0.032395
Oasl1 3.143506| 0.000161| -1.113838| 0.441074
Ifit1 3.131239| 6.84E-05| -1.706951| 0.113497
Cxcl10 3.042178| 8.26E-06| -0.810127| 0.544102
Ddx58 2.516276| 2.12E-07| -1.110754| 0.114366

Log2 Fold Change of 24 selected interferon stimulated genes, Related to Figure 2




Species Target Direction Sequence (5’ to 3°) Source

Mouse Hprt Forward CTGGTGAAAAGGACCTCTCG Mackenzie et al., 2016
Mouse Hprt Reverse CAAGGGCATATCCAACAACA Mackenzie et al., 2016
Mouse Ccls Forward ACGTCAAGGAGTATTTCTACAC Mackenzie et al., 2016
Mouse Ccls Reverse GATGTATTCTTGAACCCACT Mackenzie et al., 2016
Mouse Cxclll Forward AGGAAGGTCACAGCCATAGC Yang et al., 2007
Mouse Cxclll Reverse CGATCTCTGCCATTTTGACG Yang et al., 2007
Mouse Rsad2 Forward ATAGTGAGCAATGGCAGCCT West et al., 2015
Mouse Rsad2 Reverse AACCTGCTCATCGAAGCTGT West et al., 2015
Mouse Ifihl Forward CGGAAGTTGGAGTCAAAGC West et al., 2015
Mouse Ifihl Reverse TTTGTTCAGTCTGAGTCATGG West et al., 2015
Mouse Isgls Forward CTAGAGCTAGAGCCTGCAG West et al., 2015
Mouse Isgls Reverse AGTTAGTCACGGACACCAG West et al., 2015
Mouse Irf7 Forward CAATTCAGGGGATCCAGTTG West et al., 2015
Mouse Irf7 Reverse AGCATTGCTGAGGCTCACTT West et al., 2015

Table S2. Primers used for qPCR in this study, Related to STAR Methods.
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DNA polymerase zeta contributes to
heterochromatin replication to prevent

genome instability

Barbara Ben Yamin®™', Sana Ahmed-Seghir™S, junya Tomida®>™"@, Emmanuelle Despras™'™ @,
Caroline Pouvelle?, Andrey Yurchenko?, Jordane Goulas®, Raphael Corre*@, Quentin Delacour?,
Nathalie Droin®, Philippe Dessen>, Didier Goidin®(®, Sabine S Lange®**, Sarita Bhetawal®®,
Maria Teresa Mitjavila-Garcia’, Giuseppe Baldacci®, Sergey Nikolaev?, Jean Charles Cadoret®+ (),

Richard D Wood?*( & Patricia L Kannouche™"*

Abstract

The DNA polymerase zeta (Pol{) plays a critical role in bypassing
DNA damage. REV3L, the catalytic subunit of Pol(, is also essential
in mouse embryonic development and cell proliferation for reasons
that remain incompletely understood. In this study, we reveal that
REV3L protein interacts with heterochromatin components includ-
ing repressive histone marks and localizes in pericentromeric
regions through direct interaction with HP1 dimer. We demon-
strate that Pol{/REV3L ensures progression of replication forks
through difficult-to-replicate pericentromeric heterochromatin,
thereby preventing spontaneous chromosome break formation. We
also find that Rev3i-deficient cells are compromised in the repair
of heterochromatin-associated double-stranded breaks, eliciting
deletions in late-replicating regions. Lack of REV3L leads to further
consequences that may be ascribed to heterochromatin replication
and repair-associated functions of Pol{, with a disruption of the
temporal replication program at specific loci. This is correlated
with changes in epigenetic landscape and transcriptional control
of developmentally regulated genes. These results reveal a new
function of Pol{ in preventing chromosome instability during repli-
cation of heterochromatic regions.

Keywords DNA replication; heterochromatin; replication timing; REV3L;

TLS polymerase

Subject Categories Chromatin, Transcription & Genomics; DNA Replication,
Recombination & Repair
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August 2021 | Accepted 28 August 2021

The EMBO Journal (2021) e104543

Introduction

It is well established that DNA polymerase delta (Pold) and epsilon
(Pole) catalyze the high-fidelity duplication of the genome (reviewed
in Burgers & Kunkel, 2017). However, an emerging concept is that
translesion synthesis (TLS) DNA polymerases, known for their
error-prone lesion-bypass properties, can also facilitate synthesis of
non-damaged DNA. TLS polymerases may be employed when
replicative DNA polymerases are not able to pass through stalled
sites of replication at structured DNA sequences and/or hard-
to-replicate genomic regions (reviewed in Tsao & Eckert, 2018). For
example, DNA polymerase eta (Poln) and zeta (Pol{) are required
to maintain common fragile site stability (CFS) in human cells (Ber-
goglio et al, 2013; Bhat et al, 2013; Despras et al, 2016). It is not
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known whether specialized DNA polymerases are recurrently
recruited to DNA more broadly during S-phase to assist replicative
DNA polymerases for replicating unconventional DNA structures
preventing thus genome instability at the cost of increased point
mutations. Intriguingly, growing evidence suggests that replication
timing influences genomic mutation rates with an increasing gradi-
ent of single-nucleotide substitutions that correlate with late-repli-
cating regions (Stamatoyannopoulos et al, 2009; Koren et al, 2012;
Polak et al, 2015), but the causative underlying mechanisms remain
elusive.

Polg is a TLS polymerase complex in eukaryotes, consisting of
four subunits: Rev3, the catalytic subunit, Rev7 that enhances Rev3
activity, and two subunits shared with the replicative polymerase
Pold (Baranovskiy et al, 2012; Johnson et al, 2012; Makarova et al,
2012; Lee et al, 2014). In contrast to other TLS enzymes that belong
to the Y-family of polymerases, Pol{ belongs to the B-family that
includes the highly accurate replicative DNA Pold and Pole (Gan et al,
2008). Pol¢ lacks an intrinsic 3'-5" exonuclease activity, making this
TLS polymerase error-prone with a spontaneous mutation rate that is
10- to 100-fold greater than that of replicative DNA polymerases in
yeast (McCulloch & Kunkel, 2008; Stone et al, 2009). Pol{ is a key
player in translesion DNA synthesis by elongating primer termini that
are positioned opposite base damage and non-instructional lesions
(Johnson et al, 2000). This DNA polymerase has been extensively
characterized in the budding yeast S. cerevisiae, showing that sponta-
neous as well as damage-induced mutagenesis is largely dependent
on Pol{ (Makarova & Burgers, 2015).

Counterparts of the yeast REV genes have been identified in other
eukaryotes. Mouse and human Rev3-like (Rev3l) orthologs have a
large extra segment which is not conserved in yeast REV3 and are
thus about twice the size of the 173-kDa yeast Rev3 (350 and
353 kDa, respectively). Despite the established participation of Rev3l
in important cellular processes (Martin & Wood, 2019), the role of
REV3L protein is incompletely understood and studies have been
hampered by the inability to detect this large protein in cells. Pol{ is
unique among TLS polymerases in mammalian cells, because inacti-
vation of Rev3l gene leads to embryonic lethality in mice (Esposito
et al, 2000; Wittschieben et al, 2000; Van Sloun et al, 2002). Rev3l~/~
mouse embryonic stem cells are not viable, and primary mouse
embryonic fibroblasts (MEFs) obtained from conditional Rev3! knock-
outs show genome instability and growth defects without external
damage to DNA (Wittschieben et al, 2006; Lange et al, 2012). All
these data underscore an essential role of Pol{ in mammalian cells.

In this study, we investigated the biological function of Poll
during S-phase under normal growth conditions. We show that
Pol{/REV3L is able to interact with heterochromatin through direct
interaction with HP1 dimer and ensures progression of replication
forks through the hard-to-replicate pericentromeric heterochro-
matin, thus preventing spontaneous DNA and chromosome break
formation. We also find that lack of REV3L compromises hete-
rochromatin-associated DSB repair and shows increased number of
genomic deletions in late-replicating regions. Lack of REV3L leads to
further consequences that may be ascribed to heterochromatin repli-
cation-associated functions of Pol{, with a disruption of the tempo-
ral replication program at specific loci associated with changes in
epigenetic and transcriptional landscape. These results show that
Pol¢ helps maintain genome stability by contributing to heterochro-
matin replication.
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Results
S-phase progression is altered in Rev3l~/~ MEFs

Pol( is critical for proliferation of normal primary cells, suggesting
that Pol( participates in unchallenged DNA replication (Lange et al,
2012). To gain cellular and molecular insights into its function
during DNA replication, we first investigated the dynamics of S-
phase progression in the absence of REV3L, the catalytic subunit of
Pol¢. Unchallenged Rev3!™/~ and Rev3I”/* mouse embryonic fibrob-
lasts (MEFs) (Lange et al, 2012) were pulse-labeled with the thymi-
dine analog 5'-bromo-2’'-deoxyuridine (BrdU) for 15 min, released
into fresh medium, and harvested at the indicated time points. FACS
analysis showed that cell cycle progression was altered in Rev3l~/~
MEFs (Fig 1A). Indeed, Rev3l™/~ cells exhibited a significant higher
percentage in late S/G2-phase at 4, 6, and 8 h as compared to
control cells. This is mirrored by a depletion of BrdU-positive cells
in Gl/early S at the same time periods (Fig 1A, see red arrows in
upper panel and histograms in lower panel). Moreover, analysis of
BrdU-negative cells showed that Rev3!™/~ cells tend to accumulate
in G2-phase as compared to Rev3l"/* (Fig 1A, see green arrows in
upper panel). Similar observations were obtained using REV3L-
depleted human cells (Fig EV1). These results indicate that cell
cycle progression in Rev3l™/~ cells is impaired in late S-phase and
G2/M-phase and prompted us to investigate the patterns of spatio-
temporal replication in Rev3! null MEFs.

S-phase can be divided into different stages by immunofluores-
cence observation of characteristic thymidine analog incorporation
patterns corresponding to early, mid-, or late S-phase (Dimitrova &
Berezney, 2002; Guenatri et al, 2004). To analyze the spatial organi-
zation of DNA replication in Rev3l™/~ MEFs, cells were pulsed-
labeled with EQU and the replication patterns typically observed in
mouse cells were identified and quantified (Guenatri et al, 2004).
Representative replication patterns for each category are repre-
sented: early S-phase pattern with a high density of small foci
distributed throughout the nucleus (stage I), early-mid-S-phase
pattern with foci which become bigger and less abundant than stage
I (stage II), mid-late S-phase pattern with a typical ring-shaped
labeling around pericentromeric heterochromatin domains (stage
I1), and late S-phase pattern with a few big dots located mainly at
the nuclear periphery and in heterochromatin area (stage IV)
(Fig 1B, upper panel). We found that in the absence of REV3L, the
proportion of cells with an early replication spatial pattern (stage I)
decreased whereas the proportion of cells in mid- and late S-phase
increased (Fig 1B, middle and lower panels). A similar effect was
found after depletion of REV3L in human cells (Fig 1C). These
results suggest that lack of REV3L could affect the temporal control
of DNA replication.

Loss of REV3L delays replication timing in specific genomic loci

We thus examined the replication timing in Rev3I”* and Rev3l™/~
cells after a few (p5 and p7 in Rev3[”* and Rev3l™~ cells, respec-
tively) or serial passages (p60) in cell culture (Fig EV2A). To perform
genome-wide profiling of replication timing (RT), cells were pulse-
labeled with BrdU and sorted into early and late S-phase fractions by
flow cytometry (see methods (Fernandez-Vidal et al, 2014)). Newly
synthesized DNA of each fraction was BrdU-immunoprecipitated and

© 2021 The Authors
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specifically labeled (Cy3 for early fraction and Cy5 for late fraction)
before co-hybridization on microarrays. The replication timing of
genomic domains was obtained by measuring the log2-ratio of early
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versus late fractions and analyzed using the START-R program (Had-
jadj et al, 2020). We first compared the replication timing obtained at
different passages for each cell line. For Rev3l'/" MEF, there was a
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Figure 1. S-phase progression is impaired in Reu3!™'~ MEFs.

Barbara Ben Yamin et al

A Reu3l"" and Rev3l™'~ MEFs were pulse-labeled with BrdU prior to harvesting and analyzed by flow cytometry at different time points. The analysis was focused on S-
phase divided into three parts: G1/early S, middle S, and late S/G2 BrdU" cells. Red arrow represents BrdU™ cells that re-entry in S-phase, and green arrow shows
BrdU~ cells in G2-phase. Histograms represent the percentage of cells in G1/early and late S/G2-phase after BrdU pulse. Error bars represent standard error for three

independent experiments. ns: not significant, *P < 0.05 by Student’s t-test.

B Reu3!"* and Rev3l™'~ MEFs were pulse-labeled with EdU for 15 min, permeabilized, fixed, and stained for EdU incorporation (green). S-phase sub-stages from | to IV
were evaluated by visual inspection of the cycling population (> 300 EdU" cells, top panel). Scale bar = 5 pm. Dot plots and pie charts show the relative proportion
(percentage of total S) of each sub-stage from | to IV (middle and bottom panel, respectively). Each dot represents the mean of two technical replicates.

C Seventy-two hours after transfection with non—targeting (NT) or Reu3/ siRNA, Hela cells were pulse-labeled with BrdU for 15 min, permeabilized, fixed, and stained
for BrdU (red). As in (B), S-phase sub-stages were evaluated by visual inspection of the cycling population (> 300 BrdU" cells, top panel). Scale bar = 5 um. Dot plots
and pie charts show the relative proportion (percentage of total S) of early, middle—late, and late S-phase (middle and bottom panel, respectively). Each dot

represents the mean of two technical replicates.

1.9% difference between p5 and p60. For Rev3l™/~ cells, we observed
only 0.2% difference between p7 and p60, suggesting that the replica-
tion timing remains stable during cell culture passages in both cell
lines, and can be considered as two independent replicates.

We next compared the replication timing between Rev3 and
Rev3l™/~ MEF at early passage. The START-R analysis identified a
set of genomic compartments that changed replication timing in
response to Rev3l inactivation (Fig 2A). About 5.7% of the whole
genome was affected; 19.2% (in bp) of these regions were advanced
in timing, and 80.8% of regions were delayed (Fig EV2B). A major
effect of Rev3l loss was boundary shifts as exemplified in Fig 2A,
corresponding to a delay in regions that lie between early- and late-
replicating domains called temporal transition regions (TTR) by
Gilbert and colleagues (Hiratani et al, 2008). We observed that 67 %
of disturbed domains fall in TTR (corresponding to 83% of delayed
regions).

We then explored the correlation between genomic regions that
changed replication timing in Rev3l™/~ cells (called disturbed
regions) and the coverage for GC and LINE-1 contents (Fig 2B) and
also for H3K27ac, H3K4me3, and H3K27me3 epigenetic marks
(Fig 2C). For each parameter, we observed a molecular signature
intermediate between that of early and late domains, strengthening
our hypothesis that these disturbed regions correspond to TTR. In
Rev3l™/~ cells, 18.7% of TTR were disturbed. These results reveal
that Rev3! inactivation in MEFs induces changes in the temporal
replication program, especially in specific genomic regions located
in TTR and suggest that REV3L/Pol{ might contribute to replicate
these specific loci.

To confirm these observations, we examined the replication
timing in human cells depleted for REV3L. For that, HeLa cells were

I /+

Figure 2. Loss of REV3L disrupts the replication timing in specific genomic loci.

transfected with non-targeting siRNA (siNT) or siRNA against Rev3l.
Sixty hours later, cells were pulse-labeled with BrdU for 1.5 h and
processed as for MEFs. Analysis by the START-R program revealed
116 disturbed regions in REV3L-depleted cells, corresponding to
approximatively 5.4% of the whole genome with more than 70% of
delayed regions (Fig EV2C and D). We found that depletion of
REV3L in human cells affected mostly genomic domains that repli-
cate late in S-phase (Fig EV2E). Thus, the specific replicating
domains disturbed after REV3L depletion are not exactly the same
in MEFs and HeLa genomes (TTR versus Late, respectively).

Rev3l inactivation results in epigenetic changes with down-
regulation of numerous developmentally regulated genes

Links between transcription and replication timing have been well
documented (Hiratani et al, 2008; Sima et al, 2019). Genome-wide
analyses have identified a strong correlation between early replica-
tion and high transcriptional potential (MacAlpine et al, 2004;
Farkash-Amar et al, 2008; Hiratani et al, 2008). We reasoned that
changes in replication timing in the absence of Rev3! may impact
the transcriptional program. We therefore performed microarray-
based transcriptome profiling from Rev3{”* and Rev3l™/~ MEFs
(Fig 3A). Genes altered by at least threefold between conditions
were considered (FDR < 0.05). Analysis of microarray data indi-
cated a total of 317 genes with mRNA expression altered by > 3-fold
in Rev3l-deficient cells as compared to control cells, with 112 genes
up-regulated and 205 genes that were down-regulated. Genes
displaying a down-regulation in Rev3/™/~ MEFs had significant
enrichment for Gene Ontology terms related to organ and system
development (Fig 3B). Prominent repressed genes are in the HoxB

A Cells were pulse-labeled with BrdU for 1.5 h and sorted by flow cytometry in two fractions, S1 and S2, corresponding to early and late S-phase fractions, respectively.
Neo-synthesized DNA was immunoprecipitated with BrdU antibodies. Early and late neo-synthesized DNAs were labeled with Cy3 and Cy5, respectively, and
hybridized on microarrays. After processing analysis with the START-R software, replication-timing profiles were obtained from two replicates (see Fig EV2A). Shown
are the zoomed microarray profiles of the timing of replication on chromosome 1 (136.6-143.5 Mb), chromosome 5 (127.3-134.7 Mb), and chromosome 9 (46.1—

51.3 Mb) from Rev3!"”* and Rev3!/~ MEFs overlaid. Blue lines represent replication timing from Reuv3

[*/* MEFs, and red lines represent replication timing from

Reu3!™'~ MEFs. Genomic regions displaying significant difference between Rev3l"* and Rev3l™'~ MEFs by START-R are indicated by a pink line (P < 0.01).
B Analysis of GC and Line-1 content in early, mid, late, and TTR compared with disturbed replicating regions found in Rev3!™'~ MEFs. Bar in boxplot represents the
median, and red points represent the mean. The limit of the boxes corresponds to the 0.25-0.75 quartiles with whiskers extending to the maximum value of 1.5 times

the interquartile range. Graphs show data from two biological experiments.

C Analysis of the active marks H3K27ac and H3K4me3 and facultative heterochromatin mark H3K27me3 content in early, mid, late, and TTR compared with disturbed
replicating regions found in Rev3!~'~ MEFs. Bar in boxplot represents the median, and red points represent the mean. The limit of the boxes corresponds to the 0.25—
0.75 quartiles with whiskers extending to the maximum value of 1.5 times the interquartile range. Graphs show data from two biological experiments.
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Figure 3. Inactivation of Rev3l impairs expression of numerous developmentally and imprinted genes.

A Heat map showing log2 fold change in differentially expressed genes in Reu3!""* and Rev3I~'~ MEFs from 2 independent biological experiments (Rev3l+/*: samples 1
and 2, Rev3l ™ samples 5 and 6) with 2 technical replicates (samples 3,4,7,8: technical repeats from samples 1,2,5,6, respectively). Several developmentally regulated
genes and imprinting genes (paternally in blue and maternally in pink) down-regulated in Rev3/~/~ MEFs are indicated on the right. Yellow and blue indicate high
and low mRNA expression levels, respectively.

B Top five biological process gene ontology (GO) terms of genes found down-regulated in Rev3/~'~ MEFs transcriptome analysis.

Volcano plot shows in red genes involved in development and imprinting with high fold changes > 3 (FDR < 0.05).

D Relative mRNA levels of four genes involved in development (Hoxb2, Hoxb8, Hoxb9, and WT1) were validated through qRT-PCR from Reu3!""" and Rev3l™~ MEF
samples. The data were normalized to the amount of GAPDH mRNA. Error bars indicate standard error of the mean for three independent experiments. ***P < 0.001
and **P < 0.005 by Student’s t-test.

E Relative mRNA levels of genes involved in imprinting (paternal expressed genes: DIk1 and Slc18a4 and maternal expressed genes: Dcnl and H19) were validated
through qRT-PCR from Reu3!""" and Rev3l™~ MEF samples. The data were normalized to the amount of GAPDH mRNA. Error bars indicate standard error of the mean
for three independent experiments. ***P < 0.001 by Student’s t-test.

(@}

Source data are available online for this figure.
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gene cluster, including Hoxb2 to Hoxb9 as well as two HoxA genes
(Fig 3A and C). Rev3l inactivation also resulted in the decrease in
expression of approximately 14 genes from imprinted loci (corre-
sponding to 6.8% of down-regulated genes,). These included pater-
nally expressed genes DIkI, Snrpn, Peg3, and Mest (Fig 3A, blue)
and maternally expressed genes HI19, Dcn, Meg3, and Cdknlc
(Fig 3A, pink). WT1 is a well-characterized developmental gene that
is mutated in Wilms’ tumor and was identified as being imprinted
(Schwienbacher et al, 2000). This gene was significantly down-regu-
lated by at least 50-fold in Rev3l™/~ MEFs as compared to control
cells. qRT-PCR from independent cell cultures of Rev3l™~ and
Rev3l"/* MEFs confirmed the down-regulation of multiple HoxB and
imprinted genes (Fig 3D and E).

We next asked whether genes showing altered mRNA expression
in the absence of REV3L are located in genomic regions that
displayed a RT delay. For this, we integrated the data on gene
expression and genome-wide profiling of replication timing. We
found that of the 24 genes (corresponding to 7.6% of deregulated
genes) located in these specific genomic domains (Table 1), all
showed less expression in REV3L-defective cells. These observations
are consistent with the fact that late-replicating genes are often
silenced. However, the majority of deregulated genes do not fall
within disturbed regions of replication timing, indicating that down-

The EMBO Journal

regulation of genes might be a secondary consequence of REV3L
inactivation. Nevertheless, these data suggest that loss of Rev3l
is correlated to dysregulation of genes involved in growth and
development.

In addition to gene expression, various genomic features are
linked to replication timing. These include histone modification,
DNA methylation, DNA repeat sequences, ordered chromatin struc-
ture, and nuclear compartmentalization (Aladjem, 2007; Hiratani
et al, 2008). Changes in replication timing as well as dysregulation
of gene expression in response to Rev3l inactivation prompted us to
assess whether these modifications were associated with variations
in global levels of histone modifications. Total histones from
Rev3[** and Rev3l™/~ MEFs were screened by immunoblotting with
a panel of histone modification-specific antibodies. Rev3! inactiva-
tion resulted in a fourfold up-regulation of histone H3K27 tri-methy-
lation (Fig 4A) and a more than two-fold increase in H3K9me3 and
H3K4me3. While H3K27me3 and H3K9me3 are repressive marks,
H3K4me3 is associated with active genes.

We then examined repressive histone modifications (H3K27me3
and H3K9me3) at gene loci down-regulated in Rev3™/~ MEFs (in-
cluding Hoxb2, Hoxb8, WT1). By ChIP-qPCR, we found that
H3K27me3 and H3K9me3 levels were higher in Rev3l/~ than in
Rev3[™”* MEFs (Fig 4B). In contrast, we observed a trend toward

Table 1. Loci displaying both delay in RT and misregulation in Rev3l~/~ MEFs.

Domain Chr Size (bp) Replication timing domain Gene Misregulation (fold change®)
1 1 1,042,476 TTR Pax3 —357
2 2 2,573,606 TTR Plcb4 —417
3 6 6628 128 TTR Frmd4b —313
4 8 671,566 TTR Hand2 —7.69
5 8 641,165 TTR Lpl —27.03
6 10 567,222 TTR Ptprb —5.56
6 10 567,222 TTR Tspan8 —7.14
7 11 920,184 TTR Meisl —5.56
8 12 487,988 TTR Foxgl —20.41
9 12 548,987 TTR DIkl —6.25
9 12 548,987 TTR Meg3 —5.26
9 12 548,987 TTR Mirg —6.67
10 12 1,372,498 TTR Mycn —5.88
11 13 1,179,925 TTR Sfrp4 —6.25
12 14 671,779 TTR Wnt5a —4.55
13 15 1,054,278 TTR FbxI7 —833
14 15 1,145,389 TTR Has2 —4.55
15 17 808,766 TTR Rftn1 —1235
16 18 402,349 TTR Gatab —12.82
17 18 539,392 TTR Pcdhb20 —3.45
17 18 539,392 TTR Pcdhb21 —5.56
18 18 1,232,897 TTR Ppp2r2b —833
19 19 509,162 TTR Aldhlal —1133
19 19 509,162 TTR Aldhla7 —3.57
°FDR < 0.05.

© 2021 The Authors
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Figure 4. Loss of REV3L results in epigenetic changes.

The EMBO Journal

A Total histones were acid extracted from Rev3I"* and Rev3/™/~ MEFs. Samples were analyzed by Western blot using indicated antibodies specific to histone marks
(right panel). An anti-pan H4 or H3 was used as loading control (left panel). Histograms show WT/KO Rev3! fold change relative to the immunoblot shown on the top

panel (using 1x sample intensity).

B Histone mark levels were examined at selected genes repressed in Rev3l~/~ MEFs (Hoxb2, Hoxb8, WT1). Histograms represent enrichment of H3K9me3 and H3K27me3
at indicated loci assessed by ChIP-gPCR in Reu3l"* and Reu3!~~ MEFs. Error bars indicate standard error of the mean for three independent experiments.

C H3K9me3 and H3K27me3 mark levels were evaluated at selected genes that localized in genomic loci displaying replication timing delay and down-regulated in
Reu3I™'~ MEFs (FoxG1, GATA6). Histograms represent enrichment of H3k9me3 and H3K27me3 assessed by ChIP-qPCR at indicated loci in Rev3!"* and Rev3/™~ MEFs.

Error bars indicate standard error of the mean for three independent experiments.

D Southern blot analysis of genomic DNA extracted from Rev3!'* and Rev3!~/~ MEFs and digested with the CpG methylation-sensitive enzyme Maell (5’ -ACGT- 3'). The
membrane was hybridized with radiolabeled probes specific to major satellites. The presented data are representative of two repeats (see Source Data file for this figure).

Source data are available online for this figure.

reduced active marks H3K9ac and H3K27ac in Rev3l™/~ cells
(Appendix Fig S1). We also observed enrichment of repressive
histone marks in gene loci that showed a delay in replication timing
in Rev3l™/~ cells such as FoxGI and GATA6 genes (Fig 4C), support-
ing the idea that the down-regulation of gene expression observed
in Rev3l™/~ cells might be caused by epigenetic silencing.
Constitutive heterochromatin exhibits a chromatin landscape
marked by high levels of H3K9me3, DNA methylation, and histone
hypoacetylation. The pericentromere is a heterochromatic domain
that provides a structural scaffold for centromere formation and plays
a crucial role in genome stability (Allshire & Karpen, 2008). In mouse
cells, pericentromeric heterochromatin consists of ~10° major satellite
DNA repeats that are methylated, decorated by H3K9me3, and
enriched in the heterochromatin protein 1 alpha (HPla) (Maison
et al, 2002). Since we observed an up-regulation of H3K9me3 levels
in Rev3l-deficient cells, we next investigated the DNA methylation
pattern at major satellite repeats. Genomic DNA was extracted from
Rev3I””* and Rev3l™~ MEFs, digested with methylation-sensitive
restriction enzymes Maell, and DNA blots hybridized with major
satellite probes. In Rev3l-deficient cells, a fraction of DNA satellite
was resistant to enzymatic digestion, indicating an increase in DNA
methylation in the absence of REV3L (Fig 4D). Therefore, our data
suggest that REV3L can play a role in the duplication of DNA repeat-
rich pericentromeric regions known to be replicated in mid-to-late S-
phase in mouse cells (Guenatri et al, 2004). Loss of REV3L results in
modification of epigenetic marks in such heterochromatic regions.

Direct interaction of REV3L with HP1 dimer allows REV3L
recruitment at pericentromeric regions

We reasoned that if REV3L is implicated in heterochromatin replica-
tion, it may interact with heterochromatin components. As no
commercially available antibodies can detect endogenous REV3L,
we generated a MEF cell line with an alteration at the genomic Rev3l
locus so that endogenous REV3L protein harbors a 3X-Flag tag
(Flag-REV3L) (Fig EV3A). We first verified that we were able to
detect endogenous Flag-REV3L protein in this cell line (Fig EV3B
and C). We then used co-immunoprecipitation to examine interac-
tion of REV3L with heterochromatin proteins. We found
that both HP1a and ATRX, a chromatin remodeling protein known
to localize in heterochromatin (Eustermann et al, 2011), co-
immunoprecipitated with REV3L. As positive control, we confirmed
that REV7, the regulatory subunit of Pol{, was also co-immunopre-
cipitated (Fig 5A).

© 2021 The Authors

To strengthen these observations, we performed a proximity liga-
tion assay (PLA) that detects protein associations within 40 nm. As
expected, we observed specific PLA signals between REV7 and Flag-
REV3L in the nucleus. We also detected PLA signals between HP1la
and Flag-REV3L (Figs SB and EV3D). We then tested whether
REV3L was spatially close to particular modified histone marks. We
found REV3L enriched in proximity to H3K9me3, H3K27me3,
H3K4me3, H4K20me3, but not to H3K9ac (Figs 5C and EV3E).
Together, these results show that REV3L localizes in heterochro-
matin regions and interacts with heterochromatin proteins and
repressive histone marks.

To better characterize the molecular mechanisms linking Poll/
REV3L to heterochromatin, we examined the subcellular localiza-
tion of REV3L. In mouse cells, pericentromeric heterochromatin
(PHC) domains are easily identified by their intense DNA staining
with the dye DAPI. They are clearly discernible during interphase
when major satellites from different chromosomes associate with
form clusters (so called chromocenters) that co-localize with HP1a
(Maison et al, 2002). To explore REV3L subcellular localization, we
generated a panel of eGFP-tagged REV3L truncated proteins (Fig 5D,
upper panel). All constructs were detected mainly in the nucleus
and localized into chromocenters, visualized by dense DAPI staining
(Fig 5D, lower panel). Interestingly, the smaller REV3L construct
(REV3L7®171:029) consisting of 268 residues was sufficient to target
most, if not all the fusion protein into the nucleus, suggesting that
this polypeptide fragment contains a putative nuclear localization
signal (NLS); the amino acid sequence KSRKRRKMSKKLPP at posi-
tion 960-973 is a good candidate (Nguyen & Lavenier, 2009). More
importantly, this small construct is also sufficient to target fusion
protein into chromocenters. We then confirmed that location in PHC
by visualizing the colocalization of REV3L7*'"1"%%° with HP1la and
H3K9me3 by immunofluorescence (Fig 5E). In the mouse, the asso-
ciation of HPlo at pericentromeric heterochromatin is severely
compromised in cells lacking the H3 Lys9 methyltransferases,
Suv39h1 and Suv39h2 (Peters et al, 2001). We therefore investigated
REV3L localization in Suv39h double-null (dn) cells. HP1a was no
longer enriched at PHC in the Suv39h dn cells as previously reported
(Maison et al, 2002). Likewise, REV3L7611:029 displayed a diffuse
staining throughout the nucleus (Fig EV4A). We also observed that
REV3L7¢"1-9% staining was disrupted when cells were treated with
trichostatin A (TSA), a histone deacetylase inhibitor which rever-
sibly increases the acetylation level of histone H3K9 at pericen-
tromeric regions. In TSA-treated cells, HPlo dissociates from
heterochromatic domains (Taddei et al, 2001), and REV3L76!1:029
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Figure 5. REV3L localizes in heterochromatin through a direct interaction with HP1 dimer.

A Asynchronous MEFs expressing Flag-tagged REV3L from the endogenous locus were lysed, and REV3L was immunoprecipitated using anti-Flag (M2) antibodies. Co-
immunoprecipitated proteins were analyzed by immunoblotting using the indicated antibodies. *: 1gG light chain. This experiment was repeated 2—-4 times.

B Asynchronous MEFs expressing Flag-tagged REV3L were subjected to in situ proximity ligation assay (PLA) to test the interactions REV3L-REV7 and REV3L-HPlo.
Nuclear foci were quantified (more than 150 nuclei for each condition were counted). Reactions omitting one of the primary antibodies were used as negative
controls. Horizontal bars show the mean. Mann—-Whitney test, ns: not significant, ***P < 0.001. Experiments were repeated three times.

C Asynchronous MEFs expressing Flag-tagged REV3L were subjected to PLA to test the interactions REV3L-H4K20me3, REV3L-H3K9me3, REV3L-H3K27me3, REV3L-
H3K4me3, and REV3L-H3K9ac. Nuclear foci were quantified as in (B). Horizontal bars show the mean. Mann—-Whitney test, ns: not significant, ****P < 0.0001. Three

independent experiments were performed.

D Schematic representation of human REV3L and truncated constructs. Conserved domains between yeast and human REV3L are in black blue (the N-terminal domain,
1-333 aa) and in green (the catalytic domain, 2,276-3,130 aa), the REV7 interacting domains are in red (1,880-2,001 aa). A large region in royal blue not found in
yeast protein is almost exclusively encoded by exon 14. All the truncated constructs lack the NTD domain and were fused to GFP. MEFs cells were transiently
transfected with various GFP-REV3L constructs and fixed with 4% formaldehyde. The distribution of the GFP-REV3L mutants was detected by autofluorescence, and

nuclei were visualized using DAPI staining. Scale bar = 5 um.

E  MEFs cells were transiently transfected with GFP-REV3L"®* 9% and fixed with 4% formaldehyde. The distribution of GFP- REV3L"®* % was detected by
autofluorescence (green), chromocenters were visualized by H3K9me3 immunostaining (red, top panel) or HP1a (red, bottom panel), and DNA was counterstained
with DAPI. Line scans represent the colocalization of proteins within each image (right panels). Scale bar = 5 pum.

F Sequence alignment of proteins containing the PxVxL motif important for an interaction with HP1, with canonical residues shown in red.

MEFs cells were transfected with GFP-REV3L’®*9%° WT PSWL or ASAVA mutant and fixed with 4% formaldehyde. The distribution of GFP-REV3L constructs was
detected by autofluorescence (green), chromocenters were visualized by HP1a immunostaining (red), and DNA was counterstained with DAPI. Scale bar = 10 um.

H Human 293T cells were transfected with either FH-REV3L’°°°° mutant V802D F-H-REV3L7°°~°%° or empty vector. Forty-eight hours after transfection, cell lysates
were made and used for immunoprecipitation with HP1 antibody. Western blot was processed, and membranes were immunoblotted with the indicated antibodies.

| 293T cells were co-transfected with F-H-REV3L7°%-%° or empty vector and V5-HP1y, mutant IY/EE V5-HP1y or empty vector. Forty-eight hours after transfection, cell
lysates were made and used for immunoprecipitation with a-V5 antibody. After electrophoresis, samples were immunoblotted with anti-HA, anti-HP1y, or anti-o-

Tubulin as indicated.

] 293 cells were transfected with various GFP-REV3L constructs or empty vector (GFP). Twenty-four hours after transfection, cell lysates were made and GFP-REV3L was
affinity-purified on GFP-Trap beads. After electrophoresis, samples were analyzed by immunoblotting with antibodies against SCAI or HP1f as indicated.

K MEFF128REV3L \vere transfected with various GFP-SCAI constructs, empty vector (GFP), or not transfected (@). Twenty-four hours after transfection, cell lysates were
made and Flag-REV3L was affinity-purified on M2 beads. After electrophoresis, samples were analyzed by immunoblotting with antibodies against GFP or Flag (M2).

*: non-specific bands.

Source data are available online for this figure.

followed this distribution (Fig EV4B). The localization to chromo-
centers was re-established rapidly after drug removal. Collectively,
these results strongly suggest that HPla is required for targeting
REV3L to pericentromeric heterochromatin.

We therefore assessed whether REV3L directly interacts with
HP1la. The chromoshadow domain of HP1a interacts with proteins
containing a pentapeptide motif, PxVXL (Murzina et al, 1999; Thiru
et al, 2004). Such a motif is present at position 800-804 in the 268-
amino acid polypeptide (REV3L7®""1%2%) that can target pericen-
tromeric heterochromatin (Fig 5F). The PxVXL sequence and the
putative NLS in this region are both completely conserved in verte-
brate REV3L [(Fig EV4C) and Appendix Fig S1 in Lange et al,
2016)]. We tested whether this motif was critical for REV3L localiza-
tion into chromocenters by introducing point mutations in the
PSVVL motif. Localization of a transfected mutant GFP fusion
protein (e.g., ASAVA) was strongly impaired (Fig 5G). Two alterna-
tive candidate PxVxL motifs are present near the C-terminus of
REV3L. The expression of a REV3L construct containing these two
motifs (GFP-REV3L*7327313%) in mouse cells showed a diffuse stain-
ing in both nucleus and cytoplasm (Fig EV4D), indicating that these
motifs alone cannot target REV3L at PHC. Taken together, these
data reveal that the PxVXL motif at position 800-804 is important
for REV3L localization at pericentromeric heterochromatin.

To confirm a direct interaction between REV3L and HP1, we
performed a GST pull-down assay by using fusion polypeptides puri-
fied from E. coli. GST-XPA was used as negative control. While
GST-REV3L7%°°% constructs bound to His-HP1a and His-HP1y, the
V802D mutant REV3L°°°% did not (Fig EV4E), demonstrating that
REV3L directly interacts with HP1 via its PxVXL motif at position

© 2021 The Authors

800-804. We confirmed these results by transfecting 293T cells with
plasmids expressing F-H-REV3L7%%°%° V802D F-H-REV3L7%°°% or
empty vector. WT REV3L7%°9% byt not the mutant co-immunopre-
cipitated using HP1y antibody (Fig 5H).

Homodimerization of HP1 through its chromoshadow domain is
critical for HP1 binding of H3K9me3 chromatin and chromatin
condensation (Hiragami-Hamada et al, 2016). To gain insight into
the molecular interaction between REV3L and HP1, we asked
whether HP1 dimerization is mandatory for REV3L interaction with
HP1. 293T cells were co-transfected with F-H-REV3L7°°% or empty
vector and V5-HPly, IY165-168EE V5-HP1ly mutant (unable to
dimerize), or empty vector. We found that dimerization of HP1 is
required for its interaction with REV3L (Fig 5I). We confirmed this
result using F-H-tagged full-length REV3L (Fig EV4F). These results
suggest that REV3L binds HP1 when HP1 forms condensed
H3K9me3-modified chromatin.

We then evaluated at the endogenous level whether REV3L inter-
acts with HP1 only at chromocenters, or also in heterochromatic
regions dispersed in the genome. For that, we used images acquired
for REV3L-HP1 PLA quantification (Figs 5B and EV3D) and deter-
mined the localization of each signal in the nucleus (Fig EV4G).
Given that replication of pericentromeric regions occurs mainly at
the surface of the chromocenters where PCNA is located (Quivy
et al, 20042004), we distinguished foci “In/around” of chromocen-
ters with foci “Out” of chromocenters. We used DAPI density to
recognize these structures. We determined the localization of
REV3L-HP1 PLA signals in 115 nuclei. We observed that 41/115
cells (36%) have > 2 REV3L-HP1 PLA foci in/around chromocen-
ters, suggesting that REV3L interacts with HP1 in pericentromeric
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regions in one third of cells which probably undergo DNA replica-
tion. The mean of REV3L-HP1 PLA foci in and out of chromocen-
ters/nucleus was 1.25 and 4.4, respectively (Fig EV4G), consistent
with the idea that REV3L interacts with HP1 in pericentromeric hete-
rochromatin, but also in other heterochromatic regions localized
throughout the genome. To further explore specific interactions of
REV3L with heterochromatin, we examined the HP1-binding protein
SCAI (suppressor of cancer cell invasion; C9orfl126) (Nozawa et al,
2010). SCAI functions in connection with 53BP1 to mediate ATM-
dependent DSB signaling in heterochromatin (Hansen et al, 2016).
A mass spectrometry-based approach identified REV3L as a high-
confidence SCAI interactor (Appendix Fig S1 in Isobe et al, 2017).
We validated the REV3L-SCAI interaction by co-immunoprecipita-
tion with GFP-tagged REV3L constructs (Fig 5J). These experiments
showed that SCAI-REV3L interaction is mediated by a region in
REV3L between amino acids 1,030-1,876. HP1p was used as posi-
tive control for its interaction with residues 800-804 in REV3L.
Further, full-length SCAI, but not SCAI'2%* or SCAI'™**?, can be co-
immunoprecipitated with endogenous REV3L (Fig 5K), indicating
an interaction of REV3L with the C-terminal part of SCAIL

REV3L facilitates replication through pericentromeric
heterochromatin, preventing DNA double-stranded breaks

These observations prompted us to investigate whether Pol{/REV3L
may facilitate DNA replication at pericentromeric heterochromatin.
DNA combing coupled with PNA probe hybridization was
performed to specifically analyze pericentromeric fibers indepen-
dently from bulk DNA fibers by using pericentromeric Satellite III
(SatIll) repeats as probe (5-TGGAA). We found that depletion of
REV3L in HeLa cells resulted in shorter nascent DNA tracks and an
increased fork ratio at Satlll regions, indicating that REV3L loss
impairs fork progression at pericentromeric regions (Fig 6A). In
contrast, REV3L depletion does not have a major effect on genome
replication dynamics globally. However, a slight but significant

Barbara Ben Yamin et al

increase in fork ratio was observed at globally after REV3L deple-
tion, suggesting that Pol{/REV3L might assist replication of genomic
regions in addition to pericentromeric heterochromatin.

Given that REV3L loss leads to genomic instability and chromo-
some breaks (Wittschieben et al, 2000), we asked whether DNA
double-stranded breaks (DSBs) occur in heterochromatin regions.
We first used PLA to examine whether DSB markers 53BP1 and
YH2AX were spatially close to the heterochromatin-associated
factor HP1 in Rev3l™/~ cells. We observed that specific PLA signals
between 53BP1 and HP1a (Fig 6B) and YH2AX and HP1p (Fig 6C)
were higher in Rev3l™/~ cells than in Rev3["/" cells in unchallenged
conditions. We confirmed these observations in human cells after
depleting REV3L in RPE and HeLa cells (Fig 6D and E, respec-
tively). These results suggest that DNA replication forks in hete-
rochromatic regions might be prone to collapse in the absence of
Pol{/REV3L.

Thus, we explored the consequences of REV3L depletion on
PHC stability. DNA fluorescence in situ hybridization was
performed on metaphase chromosome spreads using major satel-
lite DNA as probe. For spontaneous breaks (in the absence of
aphidicolin), a Rev3l defect elevates the frequency of breaks ~20-
fold in pericentromeric regions (Fig 6F, upper panel), and about
10-fold in non-pericentromeric regions (Fig 6G). The consequence
of Rev3l disruption is thus highly biased toward pericentromeric
breaks, indicating an especially important function of Pol  in
PHC. A variety of abnormalities were observed in PHC, including
breaks/gaps, loss, duplication, and rearrangement (Fig 6F, lower
panel). Exposure to aphidicolin (causing fork slowing) increases
breaks in all regions. In PHC, the increase is Rev3l-dependent
(Fig 6F), indicating that pol { is also particularly important in PHC
for limiting the frequency of aphidicolin-stimulated breaks. In
non-pericentromeric regions, Rev3l status did not affect the aphidi-
colin-stimulated frequency, showing that other mechanisms are
effective globally in preventing the additional breaks initiated by
aphidicolin.

Figure 6. REV3L facilitates replication in pericentromeric heterochromatin, preventing DNA double-stranded breaks.

A Representative fibers of newly synthesized DNA labeled with IdU (red) for 30 min and CldU (green) for 30 min in Hela cells transfected with non-targeting siRNA
(SINT) or siRNA against Reu3l. Satlll probe is visualized in blue. Scale bar: 10 um = 20 kb. Relative Rev3l mRNA level normalized to GAPDH mRNA level is shown (top
panel). Distribution of fork speeds (kb/min) and fork ratios (IdU/CIdU track length) are shown in dot plots for Satlll and global DNA (bottom panel). The number of
fibers analyzed is indicated in (n). Bars represent the median =+ interquartile range (Mann-Whitney test. ns: not significant, *P < 0.05; **P < 0.01, ***P < 0.001 and

****p < 0.0001). The presented data are representative of three biological repeats.

B Asynchronous Rev3l** and Rev3l™~ MEFs were fixed with PFA then subjected to in situ proximity ligation assay (PLA) using 53BP1 and HP1a antibodies; then, PLA
foci were counted in both cell lines (more than 150 nuclei for each condition were counted). P-values were calculated by Mann-Whitney test (****P < 0.0001). Red
lines indicate the mean values. Error bars: SEM. Controls with a single antibody are also shown. Experiments were repeated three times. Representative images are

shown. Scale bar = 5 pum.

C  Asynchronous Rev3l"* and Rev3l~~ MEFs were subjected to PLA as by using YH2AX and HP1p antibodies and processed as in (B). P-values were calculated by
Mann-Whitney test (*P < 0.05). Red lines indicate the mean values. Error bars: SEM. Controls with a single antibody are also shown. Three independent

experiments were performed.

D  RPE cells were transfected with non-targeting siRNA (siNT) or siRNA against Reu3l; then, 72 h later cells were subjected to PLA by using 53BP1 and HP1a antibodies
and processed as in (B). P-values were calculated by Mann-Whitney test (****P < 0.0001). Red lines indicate the mean values. Error bars: SEM. Three independent

experiments were performed.

E  Hela cells were transfected with non-targeting siRNA (siNT) or siRNA against Rev3l; then, 72 h later cells were subjected to PLA by using 53BP1 and HP1a
antibodies and processed as in (B). P-values were calculated by Mann-Whitney test (***P < 0.001). Red lines indicate the mean values. Error bars: SEM. Three

independent experiments were performed.

F.G Reu3l"" and Rev3l~/~ MEFs were incubated with or without 0.23 pM aphidicolin for 24 h before metaphase spreading. FISH was performed using major satellite
probe to quantify breaks in pericentromeric regions (F). Representative images of chromosomes showing abnormalities (see arrows) in pericentromeric regions from
Rev3/™'~ MEFs. Chromosomes were labeled with DAPI, and breaks in non-pericentromeric regions were quantified (G). Error bars indicate standard error of the
mean for three independent experiments. Mann—Whitney test (ns: not significant, *P < 0.05; ***P < 0.001).
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Reu3lI-deficient cells show increased number of
genomic deletions

To gain deeper insight into the role of Pol{/REV3L in preventing DSBs
and genomic instability at the genome-wide level in mammalian cells,
we characterized structural variations that arise upon loss of Rev3l.
Whole-genome sequencing from subclones of Rev3l-deficient MEFs
was analyzed (Fig 7A). We identified in total 102 structural variants,
including 66 deletions, 13 inversions, 10 duplications, and 13
complex events from 4 samples (Fig 7B), using both GRIDSS2 and
Manta algorithms (see Materials and Methods). The mean deletion
size was 2,092 bp and ranged from 55 to 9,115 bp. Importantly, we
found 61 deletions in Rev3!/~ samples and only 5 in Rev3l”"
samples (95%CI = 7.6-13.4, P-value < 2.2e-16, Poisson test) and the
number of deletions was consistent between replicates (Fig 7C). Note
that none deletion was shared between samples, suggesting that they
occurred during independent cell cultures. Moreover, the size of the
deletions that accumulate in Rev3l™/~ cells was within a rather
narrow range, with 21 deletions (34 %) smaller than 1,000 bp.

We then correlated deletions with replication timing observed in
Rev3l™/~ cells and found that deletions were preferentially localized
in late-replicating regions as well as in domains for which replica-
tion timing was disturbed in the absence of REV3L (Fig 7D). Given
that heterochromatic regions (facultative and constitutive) replicate
in mid- and late S-phase, we assume that deletions found in Rev3l™""
~ mouse cells might be initiated by replication-associated DSBs that
arise when replication forks stall and collapse in difficult-to-replicate
heterochromatic regions.

Loss of REV3L compromises heterochromatin-associated
DSB repair

The results above imply that spontaneous DSBs originate in Rev3l-
deficient cells, at least partly, as a consequence of inefficient replica-
tion fork progression through heterochromatin. However, it has
been proposed that Pol{/REV3L can also facilitate DSB repair by
homologous recombination (Sharma et al, 2012). Therefore, the
high level of DSBs in the absence of Pol could be due to a combina-
tion of increased replication-associated DSBs and inefficient repair
of those breaks.

To investigate the effect of Pol{/REV3L in regulating repair of
heterochromatin-associated DSBs, we challenged MEFs with UV
radiation. This should lead to enhanced replication-associated DSBs
in Rev3l™/~ cells (Sonoda et al, 2003). DSB signaling and repair
were monitored in several ways. Phosphorylation of the Kruppel-
associated box (KRAB)-associated co-repressor, KAP1 by ATM in
response to DSBs, occurs during DNA repair in heterochromatin
(Goodarzi et al, 2008). There was a marked increase in S824-phos-
phorylated KAP1 from 2 J/m? in Rev3l™/~ MEFs (Fig 8A and B)
which remained elevated 24 h after UV irradiation. In contrast,
induction of pKAP1 required higher doses in Rev3["* MEFs and
Rev3l™/~ cells complemented with REV3L, and largely disappeared
after 24 h. This suggests that heterochromatin-associated DSBs
accumulate in UV-irradiated cells when Pol{ is missing. Moreover,
Rev3l™~ cells had increased activation of phosphorylated (S4-S8)
RPA2 (an indicator of resection at DSBs), and a persistent level of
pCHKI1 (Fig 8A and B). Similar results were obtained in human cells
after down-regulating REV3L in HeLa and RPE cells (Fig EVS5).

14 of 27 The EMBO Journal €104543 | 2021

Barbara Ben Yamin et al

We further examined the dynamics of DSB formation and repair
by single-cell immunofluorescence. Following irradiation with 4 J/
m?, the levels of 53BP1 foci in EAU" cells slightly increased 6 h after
UV exposure in Rev3l-proficient cells and returned to a basal level
24 h later (Fig 8C and F). In Rev3l~/~ cells in S-phase, 53BP1 foci
accumulated at 5.6-fold higher levels 24 h post-UV.

To assess a potential defect in Rev3l-deficient cells to complete
DNA repair by homologous recombination (HR), we quantified the
level of resection indirectly by measuring levels of chromatin-bound
RPA2 in individual cell nuclei 24 h after UV irradiation. In agree-
ment with pRPA2 immunoblots, we observed that chromatin-bound
RPA2 was 3.6-fold higher in cells lacking REV3L than in wild-type
cells (Fig 8D and G). We also evaluated RAD51 focus formation, an
indicator of HR initiation. Twenty-four hours after UV exposure,
RADS1 foci were elevated 3-fold in Rev3l-deficient MEFs compared
with wild-type cells (Fig 8E and H). This suggests that Pol{/REV3L
may be required for efficient completion of DSB repair by HR.

Discussion
Pol{ contributes to heterochromatin replication and repair

This study unveils a direct role for mammalian Pol{/REV3L in repli-
cation and repair in heterochromatin. Several lines of evidence point
toward this conclusion, summarized in Fig 8I. First, inactivation of
Rev3l drives an elevated number of breaks and structural variations
in heterochromatic regions, particularly deletions that likely arise as
a consequence of replication fork stalling or collapse occurring
during DNA replication. Second, Pol{/REV3L influences replication
fork progression in pericentromeric heterochromatin. REV3L-
compromised cells exhibited a marked decrease in fork speed at
pericentromeres which contain highly repeated DNA sequences
embedded into compacted chromatin, making them difficult to repli-
cate. A disruption of replication timing at specific loci mainly
located in TTR may also be ascribed to heterochromatin replication
and repair-associated functions of Pol{. Third, we show that Pol{
directly interacts with specific components of heterochromatin
including HP1 and SCAI. Fourth, we show that REV3L disruption is
correlated with changes in epigenetic landscape and transcriptional
control of developmentally regulated genes.

Pol¢/REV3L interacts with heterochromatin proteins

We found that REV3L directly interacts, via a central PxVxL motif,
with the heterochromatin component HP1. Dimerization of HP1 is
necessary for interaction with REV3L, indicating that such binding
occurs only when HP1 is engaged on chromatin through its reader
interaction with H3K9me3 (Hiragami-Hamada et al, 2016). The
PxVxL motif located at positions 800-804 in the human REV3L
sequence is embedded in a larger region that is well-conserved in
vertebrates but absent in invertebrate and fungal genomes. This
indicates that the heterochromatin targeting of Pol described in this
study evolved in concert with larger genomes having more complex
controls. The REV7 subunit also is associated with HP1a (Tomida
et al, 2018), suggesting another mode of interaction of Pol{ with
heterochromatin. It is not yet known whether Poll associates with
the replisome to duplicate heterochromatin regions. The replisome

© 2021 The Authors
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Figure 7. Rev3I-deficient cells show numerous genomic deletions.

A Experimental design for the whole genome sequencing of Rev3I-deficient cells. Populations of mouse embryonic fibroblasts Reu3!™"" and Rev3I™~ were isolated from
Reu3l™* and Reu3I™ % |ittermates, and Rev3! was excised using CRE recombinase. The resulting Rev3/-deficient cells and Rev3l™* cells were expanded for 90

doublings. Rev3I™* and Rev3/~~ subclones were then isolated for deep sequencing.

B Percentage of rearrangements (deletions, duplications, and inversions) identified in Rev3/™" and Rev3/~~ subclones.
Size distribution of the deletions detected in Rev3!”" and Rev3/™~ subclones. Poisson test. Deletions were counted from four independent clones.
D Distribution of the deletions detected in Rev3I™'~ subclones related to the replication timing in deletions per megabase. Difference between late and early regions is
statistically significant (P = 0.01454, Poisson test with the correction for different length of intervals through the ratio). Data were calculated from two independent

clones.
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Figure 8. REV3L loss compromises heterochromatin-associated DSB repair.

H+H/+

A Asynchronous Rev3/
with indicated antibodies.

The EMBO Journal

and Rev3/™'~ MEFs were UV-irradiated at the indicated doses and harvested 6 or 24 h later. Cell lysates were analyzed by immunoblotting

B Asynchronous Rev3l~'~ MEFs complemented with empty vector (EV) or REV3L were UV-irradiated at the indicated doses and harvested 6 or 24 h later. Cell lysates

were analyzed by immunoblotting with indicated antibodies.

C-E Asynchronous Rev3l"* and Rev3l~'~ MEFs were pulse-labeled for 15 min using 10 uM EdU then UV-irradiated at 4 J/m Cells pre-treated with CSK buffer were
fixed, and 53BP1, RPA, and RAD51 were detected by immunofluorescence. Representative images in non-irradiated cells (NI) and quantification of 53BP1 foci in
EdU-positive cells at different time points are shown (C). Scale bar = 10 um. Quantification of the intensity of chromatin-bound RPA2 (D) and RAD51 foci (E) 24 h
after UV irradiation was performed. The number of cells analyzed is indicated in (n) on each graph. ***P < 0.001 (Kruskal-Wallis test). The presented data are

representative of 2 repeats. Bars represent the median + interquartile range.

F-H Asynchronous Rev3l~'~ MEFs complemented with empty vector (EV) or REV3L were processed as in (C). Quantification of 53BP1 foci in EdU-positive cells at
different time points is shown (F). Quantification of the intensity of chromatin-bound RPA2 (G) and RAD51 foci (H) 24 h after UV irradiation was performed. The
number of cells analyzed is indicated in (n) on each graph. ***P < 0.001 (Kruskal-Wallis test). The presented data are representative of two repeats. Bars represent

the median =+ interquartile range.
| Model that summarizes the results obtained in this study.

Source data are available online for this figure.

may change throughout the S-phase to assist conventional DNA
polymerases to duplicate challenging areas of the genome such as
compacted heterochromatin. Potentially, targeting of REV3L to hete-
rochromatin could facilitate a proposed catalytic subunit switch with
Pold, mediated by PCNA and the shared POLD2 and POLD3 subunits.
The interaction of the DONSON protein and the FANCM translocase
with the replisome complex is dependent on replication timing and
chromatin environment (Zhang et al, 2020). Further, progression of
replication forks through pericentromeric heterochromatin is also
facilitated by the shelterin subunit TRF2, in association with the heli-
case RTELl1 (Mendez-Bermudez et al, 2018). Investigation is
warranted to define whether REV3L/Pol{ works together with TRF2
and RTELLI to facilitate fork progression in heterochromatic regions.

Pol{ limits heterochromatin-associated DSBs

Our data also show that Rev3l-deficient MEFs exhibit an increased
incidence of deletions, preferentially in late-replicating regions. This
is consistent with the observed ~10-fold increase in the frequency of
DNA double-stranded breaks and chromosome rearrangements in
such MEFs (Lange et al, 2013, 2016), similar to the spectrum of
changes in HR-deficient MEFs (Wittschieben et al, 2006). The
present study shows that many spontaneous DSBs originate during
replication of pericentromeric heterochromatic regions. We also
provide evidence that Rev3l inactivation compromises repair of hete-
rochromatin-associated DSBs. Low doses of UV radiation provoke
replication-associated DSBs, leading to a massive increase of
sustained 53BP1 foci in S-phase, but also markers of HR including
pRPA2 and RADS1 foci. One hypothesis to explain the high level of
these breaks can be the delay in repair caused by saturation of the
repair machinery in Rev3l KO cells. Alternatively, Pol{/REV3L might
be required for efficient HR-associated DNA synthesis to complete
DSB repair (Sharma et al, 2012). There is evidence that Pol{-medi-
ated DNA synthesis occurs during DSB repair in some settings in dif-
ferent organisms (Kane et al, 2012) (Martin & Wood, 2019). The
contribution of specific DNA polymerases in HR-associated DNA
synthesis may be subject to temporal control of replication and to
chromatin composition. Indeed, our results showed that Rev3I-defi-
cient cells fail to efficiently resolve DSBs in heterochromatin, with a
pronounced persistence of S824-phosphorylated KAP1, known to
facilitate chromatin decondensation and allows efficient DSB repair

© 2021 The Authors

in heterochromatin (Goodarzi et al, 2008). Consistent with this, we
demonstrated that REV3L interacts with the SCAI protein, a media-
tor of 53BP1-dependent repair of heterochromatin-associated DSBs
(Hansen et al, 2016). By interacting with 53BP1, SCAI counteracts
RIF1 function, facilitating BRCAl-mediated repair (Isobe et al,
2017). Future studies may determine the mechanisms by which
Pol({/REV3L is involved in the repair of heterochromatin-associated
DSBs by interaction with SCAL.

Absence of Pol( disrupts replication timing at specific loci

We found that REV3L loss perturbs the temporal replication program
in mouse and human cells, which might be a consequence of fork
progression alterations. The replication-timing defect affects only
specific areas, mainly in temporal transition regions, corresponding
to 5.7% of the whole genome in Rev3l-deficient mouse cells. This is a
contrast to the change in replication patterns following inactivation of
RIF1, with a shift in replication timing in over 40% of all replication
segments (Cornacchia et al, 2012; Hayano et al, 2012). Our data indi-
cate an involvement of REV3L/Pol{ in the replication of particular
TTRs that lie between early-replicating DNA and late-replicating DNA
and, therefore, often replicate in mid-to-late S-phase. Consistent with
this, pericentromeric heterochromatin is replicated in mid-to-late S-
phase in mouse cells (Guenatri et al, 2004; Natale et al, 2018). Repli-
cation in TTR is achieved by either sequential activation of a series of
origins (Guilbaud et al, 2011) or sequential activation of single long
unidirectional fork that initiates at an adjacent early origin (Norio
et al, 2005; Hiratani et al, 2008; Schultz et al, 2010). It has been
reported that the replication machinery propagates at a slower veloc-
ity in some TTRs (Farkash-Amar et al, 2008; Desprat et al, 2009;
Donley & Thayer, 2013), suggesting that one major consequence is an
increase in the probability of replication fork stalling and breaks as
has been proposed for fragile sites (Watanabe & Maekawa, 2010;
Letessier et al, 2011; Ozeri-Galai et al, 2014). Consistent with this,
Rev3l-deficient MEFs exhibit genomic deletions in perturbed TTR.

Potential contribution of REV3L/Pol( to the mutation rate in
late-replicating heterochromatic regions

A growing body of evidence suggests that the replication-timing
program strongly influences the spatial distribution of mutagenic
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events during both species and cancer evolution with an increasing
gradient of single-nucleotide substitutions that correlate with late-
replicating heterochromatic regions (Stamatoyannopoulos et al,
2009; Koren et al, 2012; Schuster-Bockler & Lehner, 2012). Given
the error-prone activity of Pol, our results suggest that REV3L/Pol(
may contribute to this increased mutation rate in heterochromatic
regions which are relatively poor in transcribed genes. This is
consistent with a bioinformatic analysis showing that mutations
related to Pol{ signature increase in late-replicating regions of the
human genome (Seplyarskiy et al, 2015). Moreover, experiments in
yeast established that late-replicating regions of the genome also
have higher rates of spontaneous mutagenesis than early-replicating
regions. Deletion of yRev1 significantly lowers mutation rate specifi-
cally in these late-replicating regions, suggesting that Revl/Pol{
complex is involved in the gradient of mutagenesis in lower eukary-
otes (Lang & Murray, 2011).

REV3L loss impacts the epigenetic landscape and
transcriptional program

The majority of disturbed regions in Rev3l-deficient mouse cells
(> 80%) replicate later than in wild-type cells, suggesting hete-
rochromatinization of these regions that shifts their replication
timing. We further found that the inactivation of Rev3! affects epige-
netic landscape and transcriptional program in mouse cells, with a
substantial increase in H3K27me3 levels and, to a lesser extent,
H3K9me3 and H3K4me3. This may be linked to DSB repair
processes. Heterochromatin factors including KAP1, HP1, and the
H3K9 methyltransferase Suv39hl accumulate rapidly and tran-
siently at DNA damage sites, in both euchromatic and heterochro-
matic regions (Lemaitre & Soutoglou, 2014; Nikolov & Taddei,
2016). Moreover, polycomb proteins involved in gene silencing at
facultative heterochromatin are also recruited to DSB sites, where
they are thought to switch off transcription to facilitate DSB repair
(Vissers et al, 2012; Ui et al, 2015). Thus, continued DSB formation
in Rev3l-deficient cells might result in a “heterochromatinization” at
particular genomic regions. Interestingly, the TLS polymerase REV1,
a key partner of Polf, also influences the epigenetic landscape.
During DNA replication, REV1 is required for the maintenance of
repressive chromatin marks and gene silencing in the vicinity of G4
structure in DT40 chicken cells (Sarkies et al, 2010). Moreover,
REV7 has been shown to function in epigenetic reprogramming by
interacting with the G9a/GY9a-like protein (GLP) histone lysine
methyltransferase complex which catalyzes H3K9 mono- and
dimethylation (Pirouz et al, 2013).

Our transcriptome analysis revealed that Rev3l-deficient cells
repress numerous genes, known to contain bivalent promoters such
as multiple Hox genes which are regulated by H3K27me3/H3K4me3
(Sachs et al, 2013). Whether REV3L/Pol( contributes to H3K27me3
regulation during DNA replication is largely unexplored. Of note,
the large majority of the genes whose expression is down-regulated
by Rev3l deletion do not fall within disturbed regions of replication
timing. One possibility is that gene repression is due to the hete-
rochromatinization of the loci that undergo continued DSBs repair.
This implies that DSBs induced by Rev3! inactivation occur not only
in heterochromatin, but also in euchromatin. We also found that
several imprinted genes are down-regulated in the absence of
REV3L. Rajewsky and colleagues suggested that the overall
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phenotype of Rev3l~/~ embryos appears comparable to androgenetic
embryos (Fundele & Surani, 1994), raising the possibility that Pol{
participates in imprinting establishment (Esposito et al, 2000).
Thus, our results on the transcriptional program in Rev3l-deficient
mouse cells may partially explain the embryonic lethality observed
in Rev3l KO mice.

Conclusion

Unique among translesion synthesis DNA polymerases, Pol{ is
essential during embryogenesis and cell proliferation (Wittschieben
et al, 2000; Lange et al, 2012, 2018). However, the mechanisms of
essentiality under normal growth conditions have not been clear.
This study shows that Pol{ prevents spontaneous chromosome
break formation, rearrangements, and deletions in pericentromeric
regions by facilitating fork progression, and may also operate in
heterochromatin-associated DSB repair. Altogether, these results
reveal a new function of Pol{ in preventing chromosome instability
during replication of heterochromatic regions possibly at the
expense of increased mutations in late-replicating regions found in
numerous tumors.

Materials and Methods

Cell culture and treatment

Immortalized mouse embryonic fibroblast (MEF) Rev3l™/~ and
Rev3I"* were previously described (Lange et al, 2012) and were culti-
vated in D-MEM (Dulbecco’s modified Eagle medium; Gibco) contain-
ing 100 U/ml penicillin, 100 pg/ml streptomycin, and 10% fetal calf
serum (FCS) in an atmosphere containing 5% CO,. MEFs expressing
functional REV3L with a 3X-Flag epitope tag at the endogenous locus
were derived from knock-in mice as described below. Rev3l~/~ MEFs
complemented with POZ empty vector (clone 4-5 POZN Cl2) or POZ-
hREV3L (clone 4-5 POZRev3l2 Cl H11) have been previously
described (Lange et al, 2016). Suv39h double-null MEFs kindly
provided by T. Jenuwein and NIH3T3 cells (ATCC) were cultivated in
D-MEM supplemented with 10% FCS, 100 U/ml penicillin, and
100 pg/ml streptomycin. hTERT RPE-1 cells (ATCC) were grown in
D-MEM/F-12 (Gibco) supplemented with 10% FCS, 100 U/ml peni-
cillin, and 100 pg/ml streptomycin. HeLa cells (ATCC) were culti-
vated in D-MEM containing sodium pyruvate, penicillin/
streptomycin, and 10% FCS. All cell lines were incubated at 37°C in a
5% CO, atmosphere and were regularly tested for mycoplasma.

For UVC irradiation (254 nm), cells were rinsed in pre-heated
phosphate buffer saline (PBS) and irradiated without any medium
at a fluency of 0.65 J/m?/s. Aphidicolin (Sigma) stock solutions
was at 3 mM in DMSO, and trichostatin A (Sigma) stock solution
was at 2 mg/ml in methanol.

Generation of knock-in mice expressing 3x-FLAG tag REV3L

Ethics statement

All animal work in this study was done according to The University
of Texas, MD Anderson Cancer Center Institutional Animal Care
and Use Committee guidelines, and approved by the MD Anderson
Animal Care and Use Committee (IACUC).
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Construction of the targeting vector

The targeting vector construction was designed and performed by
genOway (Lyon, France). The Rev3l targeting vector was constructed
from 129 Sv/Pas mouse strain genomic DNA with a long (5.8 kb)
homology arm upstream of exon 1, and a short (1.5 kb) homology
arm downstream of exon 1. A 3x-FLAG peptide sequence was
inserted in frame with the ATG codon. A positive selection neomycin
gene was flanked by loxP sites. The targeting vector also incorporated
a diphtheria toxin-negative selection cassette.

Screening of Rev3l targeted knock-in ES cell clones
Linearized targeting vector was transfected into 129 Sv ES cells
(genOway, Lyon, France) according to genOway’s electroporation
procedures (i.e., 5 x 10° ES cells with 40 pg of linearized plasmid,
260 V, 500 pF). Positive selection started 48 h after electroporation
in medium containing 200 pg/ml of G418 (150 png/ml of active
component, Life Technologies, Inc.). Rev3l-resistant clones were
isolated and amplified in 96-well plates. Duplicates of 96-well
plates were made. The set of plates containing ES cell clones
amplified on gelatin were genotyped by both PCR and Southern
blot analysis.

For PCR analysis, one primer pair was designed to validate the
presence of the 3xFLAG tag within the 5’ homology arm. This
primer pair was designed to specifically amplify the targeted locus:

Forward (Neo cassette): 5-CCTGCTCTTTACTGAAGGCTCTTTAC
TATTGC-3’
Reverse: 5-GGAACCCACAGTGGTTGTCCTAGTGC-3’

PCR products were sequenced in order to validate the presence of
all elements. The targeted locus was confirmed by Southern blotting
using a 3’ probe (Fig EV4A). Six clones were identified as correctly
targeted and containing the 3x-FLAG tag at the Rev3l locus.

Generation of mosaic mice and breeding scheme

Clones were microinjected into C57BL/6J blastocysts and gave rise
to male mosaics with a significant ES cell contribution (as deter-
mined by agouti coat color). Mice were bred to C57BL/6 mice
expressing the Cre recombinase to remove the Neo cassette.

Genotyping of the knock-in mouse line
The following primers were used to monitor the Cre-mediated exci-
sion event and served for genotyping.

Forward: 5'-ACGAGTTCGCGGGTCCTTAGAGGTC-3'
Reverse: 5-ACTTTCTACAGCCACAGCATCTCCGG-3’

The wild-type allele generates a product of 195 bp, the recom-
bined allele 1,958 bp, and the Cre-excised allele 289 bp.

Heterozygous mutant mice (which were maintained as pure
C57BL/6 mice) were used to produce MEFs from embryos isolated
at days 13.5 dpc. Seven heterozygous clones were obtained and
T-antigen immortalized as described (Lange et al, 2012).

Plasmid construction

The human REV3L full-length ¢cDNA was kindly provided by C.
Lawrence (University of Rochester Medical Center, Rochester, NY,

© 2021 The Authors
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USA). To generate the series of GFP-Rev3! plasmids, constructs were
obtained by polymerase chain reaction (PCR) amplification from
Rev3l cDNA as a Xhol-EcoRI fragment and cloned into peGFP-C3
expression vector (Clontech). Point mutants were generated
by PCR-based methods using a QuikChange® site-directed
mutagenesis kit (Stratagene) according to the manufacturer’s
instructions.

Full-length REV3L with an N-terminal FLAG-HA dual-epitope tag
was constructed in the pOZN vector as described previously
(Tomida et al, 2015).

The cDNA encoding REV3L amino acids 700-900 was PCR amplified
from REV3L/pETDuet-1 (Tomida et al, 2015) as a Xhol-Notl fragment
with 5 REV3L (Xhol) primer and 3’ REV3L (Notl) primers (5'-CC
GCTCGAGATGAATACATTGGGCAAAAATTCTTTC and 5-TAAAAGCG
GCCGCTTATCCAAAGTGACAGTCTATAAAAC) to clone into
PGEX6P-1 (GE Healthcare). The V802D mutation was introduced
into pGEXG6P-1 using a site-directed mutagenesis kit. The GST
fusion protein was expressed and purified from E. coli as described
(Tomida et al, 2015).

The HP1a (CBX5) and HP1y (CBX3) cDNAs were obtained from
Thermo Fisher Scientific. The cDNAs were cloned into vectors
pETDuet-1 and pCDH-EF1a-V5-MCS-IRES-Puro for His and VS5-
tagging, respectively. pCDH-EF10-V5-MCS-IRES-Puro was cloned into
pCDH-EF10-V5-REV7-IRES-Puro from pRSFDuet-1 (Novagen) Xhol-
Notl fragment. pCDH-EF1a-V5-REV7-IRES-Puro was initially PCR
amplified from pOZN REV7 (Tomida et al, 2018) with 5 V5-1st
primer and 3’ pOZ 3’ primers (5-ATTCTACGCTCGAGATGAC
CACGCTCACACGACAAG and 5-CGGAATTGATCCGCTAGAG).
Three subsequent rounds of PCR used the following primer sets: 5’
V5 2nd primer and 3’ pOZ 3’ primers (5'-CTCTCCTCGGTCTCGATTC
TACGCTCGAGATGACCACGC and 5-CGGAATTGATCCGCTAGAG);
5 V5 3™ primer and 3’ pOZ 3’ primers (5-AGCCTATCCC
TAACCCTCTCCTCGGTCTCGATTCTAC and 5-CGGAATTGATCCGC
TAGAG); 5 V5 4" primer (EcoRI) and 3’ pOZ 3’ primers (5'-GG
AATTCATGGGTAAGCCTATCCCTAACCCTCTCCTCG and 5-CGGA
ATTGATCCGCTAGAG). The resulting V5-REV7 fragment (Xhol-NotI)
was cloned into pCDH-EF1a-MCS-IRES-Puro (System Biosciences).
Mutations were introduced using a site-directed mutagenesis kit
(Stratagene). His-XPA was as described (Manandhar et al, 2017). All
constructs were verified by DNA sequencing. Details on all constructs
are available upon request.

The cDNA encoding SCAI was cloned from HeLa mRNA by RT-
PCR using the following primers: 5-ATGCATCTCGAGGTCAGAG
GAGCCCGGCAGCCCCAGCAGC-3' and 5-ATGCATGAATTCTTAA
TAGTCATCAATGGTATTCTCAAAGAA-3'. The resulting SCAI
construct (Xhol-EcoRI) was verified by Sanger sequencing then
cloned into peGFP-C3 (Clontech).

Transfection

For transient transfection, plasmids were transfected using jetPEI
(Polyplus), according to the manufacturer’s instructions, and cells
were processed 2448 h later.

siRNAs were purchased from Dharmacon: siRNA mRev3l (ON-
TARGETplus Smart pool), non-targeting siRNA (ON-TARGETplus
non target pool). Cells were transfected with 30 nM of siRNAs using
INTERFERIn (Polyplus) according to the manufacturer’s instructions
and were processed 72 h later.

The EMBO journal 10454312021 19 of 27



The EMBO Journal

Protein extraction, Immunoprecipitation, and Western blotting

Histone extraction was carried out in 10 volumes of CSK buffer
(200 mM NacCl, 300 mM sucrose, 3 mM MgCl,, 10 mM Tris—HCI pH
7, 1 mM EGTA, 0.5% Triton X-100, 1 mM PMSF, 10 mM Na-Buty-
rate) during 5 min at 37°C. After centrifugation, the pellet was
resuspended in 0.4 mM H,SO, supplemented with Na-Butyrate and
PMSF for 1 h, then centrifuged before adding acetone to super-
natant, and incubated overnight in cold room. After centrifugation,
the pellet was resuspended in distilled water and histone extracts
were kept at —80°C.

For immunoprecipitation, cells were lysed in NETN buffer
(50 mM Tris-HCI pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.5% NP-40,
protease inhibitor cocktail and anti-phosphatases) for 30 min on ice
and sonicated twice at 29% amplitude for 10 s. Samples were
cleared by centrifugation for 5 min at 4°C. Immunoprecipitations
were performed with Anti-FLAG M2 Agarose Beads (Sigma-Aldrich)
overnight at 4°C on a wheel. Beads were extensively washed in
NETN, with 300 mM NacCl for the final wash, and denatured in 2x
Laemmli buffer.

For GFP-Trap, cells transfected with plasmids expressing GFP,
GFP-REV3L mutants, GFP-SCAIwt, or GFP-SCAI mutants were
collected in NETN buffer, incubated for 30 min on ice, sonicated
twice at 29% Amplitude for 10 s then centrifuged at 4°C. The super-
natant was incubated with GFP-Trap beads (Chromotek) for 2 h at
4°C under rotation. Beads were washed and eluted in 2x Laemmli
buffer.

Proteins were separated on 5, 8, or 15% acrylamide SDS-PAGE,
transferred on Nylon membrane (GE Healthcare), and detected
with the indicated antibodies and ECL reagents (Thermo Fisher
Scientific).

GST pull-down assay

GST-tagged REV3L fragments and His-tagged test proteins were
incubated together with Glutathione-Sepharose 4B (GS4B) beads
(GE Healthcare) at 4°C for 4 h in 500 pl of buffer 0.1B (100 mM
KCl, 20 mM Tris-HCI [pH 8.0], 5 mM MgCl,, 10% glycerol, 1 mM
PMSF, 0.1% Tween-20, 10 mM 2-mercaptoethanol). The beads were
washed three times with 0.1B and eluted with 30 ul of 2x SDS load-
ing buffer (100 mM Tris—HCI [pH 6.8], 4% SDS, 0.2% bromophenol
blue, 20% glycerol, 200 mM DTT).

Flow cytometry

In order to study the S-phase progression in Rev3L™/~ and Rev3L™/*
fibroblasts, cells were incubated with 50 pM bromodeoxyuridine
(BrdU) for 15 min prior to be harvested at different time points.
Cells were collected, washed in PBS, and fixed in 80% ice-cold
ethanol overnight at —20°C. Total DNA was stained in 2.5 pg
propidium iodide (IP) and 50 pg/ul RNAse (Sigma) in PBS for
30 min at room temperature. Samples were analyzed on a C6 flow
cytometer using the C6 Flow software (BD Accuri).

Immunofluorescence

For the visualization of DNA replication sites, asynchronous cells
seeded on glass coverslips were incubated with 30 uM of thymidine
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analog (EAU or BrdU) for 15 min, pre-extracted with CSK100 buffer
(100 mM NaCl, 300 mM sucrose, 10 mM PIPES [pH 6.8], 3 mM
MgCl,, 1 mM EGTA, 0.5% Triton X-100, protease inhibitors) for
5 min at 4°C and fixed with 4% paraformaldehyde. For BrdU detec-
tion, cells were treated with 2 M HCI at 37°C for 20 min and then
neutralized in 0.1 M borate buffer (pH 8.5). After washing in PBS,
cells were incubated for 1 h at room temperature with anti-BrdU
mAb (347580, BD Biosciences). After washes, secondary antibodies
coupled to Alexa Fluor were incubated for 30 min at room tempera-
ture. After washing three times with PBS, cells were mounted with
mounting medium (Dako) supplemented with DAPI (Sigma). For
EdU-mediated foci visualization, EAU was detected using the Click-
iT EAU Alexa Fluor 488 Imaging Kit (Life Technologies) according to
manufacturer’s instructions.

For detection of heterochromatin-associated proteins and repres-
sive histone marks, cells were pre-extracted or not with CSK100
buffer as described above for 5 min on ice with gentle agitation then
fixed with 4% paraformaldehyde. GFP-REV3L mutants were
detected by autofluorescence, and interesting proteins were visual-
ized by immunodetection with indicated primary antibodies for 1 h
then processed as described above. Images were acquired using
Axio Imager Z1 microscope (Zeiss) or confocal Leica SPE.

For quantification of immunofluorescence in UV-irradiated cells,
MEFs growing on coverslips were incubated with 30 uM EdU for
15 min just before UV irradiation at 4 J/m?. The soluble proteins
were extracted by incubating cells in CSK100 for 5 min then fixed
with 4% paraformaldehyde. After washes in PBS, EdU was detected
using the Click-iT EAU Alexa Fluor 488 Imaging Kit (Life Technolo-
gies) according to the manufacturer’s instructions. Subsequently,
coverslips were blocked for 30 min with 3% BSA in PBS and then
incubated 1 h 30 at room temperature with indicated primary anti-
bodies in PBS containing 3% BSA, 0.1% Tween-20. The coverslips
were further washed with PBS and incubated with Alexa Fluor 555
for 1 h at room temperature. The DNA was stained with DAPI, and
the coverslips were mounted in fluorescent mounting medium
(DAKO). Images were acquired on an Axio Imager Z1 microscope
equipped with a motorized stage, EC Plan-Neofluar x20 dry objec-
tive, and a digital monochrome Hamamatsu ORCA-ER camera. For
each condition, 20-50 images were acquired under non-saturating
conditions. Identical settings were applied to all samples within one
experiment. Images were analyzed with the Axio Vision software
(Zeiss). Specific module was generated for nuclei segmentation
based on DAPI signal according to intensity threshold, generating a
mask that identified each individual nucleus as an individual object.
Focus segmentation for 51BP1 and RADS51 was performed using an
integrated spot-detection module. After segmentation and pixel
quantification, the quantified values for each cell/foci (mean and
total intensities, area, number of foci) were extracted and exported
to a home-made software as well as to CellProfiler software.

DNA FISH on metaphase chromosome spreads

A mouse major satellite repeat probe was generated by PCR with
5-ATATGTTGAGAAAACTGAAAATCACG-3’ and 5-CCTTCAGTG
TGCATTTCTCATTTTTCAC-3’ primers and murine genomic DNA as
a template. The probe was labeled by nick translation with biotin-
16-dUTP. Rev3™/~ and Rev3["" MEFs were treated with 0.15 pg/ml
of colcemid for 3 h before fixation to arrest cells in metaphase.
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Trypsinized cells were rinsed in PBS and incubated in 75 mM KCl
for 15 min then fixed with ethanol: acetic acid (3:1 ratio). The cells
were then dropped onto glass slides and left to dry. Samples were
incubated with 0.1 mg/ml RNase A solution at 37°C for 1 h in
humid chamber then washed once for 5 min in 2x SSC. Slides were
dehydrated in 70, 85, and 100% (v/v) ethanol for 5 min each and
then air-dried. Metaphase chromosome spreads were hybridized
with mouse major satellite probe in hybridization buffer (10%
dextran sulfate, 50% formamide, 2x SSC, 1% Tween-20), denatured
on a hot plate at 72°C for 4 min and then incubated overnight at
37°C in a humid chamber. Following hybridization, slides were
washed with 50% formamide and 2x SSC pH 7 solution then
washed in 2x SSC and incubated in BlockAid blocking solution
(Thermo Fisher Scientific, B10710) and 0.05% Tween-20. Immunode-
tection was performed by successive incubation (30 min at 37°C in
BlockAid solution) with Alexa Fluor 555 streptavidin (S32355,
Thermo Fisher Scientific), rabbit anti-streptavidin biotin conjugated
followed by Alexa Fluor 555 streptavidin. Samples were washed three
times with 1x PBS after each incubation. After final wash, samples
were mounted with VectaShield (Vector Laboratories, H-1000).
Images were acquired using Axio Imager Z1 microscope (Zeiss).

DNA combing-coupled FISH

HeLa cells transfected with non-targeting siRNA (siNT) or siRNA
against Rev3l were pulse-labeled for 30 min with IdU followed by
30 min with CldU (100 pM final concentration), and a final 10-min
incubation with 1 mM thymidine. Genomic DNA was combed onto
in-house silanized coverslips using a Genomic Vision apparatus.
FISH and immunostaining of analogues were performed essentially
as described in Mendez-Bermudez et al (2018). Slides were dena-
tured in 1 N NaOH for 6 min at room temperature, rinsed in 1x PBS
at 4°C for 5 min, and dehydrated in 70% ethanol (v/v) for 5 min at
—20°C, followed by 85 and 100% ethanol for 5 min each at room
temperature.

For Satlll hybridization, coverslips were incubated overnight at
37°C with the PNA probe (Satlll: Biotin-O-TTCCATTCCATTC-
CATTCCA; Eurogentec) diluted in hybridization mix (10% dextran
sulfate, 50% formamide, 2x SSC, 1% Tween-20) to a final concen-
tration of 1 uM and denatured for 5 min at 95°C. Coverslips were
washed three times in 50% formamide, 2x SSC pH 7, three times
in 2x SSC and one time in PBS, before blocking for 30 min at
37°C in BlockAid blocking solution (Thermo Fisher Scientific,
B10710). Immunodetection was performed by successive incuba-
tions (30 min at 37°C in BlockAid solution) with: (i) Alexa Fluor
488 streptavidin (Thermo Fisher Scientific, S32354, 1/100), (ii)
rabbit anti-streptavidin-biotin conjugated (Rockland, 200-406-
095, 1/50), (iii) Alexa Fluor 488 streptavidin (1/100) + mouse
anti-BrdU (BD Biosciences, 347580, 1/5) + rat anti-BrdU (Abcam
Ab6326, 1/50), and (iv) goat anti-mouse Cy5.5 (Abcam ab6947,
1/100) + goat anti-rat Alexa Fluor 555 (Thermo Fisher Scientific,
A21434,1/100). Coverslips were washed three times with 1x PBS
after each incubation, with the addition of a 6-min wash in NaCl
0.5 M, Tris 20 mM pH 7.8, Tween-20 0.5% after step 3. After final
wash, samples were mounted with VectaShield (Vector Laborato-
ries, H-1000).

For global replication analysis, coverslips were blocked in
BlockAid solution and incubated with: (i) mouse anti-BrdU + rat
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anti-BrdU, (ii) goat anti-mouse Alexa Fluor 488 (Thermo Fisher
Scientific, A11029, 1/50) + goat anti-rat Alexa Fluor 555 (Thermo
Fisher Scientific, A21434, 1/50), (iii) mouse anti-ssDNA (DSHB,
AB10805144, 1/25), (iv) goat anti-mouse Cy5.5 (Abcam ab6947,
1/100), and (v) donkey anti-goat Cy5.5 (Abcam ab6951, 1/100).

Images were acquired on an epifluorescence microscope Axio
Imager.Z2(Zeiss) equipped with a motorized stage and a 63% objec-
tive lens (PL APO, NA 1.4 Oil DIC M27) connected to a charge-
coupled device camera (Cool-SNAP HQ2; Roper Scientific).
MetaMorph software (Roper Scientific) was used for image acquisi-
tion and analysis.

Only unbroken replication signals, as evidenced by embedment
in total DNA staining or SatIII FISH signal, were taken into consider-
ation. Fork speed (in kb/min) was calculated by divided the length
of the IdU or CIdU track (in kb) by the labeling time (in min). Fork
ratio was calculated for each unbroken bicolor replication signal as
the ratio between max (IdU length, CldU length) and min (IdU
length, CldU length). Statistical analysis was performed with the
nonparametric Mann-Whitney rank-sum test using GraphPad Prism
6 software.

Proximity Ligation Assay (PLA)

Mouse embryonic fibroblast (MEF) Flag-REV3L were seed on cover-
slips for 24 h and washed with PBS; then, protein pre-extraction
was carried out with CSK50 (50 mM NacCl for PLA Flag-Histones) or
CSK100 (100 mM NaCl for PLA DSB markers) for 5 min on ice,
fixed with 4% paraformaldehyde, and blocked in BSA-PBS 3% for
30 min. Coverslips were incubated with primary antibodies for 1 h
at RT. Proximity ligation was performed using the Duolink® In Situ
Red Starter Kit Mouse/Rabbit (Sigma-Aldrich) according to the
manufacturer’s protocol. The oligonucleotides and antibody-nucleic
acid conjugates used were those provided in the Sigma-Aldrich PLA
kit (DU092101). Images were quantified by counting the number of
foci per nucleus using ImageJ software. Statistical analysis was
performed with the nonparametric Mann-Whitney rank-sum test
using GraphPad Prism 5 software.

Southern blotting

DNA methylation status at major satellites was performed on 5 pg
of genomic DNA (gDNA) extracted from Rev3L™~ and Rev3L'*
fibroblasts and digested with the methylation-sensitive enzyme
Maell (NEB) overnight at 65°C. After precipitation with EtOH, the
digested gDNA was run on an agarose gel overnight and succes-
sively depurinated with a 250 mM HCI solution, denatured with a
solution containing 0.5 M NaOH and 1.5 M NaCl. After neutraliza-
tion, the gDNA was transferred onto a Hybond-N*" membrane (GE
Healthcare Amersham) overnight. The membrane was prehy-
bridized with hybridization buffer (6x SSC, 5x Denhardt’s, 0.5%
SDS) containing 100 pg/ml salmon sperm DNA for 1 h at 65°C
and incubated overnight at 65°C with the hybridization buffer
containing radiolabeled probes against major satellites (5'-
GTGAAATATGGCGAGGAAAACT-3’). The membrane was washed
once with 5x SSC, 0.1% SDS at 65°C for 10 min, twice with 3x
SSC, 0.1% SDS at 65°C for 10 min and twice with 2x SSC, 0.1%
SDS at room temperature for 10 min before visualization using
X-ray film.
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RNA extraction and RT-qPCR

Total RNAs were extracted from cell cultures and purified using
RNeasy Mini Kit (QIAGEN), and concentration was measured with a
Qubit Fluorometer (Invitrogen, Carlsbad, CA, USA). Total RNAs
were then reverse transcribed using Superscript III (Invitrogen).
cDNAs were used for quantitative PCR using TagMan Gene Expres-
sion Assays (Applied Biosystems) on an ABI Prism 7500 apparatus
(Applied Biosystems). GAPDH was used as an internal control. The
comparative threshold (ACt) method was used.

ChiP-qPCR

Rev3L™'~ and Rev3L"/" fibroblasts were seeded at 1.5 x 10° and 10°
cells per dish, respectively. After 24 h, cells were cross-linked with
1% formaldehyde for 10 min at RT and formaldehyde was
quenched with Glycine 0.1 M for 5 min. Cells were washed twice
with PBS + protease inhibitor, scraped in PBS + protease inhibitor,
and then centrifuged at 800 x g —4°C for 5 min. Cell pellets were
lysed in 1 ml of Cell Lysis Buffer (20 mM Tris-HCl [pH 8], 85 mM
KCl, 0.5% NP-40) for 15 min on ice and centrifuged at 800 x g at
4°C for 5 min. Pellets were then resuspended in 1 ml of Nuclei Lysis
Buffer (Tris—HCl pH 8 50 mM, EDTA pH 8 10 mM, SDS 1%), soni-
cated using QSonica, Amplitude 40% for 10 cycles of 15 s ON/45 s
OFF, and samples were centrifuged at 10,000 x g —4°C for 10 min.
For each IP, supernatants were diluted 10 times in Dilution Buffer
(0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCI
[pH 8], 150 mM NaCl) and incubated with 5 pg antibody, 20 pl
Dynabeads Magnetic beads and 1% protease inhibitor cocktail over-
night at 4°C with rotation. After magnetic separation, supernatant
was removed and beads were washed successively with Low Salt
Immune Complex Wash Buffer, High Salt Immune Complex Wash
Buffer, and LiCl Immune Complex Wash Buffer followed by
magnetic separation. The last wash was performed in 200 ul TE Buf-
fer for 3min at 4°C with rotation; then, beads were resuspended in
100 ul TE Buffer. Samples were then deproteinated by adding
Proteinase K and incubated at 55°C overnight with shaking. After
proteinase K inactivation, beads were removed by magnetic separa-
tion to keep the supernatant. DNA purification was performed by
phenol/chloroform extraction followed by ethanol precipitation and
DNA resuspension in EB buffer. DNA samples were analyzed by
quantitative real-time PCR on the Applied Biosystems Real Time
PCR system (7500 system) using the Maxima SYBR Green/Rox
gPCR Mastermix (Thermo Fisher Scientific). The primers used are
listed below.

Replication-timing experiments and microarrays

Cells were incubated with 50 uM of BrdU for 1.5 h and collected,
washed three times with DPBS (Dulbecco’s phosphate-buffered
saline, Gibco Life Technologies), and then fixed in ethanol 75%.
Cells were resuspended in DPBS with RNAse (0.5 mg/ml) and then
with propidium iodide (50 pg/ml) followed by incubation in the
dark at room temperature for 30 min with low agitation. Two frac-
tions of 100,000 cells, S1 and S2 corresponding to early and late S-
phase fractions, respectively, were sorted by flow cytometry using
INFLUX 500 (Cytopeia BD Biosciences). Whole DNA was extracted
with a lysis buffer (50 mM Tris [pH 8], 10 mM EDTA, 300 mM
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NaCl, 0.5% SDS) and 0.2 mg/ml of Proteinase K for 2 h at 65°C.
Neo-synthesized DNA was immunoprecipitated with BrdU antibod-
ies (Anti-BrdU Pure, BD Biosciences, # 347580) as previously
described (Fernandez-Vidal et al, 2014). To control the quality of
enrichment of early and late fractions in S1 and S2, qPCR was
performed with BMP1 oligonucleotides (early control) and with
Dppa2 oligonucleotides (late control; data not shown, (Hiratani
et al, 2008)). Microarray hybridization requires a minimum of
1,000 ng of DNA. To obtain sufficient specific immunoprecipitated
DNA for this hybridization step, whole genome amplification was
conducted (WGA, Sigma) on immunoprecipitated DNA. A post-
WGA ¢PCR was performed to preserve specific enrichment in both
S1 and S2 fractions. Early and late amplified neo-synthesized DNAs
were then labeled with Cy3 and Cy5 ULS molecules, respectively
(Genomic DNA labeling Kit, Agilent). The hybridization was
performed according to the manufacturer instructions on 4x180K
mouse microarrays (SurePrint G3 Mouse CGH Microarray Kit,
4x180K, AGILENT Technologies, reference genome: mm?9). Microar-
rays were scanned with an Agilent High-Resolution C Scanner using
a resolution of 3 um and the autofocus option. Feature extraction
was performed with the Feature Extraction 9.1 software (Agilent
Technologies). For each experiment, the raw data sets were auto-
matically normalized by the Feature extraction software. Analysis
was performed with the Agilent Genomic Workbench 5.0 software.
The log,-ratio timing profiles were smoothed using the Triangular
Moving Average option of the Agilent Genomic Workbench 5.0 soft-
ware with the linear algorithm and 500 kb windows.

Identification of replication domains and changes in replication-
timing profiles

To determine the replication domains in control cells and in Rev3L ™/~
MEFs, the algorithms from the STAR-R software were exploited as
previously described (Hadjadj et al, 2020). A comparison was
conducted between early and late domains from both cell lines in
order to determine segments where replication-timing changes.

GC content

For the GC content, two steps were required: (i) Loading of the DNA
sequence from interval files was performed with the Extract
Genomic DNA tool with the mm9 genome annotation and (ii) calcu-
lation of the GC content for each interval by the GeeCee EMBOSS
tool installed on the GALAXY Web site.

Intersection and coverage with H3K27ac, H3K4me3, and
H3K27me3 marks

Data are loaded from the UCSC Web site. Peak coordinates of
H3K27me3 come from the Broad Institute in the mm8 genome
annotation (http://genome-euro.ucsc.edu/cgi-bin/hgTrackUi?hgsid =
199709818_uvGUfB28yATavzb9eAlxuHRSKGbQ&c = chr12&g = broad
ChromatinChIPSeq). The conversion of coordinates to mm9 genome
annotation was performed with the Lift-over tool available in the
GALAXY Web site (https://usegalaxy.org/). The peak coordinates of
H3K4me3 and H3K27ac were obtained from the Ludwig Institute for
Cancer Research via the UCSC Web site (http://genome-euro.ucsc.
edu/cgi-bin/hgTrackUi?hgsid = 208559602_SARngKJBy54VXgefrignd
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8rJaWFD&c = chr12&g = wgEncodeLicrHistone) in MEF mouse cell
line and then used knowingly for intersection and coverage with the
Intersection and Coverage tools installed on the GALAXY Web site.
The statistical analysis was performed with the R package.

LINE-1 content

We obtained the linel coordinates from the RepeatMasker track via
the UCSC Web site. Intersection and coverage were performed with
the Intersection and Coverage tools installed on the GALAXY Web
site.

Structural variant analysis

Single cells from Rev3L™/~ and Rev3L™* fibroblasts were isolated,
amplified, and subjected to whole genome sequencing. The genomes
were sequenced according to the manufacturer protocols (BGI Tech
solutions, Hong Kong, Co., Ltd) with a mean coverage of 30x using
150 bp paired-end reads with BGISEQ-500 sequencer. Reads were
then aligned to the mm9 mouse genome using BWA mem software
(Li & Durbin, 2009) and sorted with SAMtools (Li et al, 2009). Then,
we removed duplicates from the BAM file according to the GATK Best
Practices pipeline (Van der Auwera et al, 2013). To identify structural
variants (SV) from genomic data, we used GRIDSS2 (Cameron et al,
2017) and Manta (Chen et al, 2016) software and compared replicates
1 and 2 between each other for Rev3l””* and Rev3lI/~ samples.
Resulting structural variants from two methods were intersected
using BEDTools for each sample (Quinlan, 2014) with overlap at least
90% and used for further analysis.

Gene expression profiling data analysis

RNA was extracted using Qiagen column (RNeasy Kkit) according to
the manufacturer’s protocols. The quantity and purity of the total
RNA were evaluated using a NanoDrop spectrophotometer. Quality
of RNA samples was assessed using Lab-on-a-chip Bioanalyser 2000
technology (Agilent Technologies), based on the 28S/18S ribosomal
RNAs ratio. All samples included in this study displayed a ratio of
ribosomal RNAs between 1.5 and 2.

Labeling of RNA samples was done according to Agilent oligo
Cy5 or Cy3 probes labeling protocol using the Agilent Low Input
QuickAmp labeling kit (ref 5190-2306) adapted for small amount of
total RNA (100 ng total RNA per reaction). Hybridization was
performed using the Agilent Hybridization Protocol (Gene expres-
sion Hyb kit Large - ref 5188-5280). Scanning was performed with
an Agilent G2505C DNA Microarray scanner using default parame-
ters: 20 bits mode, 3 pm resolution, at 20 C in low ozone concentra-
tion environment. Microarray images were analyzed by using
Feature extraction software version 10.7.3.1 from Agilent technolo-
gies and Agilent normalization protocol GE2_107_Sep09 with
028005_D_F_20130207 as design. Default settings are used. A quan-
tile array normalization was performed on raw MedianSignal values
with in-house scripts using Bioconductor LIMMA package. Controls
and flags spots were filtered. Missing values were completed
with KNN imputation method. Then, the median of all probes for a
given transcript was computed to summarize the data. Normalized
data (intensities in log2) were imported in BrB Arrays Tools
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(https://brb.nci.nih.gov/BRB-ArrayTools/). Class Comparison was
performed as weighted t-test and an FDR adjustment (< 107°) for
multiple testing between Rev3l wt and KO samples (Class Compar-
ison in BrB Arrays Tools 4.6.0) [https://brb.nci.nih.gov/BRB-Arra
yTools]. Gene expressions altered by at least threefold between
conditions were considered.

Antibodies
Antibody Source Identifier
Mouse Monoclonal anti-Flag M2 Sigma-Aldrich F1804
Mouse Monoclonal anti-flag M2 Sigma-Aldrich A2220
affinity gel
Rabbit Polyclonal anti-Flag Sigma-Aldrich F7425
Rabbit Polyclonal anti-Histone Abcam ab8580
H3K4me3
Goat anti-Histone H3 Abcam ab12079
Rabbit polyclonal anti-Histone H4 Active Motif 39269
Rabbit Polyclonal anti-ATRX Santa Cruz sc-15408
Mouse Monoclonal anti-BrdU Dako MO744
(for FACS) BU20a
Purified Mouse Anti-BrdU BD Biosciences 347580
(for IF) clone B44
Rabbit Polyclonal anti-Histone Abcam ab8898
H3K9me3
Rabbit Polyclonal anti-acetyl Cell Signaling 9677
Histone H3 (Lys 9/14) technology
Mouse Monoclonal anti-Histone Abcam ab6002
H3K27me3
Mouse Monoclonal anti-Histone Active Motif 39672
H4K20me3
Rabbit polyclonal anti-Histone Abcam ab46983
H4 (acetyl K12)
Rabbit monoclonal anti-Histone Abcam ab109463
H4 (acetyl K16)
Rabbit monoclonal anti-Histone Abcam ab51997
H4 (acetyl K5)
Mouse monoclonal anti-HP1o Millipore 05-689
Mouse monoclonal anti-HP1f Abcam ab10478
Mouse Monoclonal anti-phospho Millipore 05-636
Histone H2AX (ser139)
Rabbit Polyclonal anti-53BP1 Abcam ab21083
Rabbit monoclonal anti-HA Tag Cell Signaling 3724

Technologies
Mouse monoclonal anti-His Cell Signaling 2366
Technologies

Mouse monoclonal anti-V5 Invitrogen R962-25
Mouse monoclonal anti-HP1y Millipore Sigma MAB3450
Anti-GST-HRP conjugate Millipore Sigma RPN1236
Rabbit monoclonal Abcam ab180579
anti-Mad2L2/REV7
Mouse monoclonal Santa Cruz sc-8408

anti-Chkl (G-4)
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Table (continued)

Antibody Source Identifier Gene Catalog #
Rabbit anti-pChk1 S345 (133D3) Cell Signaling 23485 DIkl MmO00494477-m1
GFP-Trap Chemotek gta-20 Slcl8a4 MmO0045056-m1
Rabbit anti-RPA2 Bethyl A300-244A Dcn MmO0051435-m1
Rabbit anti-pRPA2 S4/S8 Bethyl A300-245A H19 MmO011567221-g1
Rabbit anti-KAP1 Abcam abl0484 GAPDH Mm999999915-g1
Rabbit anti-pKAP1 (Serg824) Bethyl A300-767A
Rabbit anti-SCAI antibody Abcam 124688 . ope
EPRA1S Data availability
Rabbit anti-Rad51 antibody Abcam ab133534
EPR4030
. . ® Microarray data: EMBL-EBI E-MTAB-8338 (https://www.ebi.ac.
Alexa Fluor 555 streptavidin Thermo Fisher $32355 y . (https://
Scientific uk/arrayexpress/experiments/E-MTAB-8338/).
) X — ® Replication-timing data: GSE178927 (https://www.ncbi.nlm.nih.
rabbit anti-streptavidin Rockland 200-406-095 .
biotin conjugated gov/geo/query/acc.cgi?acc = GSE178927).
Alexa Fluor 488 Thermo Fisher $32354
streptavidin Scientific Expanded View for this article is available online.
rat anti-BrdU Abcam ab6326
goat anti-mouse Cy5.5 Abcam ab6947 Acknowledgements
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Primers for screening KI mouse line

Rev3l ACGAGTTCGCGGGTCCTTA
GAGGTC
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ABSTRACT

Here, we survey the diverse functions of DNA poly-
merase { (pol {) in eukaryotes. In mammalian cells,
REV3L (3130 residues) is the largest catalytic sub-
unit of the DNA polymerases. The orthologous sub-
unit in yeast is Rev3p. Pol { also includes REV7
subunits (encoded by Rev7 in yeast and MAD2L2
in mammalian cells) and two subunits shared with
the replicative DNA polymerase, pol . Pol { is used
in response to circumstances that stall DNA replica-
tion forks in both yeast and mammalian cells. The
best-examined situation is translesion synthesis at
sites of covalent DNA lesions such as UV radiation-
induced photoproducts. We also highlight recent ev-
idence that uncovers various roles of pol { that ex-
tend beyond translesion synthesis. For instance, pol
{ is also employed when the replisome operates sub-
optimally or at difficult-to-replicate DNA sequences.
Pol ¢ also participates in repair by microhomology
mediated break-induced replication. A rev3 deletion
is tolerated in yeast but Rev3/ disruption results in
embryonic lethality in mice. Inactivation of mam-
malian Rev3l results in genomic instability and in-
vokes cell death and senescence programs. Target-
ing of pol { function may be a useful strategy in can-
cer therapy, although chromosomal instability asso-
ciated with pol { deficiency must be considered.

INTRODUCTION

DNA polymerase { (pol {) is universally present in eukary-
otes including fungi, plants, and animals. Genetic studies
of the budding yeast Saccharomyces cerevisiae have long es-
tablished that pol { is a biologically fundamental enzyme,
necessary for mediating most damage-induced mutagenesis.
In this summary, we highlight newer discoveries of multi-

ple roles for pol . Pol { is a multi-subunit enzyme (Figure
1). The catalytic subunit is called Rev3p in budding yeast
S. cerevisiae, and has 1504 amino acid residues. In mam-
malian cells, the orthologous protein REV3L is twice the
size (3130 amino acids in human cells). Although the mam-
malian and yeast enzymes have some basic biochemical sim-
ilarities, there are also significant functional differences, as
summarized below.

Pol { structure and composition

Rev3p/REV3L is a member of the ‘B-family’ of DNA
polymerases. The other B-family DNA polymerases in eu-
karyotes (Pols «, & and €, Figure 2A) are components of
the core DNA replication apparatus. The C-terminal por-
tion of Rev3p/REV3L encompasses most of the conserved
DNA polymerase domain (Figure 2B, C). A conserved N-
terminal domain is predicted to form part of the overall
polymerase fold (1,2) (Figure 2D).

Structures of the homologous regions of other B-family
DNA polymerases show that the N-terminal domain caps
the exonuclease domain, and contains residues that make
direct contacts to DNA (2-5). In the other B-family poly-
merases, the DNA sequence encoding the N-terminal do-
main is directly adjacent to that encoding the exonuclease
domain (Figure 2A). However, for Rev3p/REV3L and its
orthologs, a large insertion separates the N-terminal do-
main from an inactive exonuclease domain (Figure 2B, C).
In yeast pol 8, a ~45 amino acid region immediately down-
stream of the exonuclease domain (Figure 2A, light green)
also folds with the N-terminal domain (3). This region is
conserved and structural modeling predicts that it folds sim-
ilarly with the N-terminal domain in Rev3p (Figure 2B-D).

A single exon encodes the large central insertion that in-
terrupts the domains of the catalytic core, and its variation
across species results in large differences in the protein size.
In mammalian REV3L genes this exon is relatively gargan-
tuan (1386 amino acids), resulting in a protein double the
size of yeast Rev3p (6) (Figure 2A).
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Figure 1. Pol { is a multi-subunit polymerase that interacts with the TLS
master regulator, REV1. (A) Schematic of pol { from the budding yeast
Saccharomyces cerevisiae. The catalytic subunit Rev3p binds to the acces-
sory subunit Rev7p. The precise binding sites and dimeric state of Rev7p
are unknown. Pol & accessory subunits, Pol31p-Pol32p, bind to the C-
terminal domain (CTD). Pol31p interaction is coordinated by the iron-
sulfur cluster (4Fe-4S) in Rev3p. Rev7p and Pol32p interact directly. Rev7p
and Pol32p mediate the interaction with Revlp. (B) Schematic of human
pol {. A dimer of REV7 can bind to the catalytic subunit, REV3L. POLD2
binds REV3L at the CTD, coordinated by the iron-sulfur (4Fe-4S) cluster.
POLD3 binds to POLD?2. It is unknown whether REV7 and POLD3 di-
rectly interact as Rev7p and Pol32p do in yeast. REV1 can bind human
pol { through interactions with REV7 and POLD3.

While this single exon insert contains many stretches of
predicted disorder, it is also home to a conserved positively
charged domain that is necessary for efficient polymerase
activity of the recombinant protein (7). A ~250 aa region
of the large insert of REV3L is highly homologous to the
NEXMIF (KIAA2022) gene (6). This is annotated as Pfam
domain DUF4683. The role this domain plays in REV3L
or NEXMIF function is uncertain.

Like the other B-family polymerases, pol { contains
multiple accessory subunits, including two subunits of pol
d: Pol31p/POLD2 and Pol32p/POLD3. The C-terminal
domain of Rev3p/REV3L directly binds Pol31p/POLD?2
(7-10) (Figure 1). The C-terminal domain contains two
cysteine clusters: one that binds zinc (CysA) and one
that binds an iron-sulfur [4Fe-4S] cluster (CysB) (8)
(Figure 2A-C). CysB is essential for the binding of
Pol31p/POLD2 to Rev3p/REV3L and pol { function
(7,9,10). Pol32p/POLD3 binds indirectly through its in-
teraction with Pol31p/POLD?2. Pol { includes a third ac-
cessory subunit, Rev7p/REV7 (mammalian gene name
MAD2L2) (11).

In mammalian REV3L there are two adjacent binding
sites for REV7 with a consensus ¢pxPxxxxPSR (where ¢
represents an aliphatic amino acid residue) (12,13). One
of these mammalian binding sites resides in the large exon
(Figure 2C). Crystal structures of REV7 bound to the two
corresponding REV3L peptides have been obtained (14,15).
Dimerization of REV7 appears to contribute to pol { bio-
logical function in mammalian cells (15,16). The exact in-
teraction site or sites have yet to be discovered in yeast, and
it is unknown whether Rev7p forms a dimer in yeast pol {.
Rev7p greatly enhances pol { activity in vitro through an
unknown mechanism (17). Similarly, Pol31p/POLD2 and
Pol32p/POLD3 stimulate the activity of Rev3p/REV3L-
Rev7p/REV7 (7,10).

A low resolution structure (23 /3;) of yeast pol { ob-
tained by negative stain electron microscopy suggests that
all three regulator subunits form a hub, with Rev7p making
direct contact to Pol32p (2) (Figure 1). Whether POLD3
interacts with REV7 in mammals has not been reported.
The function of this hub in pol { remains largely unex-
plored. One important role is that it may serve to reg-
ulate recruitment of Revlp/REVI1, a major regulator of
translesion DNA synthesis (TLS) (Figure 1). As will be dis-
cussed later, proper pol { function requires interaction with
Revlp/REVI. Revlp/REV1 binds to pol ¢ through direct
interactions with both Rev7p/REV7 and Pol32p/POLD3
(12,18-23).

REV3L expression and isoforms

REV3L is ubiquitously expressed in many tissues to yield
a low level of protein. There are two main isoforms of the
human and mouse mRNA transcripts. In human cells, the
well-documented alternative isoform has a 128 base pair in-
sertion between positions 139 and 140 of the cDNA, result-
ing in three in-frame stop codons. An alternative translation
start site in this insertion was proposed that would result
in a REV3L protein with 78 fewer amino acids at the N-
terminus (24). However, when it was experimentally tested
whether N-terminal fragments of both isoforms could be
expressed under their endogenous UTRs, only the reference
isoform, and not the alternate isoform, was able to produce
protein in vitro and in cellular translation systems (25). The
alternative non-functional transcript isoform may be one
way by which protein levels of REV3L are kept low in cells
(25). Another means of limiting pol { levels may be pro-
teolytic cleavage. A TASP1 cleavage site in REV3L is pre-
dicted by the eukaryotic linear motif resource (26) (Figure
2C). This would account for the prominent N-terminal pro-
teolytic cleavage product of 60-70 kDa that is observed af-
ter REV3L overexpression (see Supplementary Figure S1 of

(13)).

Pol { disruption leads to mitochondrial deficits

Mitochondrial function depends on the coordinated expres-
sion of many nuclear genes. Consequently, mitochondria
are a large and sensitive target and they provide a readout
for nuclear genome stability. It is known that disruption of
many nuclear DNA repair and metabolism genes can lead
to mitochondrial dysfunction, and this appears to be true
for pol ¢ disruption as well (27).

It is not clear, however, whether active pol { is physically
present in mitochondria or is only resident in the nucleus.
It has been proposed that Rev3p contains a mitochondrial
localization signal, but the reference mammalian REV3L
sequence does not contain a functional mitochondrial lo-
calization signal (27,28). A suggested mitochondrial local-
ization signal was identified in the predicted product of the
shorter alternative mRNA isoform of mammalian REV3L
(27). Ectopic expression of a peptide containing the N-
terminal sequence of the alternate isoform drove the peptide
to mitochondria (27), but there is no convincing evidence
to show that this mRNA isoform produces REV3L (com-
mercial REV3L antibodies are not able to detect REV3L in
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Figure 2. Rev3p/REV3L is a B-family DNA polymerase. Schematic of the catalytic subunits of (A) pol 8 (Pol3p), (B) yeast pol { (Rev3p) and (C) human
pol £ (REV3L). All contain a conserved N-terminal domain (NTD, dark and light green), an exonuclease domain (EXO, blue), a B-family polymerase
domain (POL, red), and a C-terminal domain (CTD, orange) with two metal binding sites: one that binds zinc (CysA) and one that binds an iron-sulfur
cluster (4Fe-4S, CysB). The NTD is annotated by Interpro as domain IPR006133. The EXO domain is active in pol 8 but inactive in pol { (EXO-). Rev7p
binding likely occurs somewhere in between the NTD and the EXO- in Rev3p. In human REV3L, exon 14 encodes a large insertion that contains a positively
charged domain (PCD, purple) and a domain of unknown function (DUF4683). Two REV7 binding sites (13) are well-conserved in mammals. (D) We
generated a predicted model of Rev3p using PHYRE?2 (125), with the known structure of Pol3p (3) as a template (PDB: 3IAY) given that Rev3p shares
the highest sequence identity with pol 8. This shows the predicted folding of the NTD with the catalytic core of REV3L. The insert between the NTD and

EXO- domains (282-658) was not included in the predicted model.

cells). There is currently no strong evidence for the presence
of the other mammalian pol { subunits (or pol { function)
within mitochondria.

Pol  as a major extender enzyme past DNA lesions

Damage removal is usually the first line of defense against
UV radiation or chemical adducts in DNA. For exam-
ple, base excision repair (BER) removes abasic sites, and
nucleotide excision repair removes UV radiation-induced
pyrimidine dimers. If lesions are not removed by the time of
DNA replication, they can block replication fork progres-
sion. In order for replication to reach completion the lesion
must be bypassed. When replicative DNA polymerases stall
at a lesion, there are two well-characterized routes of lesion
bypass (Figure 3). In template switching, the lesion is cir-
cumvented completely by synthesis using the undamaged
sister strand. In TLS, the lesion is directly bypassed by spe-
cialized DNA polymerases.

The route to either template switching or TLS is directed
by posttranslational modifications to proliferating cell nu-
clear antigen (Pol30p/PCNA) (29-31). The homotrimeric
Pol30p/PCNA forms a sliding clamp around the DNA,
serving as an anchor for DNA polymerases. When a
replication fork stalls at a lesion, Pol30p/PCNA becomes
monoubiquitinated at K164 and promotes TLS. Alterna-
tively, Pol30p can be polyubiquitinated at K164 (in yeast,
by Mms2p/Ubcl3p/Rad5p complex), and this shunts by-
pass to the template switching pathway.

TLS DNA polymerases and replicative DNA poly-
merases have contrasting biochemical properties that serve
their respective functions. The high fidelity of replicative
DNA polymerases is boosted by a functional exonuclease
domain that corrects most errors. In contrast, TLS poly-

merases generally have low fidelity and lack a functional ex-
onuclease domain. In Y-family DNA polymerases, this low
fidelity has been attributed to a more spacious active site,
which allows TLS DNA polymerases to incorporate bases
across from lesions that cannot be accommodated by the
active sites of replication polymerases (32). Another distinc-
tion between TLS polymerases and replicative polymerases
is processivity, the amount of DNA synthesized in a sin-
gle event before dissociation. TLS polymerases are less pro-
cessive than replication polymerases. For example, Y-family
TLS pol m, even when stimulated by the physiologically rel-
evant monoubiquitinated PCNA, has processivity dramat-
ically lower than pol 8 (33). Low processivity may be selec-
tively advantageous for organisms, preventing error prone
polymerases from uninterrupted synthesis of large swaths of
DNA which could leave genomes riddled with errors. Given
the introduction of errors that occur with TLS, it makes
sense that this is a tightly regulated process.

A large part of this regulation centers on monoubiqui-
tinated Pol30p/PCNA, which serves as a docking site for
key TLS players. For instance, the master TLS regulator
Revlp/REV1, binds monoubiquitinated Pol30p/PCNA fa-
cilitated by interactions through its BRCT, PAD and
UBM domains (34,35). Revlp/REV1 interacts with pol
{ via Rev7p/REV7 and Pol32p/POLD3 as described ear-
lier (12,18-23). Revlp/REV1 also interacts with Y-family
TLS polymerases (36-38). This structural function of
Revlp/REVI, mediating key protein—protein interactions,
is widely appreciated as essential to functional TLS (29—
31,39,40). As discussed later, in certain scenarios Revlp also
contributes to TLS through its catalytic activity as a deoxy-
cytidyl transferase (41).

Two models have been proposed for the timing of TLS:
it may occur at the replication fork or after replication
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Figure 3. Models for lesion bypass. (A) When a replication fork stalls at a lesion, PCNA becomes monoubiquitinated by Rad6p/Rad18p at K164. This
is the initial step in both lesion bypass pathways, translesion synthesis (TLS) and template-switching. For both pathways models have been proposed for
bypass occurring at the replication fork (co-replication) or after synthesis has reprimed downstream of the lesion (post-replication). Here, bypass is depicted
on the leading strand. (B, C) Template switching is instigated by polyubiquitination of K164, by Mms2p/Ubc13p/Rad5p. This pathway involves switching
to the undamaged sister strand as a template for synthesis. This pathway may occur at the fork — one mechanism would be fork reversal as depicted here —
or template switching may occur after the replication fork has moved on. (D, E) Revlp binds monoubiquitinated Pol30p/PCNA (Ub-PCNA) facilitated
by interactions through its BRCT, PAD, and UBM domains. A TLS pol such as pol m is recruited through interactions with Revl and Ub-PCNA. After
recruitment, pol n (or another TLS pol) can insert a nucleotide opposite the lesion. Next pol { is recruited to Ub-PCNA by its interaction with Revlp, and
continues extension past the site of the lesion. In a co-replication model pol { would hand synthesis off to a replication polymerase. In the post-replication
or ‘gap filling’ model, pol { may fill in a gap either on its own or might hand off to replication polymerases to finish synthesis in the gap.

has continued through repriming past the lesion (Figure
3). These models are not mutually exclusive, and there is
indirect evidence for both outcomes (42). In both models,
monoubiquitination of Pol30p/PCNA instigates TLS, fol-
lowed by association of Revlp/REV1 and recruitment of a
TLS polymerase.

Pol { has been implicated in direct bypass of several types
of lesions as thoroughly reviewed previously (43). Corre-
spondingly, cells with defective pol { are sensitive to an ar-
ray of DNA damaging agents such as UV radiation, cis-

platin and aflatoxin, which result in distorting or ‘bulky’
adducts on DNA (13,44,45). However, depletion of Rev3!/
in human cells does not alter survival or mutagenesis af-
ter BPDE treatment, another chemical that induces bulky
adducts (46). Intriguingly, REV1, REV3 and REV7 were
recruited to sites of DNA-protein crosslinks, implying that
pol { may serve some function at these lesions (47). Addi-
tionally, pol { has been linked to interstrand crosslink re-
pair (48,49), although biochemically Y-family polymerases
appear to be intrinsically more efficient at bypassing inter-
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strand links than pol { (50). Thus, pol { function at inter-
strand crosslinks have yet to be fully resolved.

On synthetic templates, Pol { can mediate insertion op-
posite some DNA adducts, as well as subsequent exten-
sion. Sometimes lesion bypass may be coordinated by two
specialized polymerases. Pol { may play a role during le-
sion bypass by extending the primer-terminus after a nu-
cleotide has been incorporated opposite a lesion by another
TLS polymerase (51). For example, pol m and pol { have
complementary biochemical activities that imply they are
cooperating partners for lesion bypass. In vitro, pol m effi-
ciently inserts a nucleotide opposite a 1,2 (dGpG) cisplatin
intrastrand crosslink, while pol { cannot (7). In contrast,
pol m starts to falter in extension past a lesion site, while pol
{ can efficiently extend past the lesion (7).

This introduces several important mechanistic questions.
Does pol ¢ continue significant synthesis after extending
from a lesion? If the lesion is bypassed during DNA repli-
cation, when does pol { hand the reins back to the higher
fidelity replicative polymerases? If lesion bypass occurs in a
gap left after replication, can pol ¢ fill the gap on its own?

Extensive DNA synthesis beyond a lesion by pol {

There is evidence that pol { is capable of extensive synthesis
downstream of UV-induced lesions in yeast. In yeast, Pol
{-mediated synthesis can be monitored in vivo by mapping
REV3-dependent mutations. When a plasmid containing a
single tetrahydrofuran (a stable AP site mimic) is introduced
into BER-deficient yeast cells, sequencing reveals mutations
up to 200 bp away from the site of the lesion. These muta-
tions depend on REV3 function, indicating that pol { per-
forms long range synthesis past the site of a lesion (52). In
order to study REV3-dependent synthesis past the site of a
UV radiation-induced photoproduct, reversion of an inacti-
vating point mutation in the URA3 gene was used. A TC se-
quence at the reversion site is a target for photoproduct for-
mation by UV radiation. Following UV irradiation, REV3-
dependent mutations were detected up to 1 kb away from
the UV-induced target site. Single-stranded gaps in this size
range are observed after UV irradiation in NER-deficient
yeast, implying that pol { may be responsible for synthesis
in a large portion of such gaps (52,53). Synthesis could oc-
cur during genome replication or afterwards. In either case,
these results suggest that mutagenic DNA synthesis by pol {
extends significantly beyond a site of UV radiation induced
damage.

Unique biochemical characteristics of pol {

Pol ¢ is the only specialized DNA polymerase in eukary-
otes that is a member of the B-family; the other specialized
DNA polymerases belong to the A, Y, X and AEP families.
The error rate of pol { is intermediate between replication
and TLS DNA polymerases. It is 10 to 100-fold less accu-
rate than its fellow B-family members in the DNA replica-
tion apparatus, but 5 to 30-fold more accurate than Y fam-
ily TLS polymerases (54). However, much of this analysis
was conducted using Rev3p and Rev3p-Rev7p, before pol
{ was discovered to include Pol31p and Pol32p. The rela-
tive processivity of pol { has yet to be evaluated systemati-
cally. Given in vivo evidence for pol { long-range synthesis, it
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would be useful to measure its processivity in a single round
of DNA synthesis in comparison to Y family polymerases.
These unique biochemical features of pol { may be relevant
not only to its function in lesion bypass, but to more recently
revealed pol ¢ functions.

Pol  synthesis associated with DNA replication stress

In yeast, pol  is responsible for a substantial portion (half
or more) of ‘spontaneous’ mutations in cells that are not
challenged with external DNA damaging agents (55-57).
This implies that cells use pol { to copy DNA containing en-
dogenous lesions (such as AP sites) and in response to other
stresses. One source of DNA replication stress can be in-
duced through depletion of ANTP pools by incubation with
hydroxyurea (HU). Such exposure to HU induces point mu-
tations in yeast, which are largely dependent on REV'3 (58).
Additionally, DNA synthesis by pol { was not dramatically
altered by changes in dNTP levels in vitro or in vivo, un-
like other DNA polymerases (59). Together this data is con-
sistent with a model whereby pol { synthesis plays a role
in dealing with replication stress, including circumstances
where dNTP levels are low enough to hinder chromosomal
replication. However, there are multiple pathways for cells
to deal with nucleotide depletion since deletion of REV3
in yeast does not confer enhanced sensitivity to HU (60).
Interestingly, knockdown of ribonucleotide reductase M1
(which should result in lower dNTP pools) decreased the vi-
ability of REV3L-defective human cells more than REV3L-
proficient controls (61). More research may help clarify the
roles mammalian pol { may play when cells are under repli-
cation stress.

Pol {-dependent mutagenesis in yeast also occurs follow-
ing other types of replication stress. Mutations in replica-
tive polymerases can cripple the replisome and result in ele-
vated mutagenesis. This has been called DRIM or defective-
replisome-induced-mutagenesis. Importantly, the vast ma-
jority of this mutagenesis is dependent on REV3 (58,62).
Furthermore, the ability of Rev3p to interact with Pol31p—
Pol32p is essential for DRIM, implying that pol ¢ func-
tions as a four-subunit complex in DRIM (63). Addition-
ally, REV3-dependent mutations in DRIM increase when
the template switching pathway is inhibited by deletion of
MMS?2. This illustrates the importance of PCNA direct-
ing repair choice to either pol { synthesis or the ‘error-
free’ template switching when the replisome runs into trou-
ble. Together this work demonstrates that there are multiple
routes for cells to overcome various sources of replication
stress, and that pol { synthesis is an important but muta-
genic route.

A further source of replication stress arises when the
replisome encounters DNA sequences that are challenging
to replicate, such as sequences forming secondary struc-
tures (64,65) (Figure 4A). Spontaneous and DRIM pol -
dependent mutations often occur at predicted sites of hair-
pin formation in vivo (66). These same hairpin structures
stall pol & in vitro. This highlights that introduction of
REV3-dependent mutations can be sequence-specific, and
could explain variability in the REV3-dependent mutation
rate when different regions are monitored. DRIM is also de-
pendent on the deoxycytidyl transferase Revlp. Mutations
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Figure 4. Models for REV3-dependent synthesis at difficult-to-replicate regions in the genome. (A) Model, after Northam et al., for the role of pol { and
Revlp synthesizing non-B DNA (66). Hairpin structures in DNA can stall replicative polymerases. Ubiquitinated PCNA then recruits Revlp. Revlp first
acts enzymatically and inserts a dCTP near the base of the hairpin, after which it serves to recruit pol {. Pol { then initiates synthesis on the opposing
strand followed by repriming near the original site of the hairpin, copying from this mismatched sequence. Alternatively, hairpin structures can be bypassed
by template switching. (B) Model for pol { bypass of incorporated ribonucleotides proposed by Lazzaro et al. (75). Incorporated ribonucleotides can be
repaired by ribonucleotide excision repair or a Topl-dependent pathway. When incorporated ribonucleotides remain in the DNA during replication they
have the potential to stall a replication fork. In yeast, pol { may bypass incorporated ribonucleotides. (C) Model for pol { replicating interstitial telomeric
sequences (ITS), after Moore et al. (76). Telomeric proteins, at (ITS), may result in stalling of the replication fork. REV3 is proposed to fill a gap caused by
cleavage of the fork by the MRX endonuclease complex (Mrel1p/Rad50p/Xrs2p) followed by end resection. Alternatively, cells can deal with ITS through
homology dependent repair mechanisms (dependent on RADS51 or RADS2).
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in response to replication perturbations were reduced in a
REVI-deletion strain as well as in a strain with a deletion in
the REVI BRCT domain mediating protein-protein inter-
actions. This is consistent with Revlp having both a struc-
tural and enzymatic function in bypass of DNA structures
that are difficult to replicate (66).

Bypass of incorporated ribonucleotides

Another major source of replication stress arises from ri-
bonucleotides (rNMPs) erroneously incorporated into the
genome during replication (67). Multiple pathways exist to
repair and bypass rNMPs, which likely represent the most
common error made during replication (68-72). One study
has suggested that pol { bypass may be one of these path-
ways.

Most incorporated ribonucleotides are removed from
DNA by ribonucleotide excision repair. This process is initi-
ated by RNase H2 (and perhaps RNase H1). An alternative
repair mechanism exists that is dependent on topoisomerase
1 (73,74). However, if unrepaired rNMPs are present dur-
ing replication they may be bypassed. Incorporated ribonu-
cleotides can also be bypassed by the MMS2-dependent
template switching pathway discussed above. Yeast cells
lacking RNase H1, RNase H2 and Mms2p are only mildly
sensitive to HU, but co-deletion of pol { components in
these cells dramatically sensitizes them to HU (75). This
suggests that pol { provides one mechanism for cells to sur-
vive replication fork stalling induced by collision with rN-
MPs (Figure 4B).

Providing biochemical support for this model, two-
subunit pol { (Rev3p-Rev7p) is dramatically more efficient
than pol 8 at bypassing four tandem rNMPs (75). It will be
intriguing to see if the four-subunit pol { (Rev3p-Rev7p-
Pol31p-Pol32p) can bypass rNMPs even more efficiently
than Rev3p-Rev7p alone. In addition, it will be important
to determine if this function is conserved for mammalian

pol L.

Pol { and repetitive DNA sequences

Highly repetitive sequences are another impediment to
replicative polymerases. An important example are telom-
ere sequence repeats that are found embedded in chromo-
somes outside of the telomeres, called interstitial telomeric
sequences (ITS). When an ITS was placed within an intron
of URA3, an increased rate of point mutations and terminal
sequence inversions was observed in adjacent gene segments
(76). The point mutation rate was reduced 10-fold in a rev3
deletion strain (76). These REV3-dependent mutations ap-
peared not to result from a repair of a double strand break,
since the mutations were not accompanied by indels in the
ITS. The mutations were also dependent on Mrel lp, a com-
ponent of a nuclease that acts on stalled replication forks
and facilitate their degradation. This led to the model that
MRE]II-dependent gaps are formed at ITS sequences and
are then filled in by pol { (Figure 4C). Mutations adjacent
to the ITS increased upon disabling homology-based repair
by deletion of RADS5I or RADS52, but not after disabling
the template switching pathway by deletion of MMS2. This
suggested that homology-based repair pathways are an al-
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Figure 5. Model for the role of pol { in microhomology-mediated break-
induced replication. In break-induced replication (BIR) a single-ended
DNA break is repaired by extensive synthesis on the sister by pol 8. If
the replication fork in BIR collapses, an alternative repair pathway called
microhomology-mediated BIR (MMBIR) can be used. A proposed model
for MMBIR involves looping of a strand, annealing to itself at a short re-
gion of homology (microhomology, MH), with pol { carrying out DNA
synthesis from this MH-paired primer. The extended strand re-associates
with the sister strand, annealing at a microhomology created during syn-
thesis, and continues synthesizes using the sister template. This model was
proposed by Sakofsky ez al. (84).

ternative repair mechanism at ITS sequences, while canon-
ical template switching is not.

REV3-dependent mutations in the neighborhood of
other types of repetitive sequences have been observed. Mu-
tations in a URA3 reporter gene were observed as far as §
kb past an Alu inverted sequence quasi-palindrome; these
mutations were largely REV3-dependent (77). Mutations
also occur in the neighbourhood of trinucleotide repeats
(78,79). REV3-dependence of mutations in the chromo-
some adjacent to trinucleotide repeats was most apparent in
strains with replisomes carrying crippling pol3 or pol2 vari-
ants (77,80). While it was demonstrated that double strand
breaks do form at these repeats, it is not known whether the
pol { mutations are dependent on the formation of a break.

It has been known for two decades that REV3-dependent
mutagenesis occurs in reporter genes located in the neigh-
borhood of a double strand break induced by the HO en-
donuclease (81,82). Nevertheless, RET3 is not essential for
the repair of the break, leaving the question of the func-
tion of pol { synthesis around double strand breaks (81,83).
Pol { is necessary for a specific type of single-ended DNA
double strand break processing, termed microhomology-
mediated break induced replication (MMBIR, Figure 5)
(84). Single-ended double strand breaks can arise from col-
lapsed replication forks or degradation of telomeres. Cells
can repair the break through extensive synthesis, involving
pol d, called break-induced replication (BIR, Figure 5). BIR
uses the homolog as a template and a primer with a substan-
tial stretch of homology. In yeast BIR has been monitored
by the induction of a single ended break at the end of a sin-
gle chromosome III by HO endonuclease, and tracked with
auxotrophic reporters. Deletion of the PIFI helicase gene
disables extensive synthesis, resulting in collapse of BIR and
the appearance of complex mutations near the site of strand
invasion (84). These complex mutations can be explained
by synthesis arising from alternative templating at micro-
homologies. These mutations, in pif]/ A yeast, are thought
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to arise from MMBIR, and such mutations were absent in
strains with deletion of REV3 (84). Point mutations down-
stream of the single-ended break repaired by MMBIR have
not been measured. Such experiments could provide insight
into the extent of pol { synthesis and its potential function
during MMBIR.

An intriguing parallel arises from recent work in human
cells, where restart of stalled replication forks in BRCA2-
deficient cells was dependent on the MUS81 endonucle-
ase and POLD3 (85). A model proposed from this work
was that reversed forks (Figure 3B) were being cleaved by
MUSSI, forming a single-ended DNA break that was re-
paired with POLD3-dependent synthesis. Whether this re-
pair is mediated by pol 8, pol {, or combination of the two
remains unresolved.

Growth defects in pol { disrupted mammalian cells

Yeast genetics resulted in the discovery of REV3 over four
decades ago, and yeast studies are still at the forefront of
unravelling the multifaceted functions of pol { as a special-
ized DNA polymerase. REV3 mutants of S. cerevisiae are
viable, without an enhanced formation of gross chromoso-
mal rearrangements (86). In marked contrast to yeast, in-
activation of Pol ¢ has severe consequences for mammalian
cells without exogenous sources of stress. Clarifying this es-
sential function in mammalian systems is paramount to un-
derstanding the relevance of pol { to humans and cancer.

Without pol { function, mammalian genomes accumu-
late DNA breaks in every cell cycle, with ensuing chromo-
some breaks, gaps, rearrangements, and formation of mi-
cronuclei. In normal cells, this DNA damage impairs viabil-
ity by initiating gene expression programs that lead to cell
death or senescence. For example, primary mouse embry-
onic fibroblasts (MEFs) die or senesce within two cell di-
visions after disruption of Rev3/. This excessive cell death
and premature senescence in primary MEFs can be pre-
vented by immortalizing cells with T-antigen before disrup-
tion of Rev3l. Although cells can proliferate because im-
mortalization blunts the implementation of cell death path-
ways, the Rev3/ defect leads to a 10-fold increase in the
frequency of DNA double-strand breaks and chromosome
rearrangements (6,87). Similarly, some human cancer cell
lines such as NALM-6 can propagate after inactivation of
REV3L, but with increased sensitivity to many DNA dam-
aging agents (88). A REV3I~/~ mutant was also derived
from TK6, a p53*/* EBV-immortalized lymphoblastoid cell
line (89). Presumably such cell lines are also compromised
in checkpoints or cell death pathways. An interesting paral-
lel arises from studies of yeast strains with defective telom-
ere maintenance. Such strains with a rev3 deletion cannot
proliferate and undergo senescence (90). One proposal is
that short inverted repeat-induced synthesis is used to main-
tain chromosome ends, taking advantage of palindrome se-
quences (90). This process, related to MMBIR, may require
DNA synthesis mediated by pol .

Mouse embryos with a homozygous disruption of Rev3/
do not develop further than mid-gestation. Some strains
lose viability even earlier, and so several investigations have
turned to conditional disruption models. A broad inactiva-
tion of Rev3/in hematopoietic progenitors does not give rise

to propagating B or T cells in adult mice (91). Disruption is
better tolerated in mature resting B cells expressing CD19
or CD21 (92,93).

Adult mice are able to survive after ablation of Rev3/in
epithelial keratinocytes (using Cre recombinase driven by
a keratin-5 promoter) (87). However, these animals display
major skin abnormalities, including reduced epidermal cel-
lularity, irregular hair cycling, and gradual hair loss (87).
Keratinocytes from the mice exhibit highly enhanced base-
line levels of DNA damage stress and do not survive if ex-
planted into cell culture. Remarkably, these mice are the
most sensitive to UV radiation of any known single mutant
mouse model, much more sensitive than those with defects
in nucleotide excision repair (87).

The greatly enhanced UV radiation sensitivity of mice
with Rev3/-defective keratinocytes arises from two sources.
First, the cells are defective in TLS of UV radiation-induced
DNA damage. Second, the pol { defect impairs the prolif-
eration of normal keratinocytes as the skin attempts to re-
cover from UV-irradiation. To verify that pol { is necessary
for continued proliferation of primary cells in the mouse,
even in the absence of exogenous DNA damage, wound
healing was examined. This process depends on rapid pro-
liferation of cells to regenerate the wounded area. Rev3/-
defective epidermis was found to have a proliferative defect
in wound healing (94). Pronounced epidermal skin pigmen-
tation occurred following UV irradiation or wound heal-
ing in Rev3/-defective adult mice (87,94). This is striking
because, unlike humans, adult mice do not normally have
melanocytes resident in the basal epidermis. The explana-
tion is related to the DNA damage-dependent stress re-
sponse developed by Rev3/-defective keratinocytes as they
attempt to proliferate. Stress signals from the keratinocytes
then induce p53-dependent migration of melanocytes to the
epidermis (94). In keratinocytes, p53 directly upregulates
the transcription of genes that stimulate production of eu-
melanin and increase pigmentation (95-98).

Pol { as a tumor suppressor

One consequence of the genome protective function of pol
{ is that Rev3lis a suppressor of spontaneous tumor forma-
tion. There are several examples. In 7p53-defective mice, a
mosaic deletion of Rev3/ in the lymphocyte lineage caused
an increased incidence and reduced latency of lymphomas
(91). Conditional partial disruption of Rev3/ in the mam-
mary gland enhances the incidence of mammary gland tu-
morigenesis (91). About 90% of mice with disruption of
Rev3[ in keratin-5 expressing cells acquired squamous cell
carcinomas after 1 year (87). It is likely that the increased
frequency of tumors is due to oncogenic chromosome rear-
rangements in Rev3/-defective tissues. For example, cancers
arising from 7Tp53-defective and BRCAI defective mouse
epithelia are driven by amplifications or translocations that
result in elevated oncoprotein expression or oncoprotein-
containing fusions (99).

The polymerase activity of pol { is essential for limiting
genome damage

One question is whether the essential functions of REV3L
depend directly on the DNA polymerase, or whether only
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the structural presence of REV3L is needed. A catalyti-
cally deficient REV3L might still interact with its protein
partners and other DNA substrates, allowing viability of
cells and mice. To determine whether ablation of the cat-
alytic activity of pol { is responsible for the severe con-
sequences in pol { mutant mouse cells, mice were engi-
neered with specific inactivation of the catalytic activity.
Conserved active site aspartate residues necessary for activ-
ity (D2773, D2775) were changed to alanine, in two inde-
pendent studies. In both cases, no viable homozygous mice
were produced, and the corresponding embryos died early
in embryogenesis (6,100). To investigate cell-autonomous
consequences of the specific polymerase alteration, primary
MEFs were derived that carried one null Rev3/ allele, and
one active site mutant allele (6). The growth defects, DNA
break formation and cisplatin sensitivity of these cells were
similar to cells harboring two null alleles (101). These re-
sults showed that the DNA polymerase activity of REV3L
is essential for the genome protective functions.

Different consequences of REV7 and REV3L knockouts in
mammals.

As we noted earlier, REV7 (encoded by MAD2L2) func-
tions as a component of pol {. A dimer of REV7 binds
to two adjacent sites in REV3L by grasping a peptide of
REV3L with a ‘safety-belt’ loop (13,14). REV7 serves as a
bridge between REV3L and the REV1 protein (Figure 1B).
The REV7 protein is, however, at least an order of magni-
tude more abundant than REV3L (13) and has additional
functions and numerous protein partners. These include
chromatin-associated proteins and post-translational mod-
ification proteins (102-108). A further function of REV7
has been established as a DNA resection inhibitor in the
‘Shieldin’ complex (109,110). In view of these many func-
tions, it is fascinating that complete ablation does not al-
ways seem to block viability of mice. Rev7 disruption in
mice (using embryonic stem cells derived from 129 strains)
gave homozygous progeny in a sub-mendelian ratio, with
a smaller overall size and pronounced defects in primary
germ cells (105,111). Germline deletion of Rev7 in C57BL/6
embryonic stem cells resulted in embryonic lethality (112).
Specific deletion of Rev7 from the B cell lineage using Mb1-
Cre yielded normally functioning B cells, unlike the severe
defects in Rev3l-defective B cells (112). These considera-
tions suggest that Rev3/ has as yet unappreciated functions
that are independent of Rev7, and perhaps independent of
TLS. Studies that elucidate the broad consequences of Rev3/
deletion, such as profiling the changes in the transcriptome
and proteome, may help uncover novel functions of pol {.

Cancer and disease-associated mutations in REV3L

REV3L is a large gene and therefore many REV3L muta-
tions are found in the genomes of human cancers. REV3L
is mutated in more than 10% of the NCI-60 cancer cell line
set (113). Analysis via cBioportal of cancers with both mu-
tation and copy number data currently shows that REV3L
is altered in ~2% of cancers and that ~18% of these muta-
tions occur with loss of heterozygosity (114,115). Heterozy-
gous mutations in the human REV3L gene have also been
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suggested to be associated with an inherited neurological
disorder, Mobius syndrome (116). It will be interesting to
investigate whether the association can be confirmed in fur-
ther studies of mouse models and the human disorder.

Inhibition of pol { as a potential therapeutic target

Genomic instability fuels cancer development and also pro-
vides a reservoir of genomic variations that facilitate resis-
tance to therapies. Tumor cells often have altered DNA re-
pair pathways, resulting in genomic instability, one of the
defining hallmarks of cancer (117). However, this can lead
tumor cells to rely more heavily on remaining intact repair
pathways to prevent genomic damage from reaching lev-
els that lead to unescapable cell death. As a result, targeted
therapies have emerged that exploit specific DNA repair de-
ficiencies in tumor cells, the most prominent being the rise
of PARP inhibitors in the clinic (118).

A potentially exciting prospect for cancer therapy is to in-
hibit the function of TLS in tumor cells to block a remaining
route of survival of cancer cells challenged with DNA dam-
aging chemotherapeutics. Depleting pol { function should
increase sensitivity of a tumor to some DNA damaging
drugs. Concomitantly, reduction of the TLS function would
be expected to reduce drug-induced base substitution and
frameshift mutagenesis. This could advantageously reduce
the pool of drug-induced mutated tumor cells, which could
slow down recurrence of a tumor.

This strategy has been explored in mouse tumor models.
Mouse lung adenocarcinoma cells were transplanted into
syngeneic mice, and the animals exposed to cisplatin (119).
Cisplatin toxicity was higher in shRev3/-depleted cells, and
mice receiving tumors harboring shRev3/ had a longer sur-
vival time following cisplatin treatment (22.5 days) com-
pared to control tumors with normal Rev3l levels (11 days).
The mutation frequency of cells expressing shRev3l was
~20% of normal following cisplatin treatment. Other ex-
periments used a model of Burkitt lymphoma, the Eu-
myc mouse (120). Pure populations of control and Rev3/-
deficient lymphoma cells were introduced into recipient
mice until palpable tumors formed (~2 weeks). Following
treatment with a single 10 mg/kg dose of cisplatin, Rev3/-
deficient tumors exhibited a more rapid reduction in size
than controls, with tumor regression occurring within 24 h.

Other experiments focused on REV1 (120). To exam-
ine whether Revl deficiency similarly could delay the de-
velopment of chemoresistant tumors in vivo, control and
Revl-deficient Eu-myc lymphoma cells were injected into
syngeneic recipient mice. After tumors formed, mice were
treated with cyclophosphamide. To examine the role of Rev/
in the evolution of chemoresistance, tumors were harvested
from individual mice at relapse and reinjected into mice
for a second round of therapy. Even after three cycles of
engraftment, treatment and regrowth, three of four Revi-
deficient tumors retained a pronounced sensitivity to CTX
treatment, whereas all control recipients succumbed to their
tumors. These data suggest that TLS inhibition may have
dual anticancer effects, sensitizing tumors to therapy as well
as preventing the emergence of chemoresistance.

Because pol ¢ inactivation is toxic to normal cells, a
major practical challenge is the development and delivery
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Figure 6. Pol { operates as a tumor suppressor by preserving chromosomal stability at the cost of point mutations in mammals. (A) In cells with proficient
pol ¢, endogenous and exogenous sources of stress or damage require pol { synthesis to prevent gross chromosomal abnormalities, but at the cost of
introducing point mutations. (B) Without pol {, cells may accrue fewer point mutations but also acquire increased chromosomal abnormalities when
challenged with exogenous or endogenous sources of damage or stress. These chromosomal abnormalities lead to growth suppression and cell death in
cells with functional checkpoints. Cells without functional checkpoints may be able to survive and the chromosomal abnormalities can drive oncogenesis.

of a pol { inhibitor to tumor cells. In one approach, a
nanoparticle was used to deliver a cisplatin prodrug and
REV1/ REV3L-specific siRNAs simultaneously. Adminis-
tering such nanoparticles to a prostate cancer cell mouse
model gave a synergistic inhibition of tumor growth (121).

Another approach may be to target small-molecule in-
hibitors to the pol { complex (122). A further strategy is
to inhibit specific interactions between proteins in the ex-
tended pol { complex. Protein-protein interactions between
the C-terminal domain of REV1 and the REV1-interacting
region of other TLS DNA polymerases play an essential
role in TLS. A fluorescence polarization-based assay was
used in a pilot screen for small molecule inhibitors of this
PPI (123). Small molecule scaffolds that disrupt this inter-
action were identified. Survival and mutagenesis assays in
mammalian cells exposed to cisplatin or UV radiation in-
dicated that these compounds inhibit mutagenic REV1/pol
{-dependent TLS in cells (123).

There are many other protein—protein interactions within
the pol { complex (20) (Figure 1). Some of these inter-
actions are candidates for small-molecule targeting. Spe-
cific inhibitors of the catalytic activity of REV3L could
also inhibit pol ¢ function (6,100). Recently an inhibitor
that prevents the REV7-REV1 interaction through pro-
moting dimerization of REV1 was identified (39). Impor-
tantly, when combined with cisplatin, this inhibitor reduced
tumor size and increased survival in a mouse xenograft
model. An important caveat is that disruption of Rev3/
function causes cells to be susceptible to increased chro-
mosome breaks, gaps, and oncogenic chromosome rear-
rangements (Figure 6). Crippling of REVI function (in a
nucleotide excision repair-defective background) enhances
UV radiation-induced carcinogenesis by elevating inflam-
matory hyperplasia (124). Therefore, pol { inhibition could

sometimes contribute to generating drug-resistant variants
in recurrent cancer, and such possibilities will have to be
monitored carefully.

CONCLUSION

Pol ( is a specialized DNA polymerase that functions in
canonical translesion synthesis but also has broader roles
in unchallenged replicating cells. Uncovering the roles pol
{ plays in preserving genomic stability in mammalian cells
could have broad reaching implications in understanding
carcinogenesis and in developing combination therapies for
some cancers.
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Genetic determinants of cellular addiction to DNA
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Polymerase theta (Pol 6, gene name Polg) is a widely conserved DNA polymerase that
mediates a microhomology-mediated, error-prone, double strand break (DSB) repair path-
way, referred to as Theta Mediated End Joining (TMEJ). Cells with homologous recombi-
nation deficiency are reliant on TMEJ for DSB repair. It is unknown whether deficiencies in
other components of the DNA damage response (DDR) also result in Pol 0 addiction. Here
we use a CRISPR genetic screen to uncover 140 Polg synthetic lethal (PolgSL) genes, the
majority of which were previously unknown. Functional analyses indicate that Pol 6/TMEJ
addiction is associated with increased levels of replication-associated DSBs, regardless of the
initial source of damage. We further demonstrate that approximately 30% of TCGA breast
cancers have genetic alterations in PolgSL genes and exhibit genomic scars of Pol 6/TMEJ
hyperactivity, thereby substantially expanding the subset of human cancers for which Pol 6
inhibition represents a promising therapeutic strategy.
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NA double strand breaks (DSBs) arise spontaneously

during DNA replication or upon exposure to exogenous

clastogens and threaten both genome integrity and
cellular viability!~-3. Efficient and accurate DSB repair is thus
vital for cancer prevention and organismal survival. DSB repair
pathways are broadly classified into two categories: homology-
directed repair (HDR) and non-homologous end joining
(NHE]). HDR requires 5’ to 3’ end resection, Rad51 loading,
strand invasion, and DNA synthesis using an intact homo-
logous template*. In contrast, classical NHE] (c-NHEJ)
does not require a homologous template and is dependent
on the Ku complex, DNA-PK, and XRCC4/Ligase 4°. An
alternative end joining (alt-EJ) pathway has also been descri-
bed, but unlike c-NHE], alt-EJ acts on the same 5’ to 3’ resected
DSBs that are intermediates in HR. Alt-EJ employs a synthesis-
dependent mechanism that is directed by short tracts of
flanking microhomology (MH)!-%, giving rise to a characteristic
pattern of MH-flanked deletions and/or templated insertions.
Several genes have been implicated in alt-E]J, including 5’ to 3’
resection factors (e.g., Mrell, Rad50, Nbn, CtiP, and Exol),
PARPI1, and LIG3. However, the gene that is most specifically
linked to Alt-EJ is the A-family DNA Polymerase 6 (Pol 6, gene
name Polg)!7. Alt-EJ signatures at chromosomal breaks are
substantially reduced in Polg—/~ cells from diverse metazoan
and plant organisms®-10. Thus, Pol 8 has emerged as the pre-
dominant mediator of alt-EJ, and this alternative DSB repair
pathway has been designated Theta Mediated End Joining
(TME])%11.

TME] is intrinsically an error-prone pathway, yet its evolu-
tionary conservation in metazoans and plants suggests that it
likely has a physiological role in promoting genome integrity!.
Indeed, Polg—/~ cells demonstrate elevated levels of sponta-
neous DNA damage!?. A prior study suggested that TME]
competes with HDR for DSB repair!3, but this model does not
explain how TME] may promote genome stability. In C. ele-
gans, TME] has an important role in the repair of replication-
associated DSBs, particularly at G-quadruplex (G4)
structures!41°. In that study, Pol 8 deficiency resulted in large-
scale deletions at chromosomal G4 sites. However, the phy-
siological role of TME] in promoting genome integrity in
mammals remains unclear.

In normal cells, TME] accounts for a small minority of DSB
repair!0. Consistent with a limited role in global DSB repair,
Polg deficiency has a relatively minor impact on organismal
development in flies!®, worms!7, and micel2. However, recent
studies have demonstrated that Polgq nevertheless becomes
essential in cells with deficiency in canonical DSB repair
pathway genes (Brcal, Brca2, and Ku70), indicating synthetic
lethal genetic interactions that are consistent with an essential
role for Pol6/TME] as a backup to repair by either HR or
NHEJ10:13.18 This observation has resulted in enthusiasm for
Pol 0 as a therapeutic target in breast and ovarian cancers with
BRCA1/2 deficiency!®. However, it remains unknown whether
Polg is also synthetic lethal with other genes in the HR and
NHE] pathways, and more broadly, with other genetic media-
tors of the DNA damage response (DDR) pathway. Here, we
report findings from a synthetic lethal CRISPR screen to
identify DDR gene mutations that induce cellular addiction to
Pol 0. We uncover a broad landscape of synthetic lethality with
Polg, and provide evidence that this reflects a critical role for
Pol 0 in protecting cells from accumulation of non-productive
HR intermediates at sites of DNA replication-associated DSBs.
Finally, we find that human breast cancers with mutations in
Polg synthetic lethal (PolqSL) genes identified in our CRISPR
screen may be addicted to Pol 6, based on increased expression
of TME]-associated genomic scars.

Results

CRISPR synthetic lethal screens. To gain broader insight into
the contexts where Pol 0-mediated genome maintenance is
essential for cellular viability, we performed a CRISPR loss of
function screen in WT, Polg~/~, and Polg"POLQ (Polg~/~
reconstituted with human POLQ) MEF cell lines, which were
described previously and functionally validated!%-12:20, polg—/~
MEFs have a normal cell cycle profile!?, yet exhibit elevated levels
of spontaneous chromosomal aberrations that are reversed after
complementation with human POLQ (Supplementary Fig. 1). The
goal of the CRISPR screen was to identify gene mutations that are
tolerated in WT and Polg"POLQ MEFs yet lethal in Polg—/~ MEFs,
thereby indicative of a synthetic lethal genetic interaction. A
custom synthesized “DDR-CRISPR” lentiviral library was used
for the screen, which targets 309 murine DDR genes with
10 small guide RNAs (sgRNAs) per gene and also includes 834
non-targeting sgRNA controls (Supplementary Data 1). For each
biological replicate, 2 x 10 MEFs were transduced with the DDR-
CRISPR lentiviral library at low multiplicity of infection (<1), and
passaged for 8 population doublings prior to genomic DNA
isolation (Fig. 1a). High-throughput sequencing (average 250x
read depth) was used to quantify the abundance of each sgRNA
sequence relative to all mapped reads, similar to previously
described methods?! (Fig. 1a). A “Gene Abundance Change
Score” was calculated as described in the methods. Thresholds for
statistical significance were established by using the set of control
sgRNAs as an internal control for abundance changes that are
due to off-target effects (see “Methods”).

Plotting the Gene Abundance Change Scores, we observed a
striking depletion of many DDR gene-targeting sgRNAs in Polg—/~
relative to WT MEFs (Fig. 1b). In contrast, control sgRNAs were
not depleted in Polg~/~ cells and, in fact, were enriched relative to
their abundance in WT cells due to the depletion of a large number
of DDR gene-targeting sgRNAs. Moreover, the vast majority of
sgRNA abundance changes in Polg~/~ MEFs could be definitively
attributed to Pol 0 deficiency, as they were not observed when
Polg~/~ cells were reconstituted with WT human POLQ
(Polg"POLQ) (Fig. 1b). To mitigate any clone-specific genetic
interactions we directly compared Gene Abundance Change Scores
in Polg~/~ MEFs relative to Polg"POLQ MEFs, and identified
142 significant genetic interactions using two complementary
statistical tests (Fig. 1c). All but two of these genes (140 total) had
corresponding sgRNAs that were depleted in Polg/~ MEFs
relative to reconstituted Polg”"OLQ MEFs, and thus classified as
Polg synthetic lethal (PolqSL) genes.

Due to the large proportion of Polq synthetic lethal gene
interactions identified in our screen (45% of 309 genes
evaluated), we performed two additional control experiments.
First, we conducted the same DDR-CRISPR screen in an
immortalized MEF line that is deficient in another DNA repair
polymerase, Pol u (Polm), that participates in NHE] repair2.
We did not identify any statistically significant synthetic lethal
gene interactions with Polm deficiency (Supplementary Fig. 2a,
b and Supplementary Data 3), indicating the broad landscape of
DDR gene synthetic lethality is not observed for all DNA
repair-associated polymerases. To address whether Polg—/~
cells are prone to synthetic sickness with Cas9-mediated gene
editing events, we utilized a separate CRISPR library targeting
genes that encode membrane proteins. Only 19 out of 951 genes
(2%) targeted in this library exhibited synthetic lethality with
Polg~/~, which is below the 3% false discovery rate threshold
used during statistical analyses (Supplementary Fig. 2¢, d and
Supplementary Data 3). Thus, the large number of PolqSL
genes identified in our screen is due to a broad landscape of
DDR gene mutations that render cells dependent on Polg for
viability.
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Fig. 1 Identification of Polg synthetic lethal (PolgSL) genes by CRISPR screening. a Schematic of the CRISPR genetic screen to identify PolgSL genes. b Violin
plot of Gene Abundance Change Scores (Log,) for DDR gene-targeting sgRNAs (red) and non-targeting control sgRNAs (blue) in Polg=/~ and PolghPOLQ
MEFs, relative to WT MEFs. ¢ Volcano plot of Gene Abundance Change Scores (Polg~~ versus PolghPOLQ) and -Log;o p-value of the Kolmogorov-Smirnov
test for DDR gene-targeting sgRNAs relative to non-targeting control sgRNAs. Thresholds for statistical significance are indicated by dashed lines (see
“Methods"” for details). Genes with statistically significant (Blue dots) and non-significant (Gray dots) Gene Abundance Changes Scores are indicated.

Genes with red/purple triangles are further validated in Fig. 1d. d Relative cell survival measured by colony forming efficiency of WT or Polg~~ cells

transduced with a lentivirus containing Cas9 and control sgRNA (sgCtrl) or DDR gene-targeting sgRNAs. Data shown are the mean + SEM (n = 3 biological
replicates). Significance determined using an unpaired, two-tailed t-test (*p <0.05; **p < 0.01; ***p <0.001, ****p < 0.0001). e Functional classification of

PolgSL genes identified in our CRISPR screen depicted as a Euler diagram

We validated 15 of the candidate PolqSL genes using standard
colony forming assays after transduction with gene-targeting or
control sgRNAs (Fig. 1d). For 14 out of 15 genes, we observed
significantly reduced viability in Polg~/~ MEFs relative to WT
MEFs (i.e., 93% hit validation rate). We also tested sgRNAs against
Brcal in WT and Polg~/~ MEFs, due to previously published
reports of a synthetic lethal interaction!318, although Brcal did not
emerge as a significant genetic interaction in our CRISPR screen.
We observed a modest yet statistically significant reduction in cell
viability when sgBrcal was introduced in Polg~/~ cells relative to
WT cells. The relatively small magnitude of viability difference
between Polg~/~ and WT MEFs transduced with sgBrcal may
explain why it was a false negative result in our screen.

Previous work identified two members of the HR pathway
(Brcal and Brca2)!'318, and 1 member of the NHE] pathway
(Ku70)19, as synthetic lethal with Polg deficiency. Our work
considerably expands the list of DSB repair genes that are
synthetic sick or lethal with Polg, such that it now includes 13
additional HR mediators, as well as 4 additional genes specific to
NHE] (Fig. le, Supplementary Data 2). We also observed highly
significant synthetic sickness between Polg deficiency and all four
components of the 53BP1 anti-resection pathway included in our
screen (53bpl, Paxipl, Mad2I2, and Rifl). Surprisingly, many of
the remaining PolqSL genes have no direct role in canonical DSB
repair. These include genes involved in base/nucleotide excision
repair, translesion synthesis, mismatch repair, DNA metabolism,
DDR signaling, chromatin structure, and the Fanconi Anemia

repair pathway (Fig. 1e). We postulated that a common feature of
these gene mutations may be an increase in endogenously
generated replication-associated DSBs. To directly test whether
Pol 0 is essential for repair of collapsed replication forks, we
quantified chromosomal aberrations after Aphidicolin treatment.
Polg™/~ MEFs accumulated significantly more metaphase
aberrations and had reduced viability after aphidicolin treatment
relative to WT or Polg"POLQ MEFs (Supplementary Fig. 3a-c).
Loss of Neil3 has previously been shown to increase replication-
associated DSBs?3. We identified Neil3 as a PolqSL gene, and
observed that CRISPR-mediated knockout of Neil3 increased
nuclear 53BP1 foci more significantly in Polg—/— MEFs relative to
WT MEFs, which is consistent with an accumulation of
unrepaired replication-associated DSBs. Collectively, these find-
ings argue an essential role for Polg is not limited to cells deficient
in BRCA1/2, or even cells deficient in DSB repair—we show Pol 6
is an important compensatory repair mechanism in the back-
ground of deficiency in many genes implicated in DDR.

Synthetic lethality of Polq/53bpl DKO cells despite HR and
NHE] proficiency. Synthetic lethality between Polq and 53bpl
has previously been reported!9, and had been presumed to be due
to deficiency in NHE]. To evaluate this possibility, we measured
NHE]J, HR, and TME] repair at a CRISPR/Cas9 induced break at
the murine Rosa26 locus using digital PCR (dPCR) assays
designed based on previously published high throughput
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Fig. 2 Synthetic lethality of Polq/53bp1 double knockout cells despite HR and NHEJ proficiency. a Schema for marker-free quantification of DSB repair
pathway choice at a CRISPR-induced chromosomal break using dPCR. b Quantification of HR, NHEJ, and TMEJ repair at the Rosa26 locus, relative to WT +
sgCtrl. Data shown are the mean £ SEM (n =3 biological replicates). Significance determined using an unpaired, two-tailed t-test (*p < 0.05; **p <0.071;
****p < 0.0001). ¢ Diagram of growth competition assay to assess kinetics of synthetic lethality between Polq and 53bp1. DD-Cas9 is protected from
degradation upon exposure to a synthetic ligand (Shield1). Depletion of mVenus-positive cells over time after Shieldl exposure is indicative of sgRNA
lethality. d Normalized percentage of mVenus-positive cells over time after Shield1 treatment, measured by flow cytometry. The mean fraction of mVenus-
positive cells = SEM (n=23) is shown for the various genotypes, normalized to day O (no shield). Polg~/~ + sg53bp1-1 or -2 ****, p < 0.0001 using two-
tailed nonparametric Spearman correlation in GraphPad Prisim v7.04. e-g Time lapse microscopy of PCNA-mCherry to assess cell cycle phase transitions
in individual Polg=~ cells 48 h after Shield1 treatment. Cell lines used in this experiment are described in (¢) after mVenus sorting. e Image descriptions for
the three mitotic outcomes. Mitotic catastrophe is a terminal event with cells undergoing nuclear degradation, and abnormal mitosis refers to cytokinesis
failure or chromosomal mis-segregation events resulting in abnormal nuclear structure in subsequent daughter cells. f Distribution of S phase lengths in
Polg="~ MEFs transduced with sgCtrl, sg53bp1-1, and sg53bp1-2. **p < 0.01 using a two-tailed t-test. g Analysis of mitotic outcome of individual cells with
the indicated genotypes. Abnormal mitosis refers to cytokinetic failure or mis-segregation events resulting in abnormal nuclear structure in subsequent
daughter cells. Mitotic catastrophe refers to abnormal mitoses resulting in cell death or disappearance. Significance determined using a Chi-square test
(**p<0.01 and ****p<0.0001)
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sequencing analyses at this locus!® (Fig. 2a). 53bp1 deficiency
resulted in a nonsignificant reduction in NHE] and increased
frequencies of both HR and TME] repair (Fig. 2b), consistent
with previously described roles for 53bp1 in DSB repair pathway
choice?*. Based on these observations, NHE] deficiency cannot
explain synthetic lethality between 53bpI and Polg. However, it
was also surprising that HR could not compensate for TME]
deficiency in 53bp1/Polq DKO cells, given that they both act on
resected DSBs. We therefore investigated the synthetic lethal
phenotype in greater detail.

To assess kinetics of synthetic lethality between 53bp1 and Polg,
we utilized an inducible Cas9 expression system (DD-Cas92%), and
monitored the relative growth rate of transduced cells by flow
cytometry over time (Fig. 2c). Interestingly, although 53BP1
expression was already diminished by 48 h after Shield1 treatment
(Supplementary Fig. 4), the growth disadvantage of Polg~/~ +
sg53bpl (ie., Polg/53bpl double knockout, DKO) cells persisted
over at least 14 days (Fig. 2d). Time lapse microscopy using
PCNA-mCherry as a fluorescent cell cycle reporter?® revealed a
statistically significant prolongation of S phase duration with one
out of two 53bpl-targeting sgRNAs in Polg~/~ cells (Fig. 2f),
although G1 and G2/M duration did not differ significantly for any
of the genotypes (Supplementary Fig. 5). More strikingly, there was
a significantly higher rate of aberrant mitoses (improper
chromosomal segregation or abnormal cytokinesis) and mitotic
catastrophe when either of the 53bpl targeting sgRNAs was
expressed in Polg~/~ cells (Fig. 2e, g).

Polq/53bp1 DKO cells accumulate aberrant HR intermediates
in S phase. Because mitotic aberrations can arise from unresolved
DNA damage in the preceding S phase?’~2%, we performed co-
immunofluorescence for Rad51 and yH2AX to assess levels of HR
intermediates and DNA damage-associated chromatin, respec-
tively. Notably, we observed large Rad51 aggregates selectively in
Polg/53bp1 DKO cells, which frequently were also positive for
YH2AX (Fig. 3a, b). The Rad51 foci observed in Polgq/53bp1 DKO
cells were substantially larger than spontaneous Rad51 foci that
occur in a normal S phase in WT cells (Supplementary Fig. 6a-b).
In addition, we analyzed EdU incorporation to distinguish non-S
phase cells from cells in early, middle, or late S phase (Fig. 3c).
The most significant increase in abnormal Rad51 aggregates was
observed in middle and late S phase cells (Fig. 3d). We hypo-
thesized that these Rad51 foci arose from spontaneous replication
fork collapse. Indeed, aphidicolin treatment increased the per-
centage of nuclei with large Rad51 foci (Fig. 3e). Furthermore,
Rad51 foci that formed in Polg/53bpl DKO cells persisted even
after 12 h, a timepoint when a significant fraction of Rad51 foci
had resolved in WT, WT + sg53bp1, and Polg—/~ cells (Fig. 3e
and Supplementary Fig. 6c). Collectively, these observations
indicate that synthetic lethality between 53bpl and Polq defi-
ciency is due to unsuccessful HR-mediated repair of a subset of
replication-associated DSBs.

Polq is required for Mitomycin C (MMC) induced DNA
damage repair. We next evaluated potential roles for Pol 0 after
exposure to agents known to cause stalled replication forks,
including MMC, which introduces interstrand crosslinks (ICL),
and pyridostatin (PDS), which stabilizes G quadruplex (G4)
DNA. Prior findings in Drosophila®12:30 have implicated Polg in
ICL repair. In contrast, MEFs expressing a hypomorphic Polg
allele, Polqha0s1, were not hypersensitive to MMC!2, We find that
Polq~/~ MEFs are hypersensitive to MMC, which can be restored
by reconstitution with human POLQ (Supplementary Fig. 7). The
discrepancy between these findings may be due to residual
activity of the Polg?aos gllele in mediating ICL repair. Polq~/~

MEFs exposed to a low dose of MMC (20 ng/mL) had a sig-
nificantly higher frequency of mitotic crossovers in a sister
chromatid exchange (SCE) assay and unrepaired chromosomal
aberrations than was observed in wild type cells. Increases in both
classes of aberrations were reversed upon exogenous expression
of human POLQ (Fig. 4a—c). These observations indicate that
TME] is a major pathway for ICL repair in mammals that pre-
vents accumulation of mitotic crossovers. Notably, Polg~/~ cells
treated with MMC also accumulated large Rad51 foci (Fig. 4d-f),
similar in character to those observed in Polg and 53bpl DKO
cells.

Polq is required for pyridostatin induced DNA damage repair.
Pol 0 has been implicated in repair of replication-dependent
DNA damage at G4 DNA in C. elegans'®1>. Our CRISPR screen
identified a synthetic sickness genetic interaction between Polg
and Fancj, which was validated by performing a colony forming
assay (Fig. 1d). Fancj is a conserved helicase that unfolds G4
DNA3! and mutations in its C. elegans ortholog, dog-1, result in
high levels of TME] signature repair at G4 sites in the genome32.
We found that Polg~/~ MEFs are hypersensitive to the
G4 stabilizer pyridostatin (PDS)33 relative to WT cells (Fig. 5a).
Similarly, WT MEFs transduced with sgRNA targeting the Polg
polymerase domain induced sensitivity to PDS relative to a
control sgRNA (Fig. 5b). Polg—/~ cells treated with PDS accu-
mulate a significantly greater number of Rad51 and 53BP1 foci
(Fig. 5c—e). Interestingly, Rad51 foci in Polg~/~ cells were larger
and more frequently adjacent to 53BP1 foci than in WT cells
(Supplementary Fig. 8). Altogether, these observations demon-
strate an essential role for Pol 0 in protection against accumu-
lation of non-productive HR intermediates at sites of replication-
associated DNA damage.

Elevated TME] repair signatures in cells with PolqSL gene
mutations. We next investigated whether there was more frequent
utilization of TME] for DSB repair in cells deficient in genes
represented in the PolgSL list. We first induced chromosomal
breaks in a wild type MEF line, as well as stable variants of this line
deficient in 53bpl (53bp1~/~) or Brca2 (Brca2Mut/=) (Supple-
mentary Fig. 9), and characterized repair of these breaks by high
throughput sequencing (Fig. 6a). TMEJ events were defined as
deletions >5 bp with >2 bp flanking microhomology (MHD), which
is a signature pattern of repair product that has previously been
shown to be Pol 6-dependent in this cell line!?. Both of the PolgSL
list gene mutants (Brca2 and 53bpl) showed increased use of the
TME]J signature (Fig. 6b, c), although 53bpI—/~ had longer MHD
compared to Brca2Mut- Jikely due to increased DSB resection in
53bpl deficient cells. Similar results were observed using a dPCR
assay specific for a Pol 0-dependent MHD in cells that were
CRISPR-targeted for two additional HR genes in the PolqSL list,
Palb2 and Rad51 (Fig. 6d, e). Frequent synthetic lethality with Polg
deficiency thus tightly correlates with the importance of TME] as a
commonly used compensatory, or backup mechanism for repair of
replication-associated DSBs.

Elevated TME] repair signatures in human breast cancers with
PolqSL gene alterations. The association between PolqSL gene
mutations and increased utilization of TME] repair in MEFs led
us to hypothesize that human cancers with PolqSL gene muta-
tions may also contain higher levels of TMEJ-associated genomic
scars. Towards this end, we identified 275 out of 926 (29.7%)
breast cancers in the TCGA cohort3* as likely deficient in one or
more of the 140 PolqSL genes identified in our CRISPR screen
(Supplementary Data 4-5), due to a truncating mutation or a
deep copy number deletion. Notably, this is a much larger
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Fig. 3 Polg/53bp1 double knockout cells accumulate non-productive HR intermediates in S phase. a Representative immunofluorescence (IF) staining of
Rad51 (red) and yH2AX (green) foci formation in cells with the indicated genotypes, 48 h after Shield1 treatment. (n = 3 biologically independent
experiments). b Quantification of large Rad51 foci per nucleus and percentage of nucleus with Rad51 foci. Data shown are mean + SEM, and consistent
across three independent biological replicates. ***p < 0.001; ****p < 0.0001 using a Mann-Whitney test. ¢ Representative co-IF images for Rad51 (red),
YH2AX (green), and EdU (yellow,10 min EdU pulse) in Polg~/~ + sg53BP1-2 MEFs to distinguish cell cycle stages as indicated. d Quantification of large
Rad51 foci per nucleus stratified by cell cycle stage. *p < 0.05; **p < 0.01; ****p < 0.0001 by a Mann-Whitney test. e Cells were treated with 10 uM
Aphidicolin for 4 h followed by release for O, 6, and 12 h, fixed cells and stained cells with Rad51. Quantification of the percentage of nuclei with Rad51 foci
was performed. Data shown are mean + SEM, and consistent across two independent biological replicates. *p < 0.05; **p < 0.01 using a Mann-Whitney test

fraction of cancers than previously considered as having addic-
tion to Pol 8—only 21 of these 275 cases were BRCA mutated. We
observed significantly higher levels of POLQ mRNA (Fig. 6f) in
breast cancers with PolqSL gene alteration. We also investigated
correlation with COSMIC mutation signature 3, which is upre-
gulated in cancers with BRCA1/2 deficiency and also in BRCA
non-mutant cancers with suspected homologous recombination
deficiency (HRD)3>36. We observed highly significant enrich-
ment of COSMIC signature 3 in breast cancers with PolqSL gene
alterations (Fig. 6g), relative to breast cancers without PolqSL
gene alteration. These observations are consistent with excessive
employment of Pol 0 in PolqSL deficient cancers. We further
explored this possibility by implementing a validated algorithm

for indel detection®’ to quantify the signature readout of TME]
repair—microhomology-flanked deletions (MHD), defined as
deletion size of 5bp or greater and 2bp or more of flanking
microhomology. Breast cancers with PolqSL gene alterations were
significantly more likely to have a detectable TME] signature
MHD identified from whole exome sequencing (WES) analyses
(Fig. 6h). As expected, whole genome sequencing (WGS) iden-
tified a 20-fold higher rate of TMEJ signature MHD than WES in
a subset of 94 TCGA breast cancers for which both WES and
WGS were performed (Fig. 61, Supplementary Data 6). Forty one
out of 94 (43.6%) breast cancers with WGS data available in
TCGA had PolqSL gene alterations, and this subset of cancers had
significantly higher levels of TME] signature MHD than cancers
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Fig. 4 Polg is required for Mitomycin C induced DNA damage repair. a Metaphase aberrations and sister chromatid exchanges are shown in WT, Polg~/~
and PolghPOLQ cells 12 h after treatment with 20 ng/mL Mitomycin C (MMC). Scale bar =10 um. b, ¢ Quantification of (a), 35 metaphase spreads for each
condition was scored, and shown are mean = SEM. Significance determined using an unpaired, two-tailed t-test (*p < 0.05; ****p < 0.0001). d IF analysis of
WT, Polg~~, and PolghPOLQ cells six hours after treatment with 20 ng/mL MMC, stained with DAPI (blue) and antibodies specific for Rad51 (red) and
53BP1 (green) (n =3 biologically independent experiments). (e, f) are quantification of (d). Statistical significance was assessed by unpaired, two-tailed

Mann-Whitney tests (***p < 0.001; ****p <0.0001)

without PolqSL gene alterations (Fig. 6j). Thus, mimicking our
findings in genetically engineered MEFs, we find that human
breast cancers with deficiency in PolqSL genes have multiple
indices of a hyperactive TME] repair pathway.

Discussion
We have defined a surprisingly diverse landscape of DDR gene
mutations that renders cells addicted to TME]J for survival. The

functional diversity of PolqSL genes suggests that Pol 6 becomes
essential upon increased levels of endogenous, unrepaired DNA
damage, regardless of the precise nature of that damage. The lack of
specificity for a specific type of DNA damage argues against a
translesion synthesis function for Pol 6, and is consistent with Pol 6-
mediated repair of replication-associated DSBs via TME]J. Indeed, we
found Pol 0 is essential for repair of DSBs arising from aphidicolin-
induced replication fork collapse (Supplementary Fig. 3).
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Whilst prior studies suggested that TME] primarily functions
as a backup pathway to HR and NHE], our study identifies
numerous examples of TME] essentiality when canonical DSB
repair pathways are unperturbed. Analysis of synthetic lethality in
53bp1/Polq DKO cells reveals an accumulation of unrepaired HR
intermediates in S phase that is further exacerbated by
aphidicolin-induced replication fork collapse. We also find TME]
essentiality upon G quadruplex stabilization and after exposure to
interstrand crosslinking agents, both of which promote replica-
tion fork stalling and/or collapse. These observations suggest that
TME]J is required for repair of a subset of replication-associated
DSBs that is not amenable to repair by HR (Fig. 7). An example of
such a break could be one where the template contains a

replication-blocking lesion. Recent evidence supports a model
wherein unresolved replication-blocking lesions can be inherited
as tracts of single-stranded gaps surrounding the lesion!>38:3%,
Replication of these lesions in daughter cells would give rise to
two-ended DSBs that are not amenable to HR due to persistence
of the replication-blocking lesion in the template DNA strand
(Fig. 7, left panel). TME] may be a preferred repair mechanism at
these sites due to its ability to re-join resected breaks without
requiring a homologous template (Fig. 7, right panel). Thus, we
postulate that DDR gene mutations that induce a higher pre-
valence of unresolved replication-blocking lesions may induce
TME] essentiality. Alternative activities of Pol 6 may also be
operative at replication-associated DSBs. For example, prior
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Rad51/HR e @ Pol 6/TMEJ
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Fig. 7 Model for TMEJ in suppressing non-productive HR at replication-
associated DNA damage. Orange triangle indicates a replication-
obstructing lesion, such as ICL, G4, or base damage, with an associated
region of under-replicated DNA. Converging replication forks will generate
a two-ended DSB that can undergo end resection to expose 3’ overhangs.
Rad51 loading and attempted HR may result in unsuccessful repair due to
persistence of the replication blocking lesion in the homologous template
DNA. Alternatively, TMEJ is able to perform microhomology-mediated end
joining of the exposed 3’ overhangs, without requiring a homologous
template

studies have shown that Pol 6 can promote microhomology-
mediated integration of plasmid DNA, implying an ability to
invade donor templates that lack overt DSBs*%-41, Future studies
will be necessary to unravel the mechanism by which Pol 0
resolves stalled or collapsed replication forks, and its relationship
to HR-mediated repair.

Our findings also demonstrate that a hallmark feature of cells
and cancers with gene mutations that induce Pol 8 addiction is an
increased prevalence of TME] pattern genomic scars. The striking
similarity and overlap between genomic scar signatures pre-
viously ascribed to HR deficiency (HRD) or “BRCA-ness”2:43
and TME] repair raises the distinct possibility that hyperactive
TME] is the etiologic driver of this genomic scar pattern in
human cancer. While we have shown that HRD induces hyper-
active TME], our study also demonstrates that non-HR gene
alterations (such as 53BP1) are also sufficient to induce TME]
hyperactivity and addiction. An important clinical implication of
these findings is that only a subset of cancers identified by HRD
or BRCA-ness genomic scar signatures may be functionally HR
deficient. This may explain the incomplete correlation between
HRD signatures and functional HR assays?4, and the recent
finding that HRD signatures are unable to accurately predict
platinum chemotherapy sensitivity in metastatic breast cancer
patients*>. We propose that genomic classifiers that incorporate
COSMIC signature 3, and especially MHD burden, may be more
precisely described as “hyper-TME]” signatures, rather than sig-
natures specific for HRD.

Our study suggests that cancers with “hyper-TME]” signatures
may be dependent on Pol 0 for their survival. Recent pan-cancer
genomic analyses?®47 suggest that hyper-TME]J signatures and
PolqSL gene deficiency may account for as many as 20% of all
human cancers, thus greatly expanding the number of cancers for
which Pol 0 represents an attractive therapeutic target. Refining
the optimal “hyper-TME]” genomic scar signature that predicts
Pol 0 addiction in human cancers will be a clinically relevant area
of future investigation.

Methods

Cell culture. WT (Polg*/*), Polg~/=, Polm—/—, and Polm*/* cells were SV-40
large T antigen immortalized MEFs!22022, while Polg"POLQ MEFs were generated
by complemented Polg~/~ MEFs by human POLQ cDNA expression?0. 293T cells
were purchased from ATCC (CRL11268). All cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM), with 10% Bovine Calf Serum (Hyclone BCS)
and 2 mM L-glutamine (ThermoFisher). Polg"POLQ cells were maintained in the
same media supplemented with 2 ug/ml puromycin. All cells were maintained at
37°C in an atmosphere of 5% CO,. Cells in culture were routinely monitored for
mycoplasma contamination using the Plasmo Test™ (Invivogen).

Oligo synthesis and pooled library cloning. DNA oligonucleotide sgGuide
library was synthesized by LC Sciences (Supplementary Data 1). A subset of this
library was then amplified by PCR using AmpliTaq Gold® 360 DNA Polymerase
(ThermoFisher) with forward primer ArrayF and reverse primer ArrayR (Sup-
plementary Data 7) followed by purification with MinElute PCR Purification Kit
(Qiagen) to produce a double strand product suitable for Gibson cloning®3. The
CRISPR library cassette was cloned into lentiCRISPR v2 (a gift from Feng Zhang,
Addgene plasmid # 52961) followed by transformation into Endura™ Electro-
Competent Cells (Lucigen) according to the manufacturer’s protocol using BTX
Gemini system (ThermoFisher). To ensure no loss of representation, six parallel
transformations were performed using the same Gibson reaction and plated into
twelve, 10 cm petri dishes (VWR) containing LB agar (ThermoFisher) with 100 ug/
ml carbenicillin (ThermoFisher). Colonies were scraped off plates and combined
for DNA extraction (Qiagen).

Lentivirus generation. Lentiviruses were generated by 293T cells in 150 mm dish
with transfection of 3 ug pMD2.G (a gift from Didier Trono, Addgene # 12259),
4.5 pg psPAX2 (a gift from Didier Trono, Addgene # 12260) and 6 pg custom
DDR-CRISPR pooled lentiviral library, transfection was performed using Poly-
ethylenimine (Linear, MW 25,000, Polysciences, Inc)*>*0. Supernatant from the
packaging reaction was collected at 48 h and 72 h. This was pooled and then filtered
through 0.45 um filter. The virus was then concentrated by pelleting at 113,000 x g
in a SW28 ultracentrifuge rotor for two hours at 4 °C. The pellet was allowed to
dissolve overnight in desired volume of PBS at 4 °C and then aliquoted and frozen
at —80°C.

CRISPR library screening. Our custom DDR-CRISPR pooled lentiviral plasmid
library containing 3908 sgRNAs targeting 309 murine DNA damage response
(DDR) genes with an average of 10 sgRNAs per gene, as well as 834 non-targeting
sgRNA controls was used to infect cells at a MOI ~0.8. Twenty-four hours after
addition of virus, the media was removed and replaced with fresh media. Forty-
eight hours after adding the virus the cells were split. One million cells from each
infection was seeded into a 15 cm dish in media containing 2 pg/ml puromycin.
Cells were passaged once every two to three days, 1 x 10° cells were reseeded into a
15 cm plate each time. After 8 population doublings, cells were harvested and
genomic DNA isolated using QIAamp DNA Blood Kit (Qiagen). To amplify
lentiCRISPRv2 sgRNAs, PCR was performed in two steps: For the first PCR, the
amount of input genomic DNA (gDNA) for each sample was calculated to achieve
120 X coverage over the DDR-CRISPR library, which resulted in 5 ug DNA per
sample (assuming 6.6 pg of gDNA for 10° cells). For each sample 5 separate 100 pl
PCR reactions with 1 ug genomic DNA in each reaction using Herculase II Fusion
DNA Polymerase (Agilent) were carried out using DDR_CRISPR _Ion_1%t FWD
and DDR_CRISPR Ion_1% REV and then combined. A second PCR was per-
formed to attach Ion adaptors and to barcode samples. The second PCR was done
in two 50 pl reactions using around 80 ng product from the first PCR. Primer
sequences for the first and second PCR are attached in Supplementary Data 7.
Amplification was carried out with 30 cycles for the first PCR and 10 cycles for the
second PCR. Twenty-four to twenty-eight libraries were then pooled and
sequenced on an Ion S5 (ThermoFisher) using the 530v1 chip.

The “membrane CRISPR library” was obtained from Addgene (ID:
1000000124), and targets 951 genes that encode membrane associated proteins!.
Pooled CRISPR library lentivirus was transduced into WT and Polqg~/~ cells
expressing Shield1-inducible DD-Cas9-mVenus. We sorted at least 2 x 10° cells
expressing both DD-Cas9 (mVenus) and membrane CRISPR library (mCherry)
before adding Shield1 treatment. 24 h after Shieldl, cells were passaged once every
two to three days, by reseeding 1 x 10 cells into a 15 cm plate each time. We
performed the same genomic DNA extraction and library prep and Ion sequencing
as our DDR CRISPR library, except the first round primers for membrane CRISPR
library amplification were: MMB_CRISPR _Ion_1st_FWD and
MMB_CRISPR_Ion_1st_REV (Supplementary Data 7).

CRISPR library analysis. The number and significance of guides present for each
library in the multiplexed FASTQ file is determined using our custom algorithm
(Volundr). Volundr identifies and counts the sgRNA sequence in the FASTQ reads
allowing for a single mismatch in the sequence. It then writes a count file for each
library in the pool and a summary file describing the FASTQ file and the libraries.
The count files are used by the V6lundr target analysis module as the input data for
determining which genes are significantly different than the biological control
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sample. To accomplish this the counts in each file are first normalized to the total
counts for its library (Supplementary Note 1 see Eq. 1). The normalized data from
the replicate samples are then combined on a per guide basis by determining the
geometric mean for each guide across replicates (Supplementary Note 1 see Eq. 2).
At this step the sSgRNA TDyorm value and sgRNA Abundance Change Scores are
determined as shown in Supplementary Note 1 see Eq. 3. Any guides with no
counts in the Plasmid sample are masked from all analysis steps at this point. The
“Gene Abundance Change Scores” are determined as in Supplementary Note 1 see
Eq. 4. For each sgRNA targeting a gene of interest, “ABC”, the experimental sample
sgGuide TDyorm value is first subtracted from the corresponding biological sample
control sgGuide TDyorm value. The log, transformed, geometric mean of this set is
the “Gene Abundance Change Scores”. These scores are also computed in the next
section on the control guides to empirically estimate the distribution of the Gene
Abundance Change Scores in the absence of real biological change using a
resampling-based scheme.

The V6lundr pipeline takes two different approaches to determine if a targeted
gene is significantly different than the biological control. The first is to estimate an
empirical null distribution for the Gene Abundance Change Scores by randomly
sampling ten non-targeting guides (sgControl) sgRNA TDyom values, from the
834 sgControl guides a total of 100,000 times (Python NumPy, random choice).
For each random set of control guides sampled, we repeat the procedure of the
prior paragraph to calculate an empirical Gene Abundance Change Score. The
99.99 percentile and 0.01 percentile values are used as the boundaries for the null
set. The second method uses the Kolmogorov-Smirnov test to determine if the
sgRNA Abundance Change Scores for the genes were drawn from the same
population sgRNA Abundance Change Scores for the sgControls. The p-values of
the Kolmogorov-Smirnov test (Python Scipy Stats, ks_2samp) are corrected for
multiple tests using a false discovery of 3% with the two-stage linear step-up
procedure of Benjamini, Krieger and Yekutieli found in GraphPad Prisim v7.04.
The first test evaluates the observed score distribution across the 10 guides for a
gene relative to the empirical null distribution across randomly sampled sets of 10
control guides. The second score evaluates the overall gene sgRNA Abundance
Change Score relative to the overall sgControl sgRNA Abundance Change Score.
For stringency, we require genes to pass both tests to be reported as significant.

Establishment of mammalian expression constructs and stable cell lines. DNA
corresponding to sgRNAs was cloned into LentiCRISPRv2 (a gift from Feng Zhang,
Addgene # 52961), or DD-Cas9 (a gift from Raffaella Sordella, Addgene plasmid #
90085), or pGL3-U6-sgRNA-PGK-puromycin (A gift of Xingxu Huang, Addgene #
51133), using the same protocol described above. Cells were incubated with fresh
lentivirus for 24 h and then were recovered for another 24 h. Infected cells are
selected by 2 pg/ul puromycin or mVenus by flow cytometry.

For 53BP1 and Brca2 mutant cell lines, we used the Alt-R CRISPR-Cas9 system
(IDT). We performed transfection using the Neon transfection kit (Invitrogen)
according to manufacturer’s protocol. Alt-R HiFi Cas9 nuclease, crRNA and
tracrRNA were purchased from IDT and were used at the manufacturer’s
recommended concentration; crRNA is designed using MIT CRISPR (http://crispr.
mit.edu). Forty-eight hours after transfection, cells were seeded for single clone
outgrowth, PCR screening and Sanger sequencing to confirm gene targeting, and
subsequent functional tests.

Synthetic lethal and colony formation assay. Two individual sgRNAs were
chosen to target each gene. Forty-eight hours after infection, infected cells were
selected by puromycin and counted for colony formation efficiency. Cells were
incubated for 7-10 days at 37 °C to allow colony formation. Colonies were stained
by Coomassie blue. sgRNA sequences are attached in Supplementary Data 7.

Competitive growth assay. DD-Cas9-sgRNA was transduced into the indicated
cell lines by lentivirus infection. Forty-eight hours later, mVenus positive cells were
quantified by flow cytometry. Normally, more than 50% cells are mVenus positive
cells. Cells were treated with 200 nM Shield1 (Takara) and were collected for flow
cytometry at the indicated time points.

Time-Lapse microscopy. Cells stably expressing Proliferating Cell Nuclear Anti-
gen (PCNA)-mCherry were transduced with DD-Cas9-sgRNA. PCNA-mCherry
fusion reporter is a gift from Dr. Jeremy Purvis and Hui Chao Xiao. Cells were
plated on Cell-Tak (Corning) coated glass-bottom 12-well plates (Cellvis) with
Phenol-free DMEM (Invitrogen) supplemented with 10% FBS, and L-glutamine
with or without Shieldl. Forty-eight hours post plating, cells were image captured
every 20 min for 72h in the mCherry and mVenus fluorescence channels. Fluor-
escence images were obtained using a Nikon Ti Eclipse inverted microscope with a
40x objective and Nikon Perfect Focus (PFS) system to maintain focus during
acquisition period. Cells were maintained at constant temperature (37 °C) and
atmosphere (5% CO,). Image analysis was performed on Image] - Fiji.

DNA repair assay. Cell lines used in the assay are indicated in the figure. 2 x 10°
cells were transfected with 5 pg pGL3-U6-sgRNA-PGK-puromycin (A gift of
Xingxu Huang, Addgene # 51133), 5 ug Flag-Cas9 (A gift of Xingxu Huang,
Addgene # 44758), with or without 10 ug HR long donor!? and 1 pg pEGFP-N2

(Takara) by Neon transfection kit (Invitrogen) using a 1350 V, 30 ms pulse in a
100 puL chamber. Forty-eight hours post transfection, a portion of the cells were
analyzed by flow cytometry to quantify the transfection efficiency, and the
remaining cells were harvested for genomic DNA extraction (Qiagen). Digital PCR
(QX-200, Bio-Rad) was performed to quantify the frequency of gene conversion
events using the primers and Tagman probes listed in Supplementary Data 7. The
repair signal was normalized to 5000 copies of genomic DNA, measured using a
Chromosome 6 control dPCR assay, using primers/probes sequences listed in
Supplementary Data 7. Analysis of dPCR data was performed using QuantaSoft
(Bio-Rad).

Immunofluorescence. Cells were permeabilized by CSK buffer (10 mM Hepes,
300 mM Sucrose, 100 mM NaCl, 3 mM MgCl2, and 0.5% Triton X-100, pH = 7.4)
for 2 min followed by fixation for 15 min in 3% paraformaldehyde. Cells were
subsequently processed for immunostaining experiments using the indicated
antibodies. Nuclei were visualized by staining with DAPI. The primary antibodies
used were: Rad51 (1:500, Novus Biologicals, NB100-148), yH2AX (1:500, Trevigen,
4418-APC-100), and 53BP1 (1:500 for immunofluorescence, 1:5000 for western
blot, Bethyl, A300-272A). The secondary antibodies were: Rhodamine Goat Anti-
Mouse IgG (H+ L) (1:500, Jackson ImmunoResearch, 115-025-146) and FITC
Goat Anti Rabbit IgG (H + L) (1:500, Jackson ImmunoResearch, 111-095-144). For
S phase stain, we incubated cells with 10 uM EdU for 10 min, EdU was detected
according to the EAU-Click 647 kit protocol (baseclick). Images were acquired
using an Olympus BX61 fluorescence microscope or Zeiss 880 with Airyscan
processing for the super-resolution images.

Metaphase and sister chromatin exchange assay. Metaphases were prepared by
a previously published method>? with the noted changes. Cells were treated with
100 ng/ml of Colcemid (KaryoMAX® 15210-040 from Gibco) for 1h prior to
harvest and swelling in 75 mM potassium chloride for 20 min at 37 °C. Once the
metaphases were dropped onto slides, the slides were stored at room temperature
for at least two days prior to staining with Giemsa (KaryoMAX® 10092-013 from
Gibco) for 2-3 min. After staining, the slides are rinsed with distilled water and
allowed to air dry completely before mounting the coverslips with DPX Mountant
(Millipore Sigma). Spreads were imaged under a 100x objective using an Olympus
BX61 Light Microscope with QImaging RETIGA 4000R camera.

The SCE assay was performed as previously described?3. Briefly, 24 h after cells
were plated, 10 uM bromodeoxyuridine (BrdU) (Millipore-Sigma) was added to the
plates for 24 h. MMC (20 ng/ml, Millipore-Sigma) was added for the final 12 h in
BrdU. For the final hour 100 ng/ml of Colcemid (KaryoMAX® 15210-040 from
Gibco) was added to the media. The cells were harvested by trypsinization and
processed for metaphase spreads as described above. After 2-3 days the metaphases
were stained for 30 min by placing the slides in a Coplin jar containing 10 pg/ml
Hoechst 33342 (Thermo Fisher) in PBS. The slides were then removed from the
Hoechst solution and placed in a tray of 2 x SSC (20 x SSC Stock: 3 M sodium
chloride with 300 mM sodium citrate) on a 45 °C heat block. While in the warm
SSC the metaphases where exposed to UVB radiation from a Danmar UVB
compact fluorescent bulb (peak emission 365 nM) at a distance of 5 cm for 20 min.
After exposure to UVB place the slides in a Coplin jar of 2 x SSC for 210 min to let
the Hoechst and degraded DNA wash away. The slides were then stained with
Giemsa (KaryoMAX® 10092-013 from Gibco) for 5 min. The slides were cover
slipped and imaged as described above for metaphases.

High throughput sequencing. Two hundred nanograms of genomic DNA were
amplified using a two-step PCR that added unique library bar-codes, heterogeneity
spacers and Illumina MiSeq adapters (as in°*). Two-step PCR primers are attached
in Supplementary Data 7. Samples were sequenced using a 2 x 300 MiSeq kit>.
Quantification and classification of the sequences was done in R and excel.

Analysis of MHD in human breast cancers. TCGA WES reads were aligned using
bwa-mem (Li, 2013, arXiv:1303.3997 [q-bio.GN]) and realigned using ABRA2
(https://github.com/mozack/abra2)3’. Read duplicates were marked by bio-
bambam? (https://github.com/gt1/biobambam2°°,). Variants were called with
Strelka®”, UNCeqR>® and Cadabra®’ (https://cadabra.science). Variant calls were
annotated with the Variant Effect Predictor (VEP)%%. For TCGA cases where WGS
data were available, reads were trimmed using SeqPurge®?, aligned using bwa-mem
and realigned using ABRA2. Read duplicates were marked by biobambam2 and
indels were called using Cadabra. Variant calls were annotated with VEP. TCGA
mRNA reads were aligned to human reference genome hg38 using STAR®! and
quantified with Salmon®2 which was run against STAR’s transcriptome alignments.
Quantification values were upper quantile normalized.

MHD were defined as deletions > 5 bp in length with >2 bp of flanking
microhomology. To determine flanking microhomology, the 3’ end of the deletion
was matched to the sequence directly upstream of the deletion junction. Deletions
located in regions enriched in short repeats were ignored. MHD in TCGA breast
cancer samples were summed per sample with a sample being classified as having
MHD if at least one occurrence of MHD was observed.

PolgSL mutant TCGA samples were identified as having at least one deep copy
number deletion or truncating mutation in a PolqSL gene using cBioPortal. POLQ
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mRNA expression, COSMIC mutation signature 3 scores®?, and proportion of
samples with MHD were compared between PolqSL mutant and non-mutant
groups using a two-tailed Mann-Whitney test.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability

Sequencing data is available at [https://www.ncbinlm.nih.gov/sra/PRINA556352].
Unanalyzed raw data is available at [https:/figshare.com/projects/Genetic_Determinants_
of_Cellular_Addiction_to_ DNA_Polymerase_Theta/67331]. All data is available from the
corresponding author upon request. The source data underlying Figs. 1d, 2b, d, f, g, 3b, d, e,
4b, ¢, e, f, 53, b, d, e, 6b—e and Supplementary Figs. 1, 3, 5, 6, 7a and 8 are provided as a
source data file.

Code availability

Code for Volundr has been made publicly available at [https://github.com/pkMyt1/
Volundr]. Other software for statistical analysis is publicly available and referenced
as noted.
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