
Editor’s Pick | Virology | Full-Length Text

Polymerase theta is a synthetic lethal target for killing Epstein-
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ABSTRACT Treatment options for Epstein-Barr virus (EBV)-cancers are limited, 
underscoring the need for new therapeutic approaches. We have previously shown 
that EBV-transformed cells and cancers lack homologous recombination (HR) repair, 
a prominent error-free pathway that repairs double-stranded DNA breaks; instead, 
EBV-transformed cells demonstrate genome-wide scars of the error-prone microhomol­
ogy-mediated end joining (MMEJ) repair pathway. This suggests that EBV-cancers are 
vulnerable to synthetic lethal therapeutic approaches that target MMEJ repair. Indeed, 
we have previously found that targeting PARP, an enzyme that contributes to MMEJ, 
results in the death of EBV-lymphoma cells. With the emergence of clinical resistance 
to PARP inhibitors and the recent discovery of inhibitors of Polymerase theta (POLθ), 
the polymerase essential for MMEJ, we investigated the role of POLθ in EBV-lymphoma 
cells. We report that EBV-transformed cell lines, EBV-lymphoma cell lines, and EBV-lym­
phomas in AIDS patients demonstrate greater abundance of POLθ, driven by the EBV 
protein EBNA1, compared to EBV-uninfected primary lymphocytes and EBV-negative 
lymphomas from AIDS patients (a group that also abundantly expresses POLθ). We 
also find POLθ enriched at cellular DNA replication forks and exposure to the POLθ 
inhibitor Novobiocin impedes replication fork progress, impairs MMEJ-mediated repair 
of DNA double-stranded breaks, and kills EBV-lymphoma cells. Notably, cell killing is 
not due to Novobiocin-induced activation of the lytic/replicative phase of EBV. These 
findings support a role for POLθ not just in DNA repair but also DNA replication and as 
a therapeutic target in EBV-lymphomas and potentially other EBV-cancers as EBNA1 is 
expressed in all EBV-cancers.

IMPORTANCE Epstein-Barr virus (EBV) contributes to ~2% of the global cancer burden. 
With a recent estimate of >200,000 deaths a year, identifying molecular vulnerabilities 
will be key to the management of these frequently aggressive and treatment-resist­
ant cancers. Building on our earlier work demonstrating reliance of EBV-cancers on 
microhomology-mediated end-joining repair, we now report that EBV lymphomas and 
transformed B cell lines abundantly express the MMEJ enzyme POLθ that likely protects 
cellular replication forks and repairs replication-related cellular DNA breaks. Importantly 
also, we show that a newly identified POLθ inhibitor kills EBV-cancer cells, revealing a 
novel strategy to block DNA replication and repair of these aggressive cancers.

KEYWORDS Epstein-Barr virus, lymphoma, polymerase theta, microhomology-medi­
ated end joining, synthetic lethal, PARP inhibitor

H uman herpesvirus 4 or Epstein-Barr virus (EBV) is an orally acquired pathogen that 
can cause infectious mononucleosis. The first tumor virus to be identified, EBV is 

also causal to several cancers including endemic Burkitt lymphoma (BL), lymphomas 
in HIV/AIDS patients, lymphomas in other immunosuppressed hosts, and nasopharyng­
eal cell carcinoma (1–3). While EBV infects B and epithelial cells, it persists in a latent 
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state in B lymphocytes. Upon infection of B cells, EBV oncoproteins drive host DNA 
replication and cell proliferation, essential for the establishment of latency. In 
immunocompetent hosts, viral gene expression is then systematically turned down 
to establish silent persistence in newly-infected cells. In the absence of T cells, e.g., 
in culture, infected B cells continue to express all EBV latency genes and grow 
into proliferating lymphoblastoid cell lines (LCL). LCL are an important model for 
DLBCL in HIV/AIDS patients and lymphoproliferative diseases (LPD)/lymphomas in 
transplant recipients (1, 4)—both groups lack functional EBV-specific T cells. Similarly, 
cell lines derived from explants of EBV+ Burkitt lymphomas provide excellent model 
systems to understand EBV-B lymphocyte relationships and EBV-associated cancer-rela­
ted processes.

Treatment of EBV lymphomas, especially those that occur during immunosuppres­
sion, is fraught with challenges. While reduction of immunosuppression remains the 
mainstay, it can lead to graft versus host disease or rejection/loss of the transplanted 
organ. With many of these tumors expressing CD20, ablation of CD20+ B cells is a 
frequently used option. However, administration of the anti-CD20 monoclonal antibody 
Rituximab often causes long-term B cell immunodeficiency. Furthermore, although 
adoptive T cell therapy targeting EBV antigens is an attractive therapeutic option, these 
are not readily available while chemotherapy, radiation, and surgery are effective in 
selected cases (4–8). There is, therefore, a need for identifying additional strategies to 
treat EBV-cancers especially since vaccines and EBV-specific antiviral agents do not exist.

DNA repair continues to be a major area of interest for treating cancer. This is because 
cancer cells rely on DNA repair mechanisms to mitigate damage to their genomes 
from intrinsic (e.g., DNA replication stress and reactive oxygen species) and extrinsic 
(e.g., radiation) sources. EBV-cancers are no different. That said, loss of DNA repair 
pathways is a common feature of cancers and likely provides a growth advantage (9). 
However, this loss also makes cancer cells dependent on the remaining DNA repair 
pathways, rendering them vulnerable to inhibition of these remaining repair pathways. 
This concept of synthetic lethality has been used successfully to treat breast and ovarian 
cancers with inactivating mutations in genes such as BRCA1 and BRCA2 that result in 
loss of homologous recombination (HR) repair, the most error-free form of repair during 
the S and G2 phases of the cell cycle. Indeed, synthetic lethally-acting PARP inhibitors, 
directed against the enzyme PARP, target the repair of single-stranded DNA breaks, 
double-stranded DNA breaks, and the microhomology-mediated end-joining (MMEJ) 
pathway, an S-, G2-, and M-phase associated error-prone mechanism of repair (10–14). 
This reliance on DNA repair mechanisms is a vulnerability that has been minimally 
explored in EBV-cancers. Like other cancers, EBV-transformed and EBV-cancer cells 
sustain damage to the cellular genome by a variety of mechanisms (15–22)—and our 
investigations have revealed that as expected, EBV oncogene-induced replication stress 
activates the cellular kinase ATR (22). However, we have also found that EBV, by activating 
the cellular protooncogene STAT3, ensures that ATR is unable to phosphorylate Chk1, 
an important downstream target. As a result, the intra-S phase cell cycle checkpoint 
is relaxed, enabling the proliferation of EBV+ cells despite DNA damage (22–24). An 
important consequence of STAT3 activation and defective Chk1 phosphorylation is 
loss of HR repair; this is because p(phospho)Chk1 facilitates recruitment of the RAD51 
recombinase to DNA double-strand breaks (25, 26), a key step in HR repair. Our studies 
have further revealed that upon losing HR, EBV-cancer cells and LCLs become dependent 
on PARP-mediated activities, carry genome-wide scars of MMEJ repair, and succumb to 
PARP inhibition (27).

Given that EBV-cancer cells rely on MMEJ repair and are susceptible to PARP inhibitors, 
we investigated the role of Polymerase theta (POLθ) in EBV-lymphoma cells. POLθ is 
the polymerase responsible for MMEJ repair; this error-prone enzyme is often upregu­
lated in cancer, particularly in HR-deficient tumors (28). We report that POLθ is upre­
gulated by EBNA1 in EBV-transformed and -cancer cell lines as well as in EBV+ AIDS 
lymphomas (more so than in EBV− AIDS lymphomas)—indicating addiction to POLθ 
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in these HR-deficient cancers. Our experiments also reveal that POLθ supports cellular 
DNA replication and contributes to MMEJ-mediated repair of DNA lesions and that 
blocking POLθ with a newly discovered inhibitor prevents proliferation and outgrowth of 
EBV-transformed and EBV+ lymphoma cells.

RESULTS AND DISCUSSION

Polymerase theta is abundantly expressed in EBV-transformed cells, EBV+ BL 
cells, and EBV+ DLBCL tumors

We have shown previously that EBV, by activating STAT3, is able to circumvent replica­
tion stress-induced apoptosis but in doing so, renders HR inactive as STAT3-mediated 
activities block the key step of Chk1 phosphorylation (22–24, 27). The loss of HR, 
which repairs DNA double-strand breaks in the S and G2 phases, leads to a depend­
ence on other DNA repair pathways including those that use PARP (for single-strand 
and double-strand break repair) and the S/G2/M phase-associated error-prone MMEJ 
pathway that repairs DNA double-strand breaks. A key enzyme in the MMEJ pathway is 
POLθ whose abundance has been observed to be significantly higher in cancers that are 
dependent on MMEJ (13, 28, 29). Given our prior observation of genome-wide scars of 
MMEJ in EBV-transformed cells, we investigated if LCL and BL lines also demonstrated 
POLθ overexpression. We tested PBMC from three healthy subjects (as control), three 
LCL, and one EBV+ BL line using immunoblotting (Fig. 1A). We observed strong POLθ 
expression in these EBV+ cell lines compared to essentially no expression in healthy 
PBMC. The overexpression of POLθ in these lines suggests a dependence on MMEJ 
repair and points to POLθ as a potential synthetic lethal target. We also analyzed 
tumor biopsies from three EBV+ and three EBV− AIDS-DLBCL for the abundance of 
POLQ transcripts; transcripts of POLθ are referred to as POLQ. We found that EBV+ 

tumors exhibited higher levels of POLQ transcripts compared to EBV− tumors (Fig. 1B). 

FIG 1 Polymerase theta is abundantly expressed in EBV-transformed/cancer cell lines and EBV-cancers. (A) Healthy subject-derived PBMC, LCL, and HH514-16 

BL cells were immunoblotted with indicated antibodies. (B) Tumor biopsies from three EBV− and three EBV+ DLBCL in AIDS patients were analyzed for relative 

POLQ transcript levels using reverse transcriptase-qPCR (RT-qPCR). (C) HH514-16 BL cells were transfected with scrambled/control siRNA versus two siRNAs 

targeting BKRF1 (EBNA1). Cells were collected and immunoblotted with indicated antibodies; numbers indicate the abundance of POLθ relative to β-actin. 

(D) LCL were transfected with scrambled siRNA or siRNA targeting STAT3 and cells were collected 20 h later for RT-qPCR to assay STAT3 and POLQ transcripts and 

for immunoblotting with indicated antibodies. Error bars, SEM of technical replicates; **P < 0.01; ***P < 0.001. Experiments were performed twice.
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Together, these data suggest that compared to EBV− tumors that abundantly express 
POLQ transcripts, EBV-transformed/cancer cell lines and EBV+ cancers demonstrate an 
even greater abundance of POLQ gene products. Additionally, these data suggest that 
examining expression of POLθ may be useful in recognizing EBV+ cancers that are 
dependent on MMEJ.

Greater abundance of POLθ in EBV+ cells and EBV+ lymphomas suggested viral 
protein-mediated regulation of POLθ expression. Since EBNA1 is expressed in all types 
of EBV cancers and latency, we depleted EBNA1 and examined POLθ. As shown in Fig. 
1C, siRNA-mediated knockdown of EBNA1 reduced the abundance of POLθ. Because 
STAT3-mediated loss of HR results in dependence on MMEJ and since STAT3 is a 
prominent transcription factor that is upregulated following EBV infection (23), we also 
depleted STAT3 but were unable to detect a change in abundance of POLQ transcripts or 
POLθ in LCL (Fig. 1D). Thus, while EBV− tumors express POLθ, EBNA1 upregulates POLθ 
further in EBV+ tumors. EBNA3 proteins and the leader protein might also contribute 
to POLθ expression but EBNA2 and LMP1 likely do not since HH514-16 BL cells that 
abundantly express POLθ lack the BYRF1 gene (that encodes EBNA2) (30, 31) and do not 
express LMP1 during latency.

Polymerase theta enriches at replication forks and contributes to DNA 
replication and EBV+ cancer cell proliferation

We next investigated the effect of POLθ knockdown in EBV+ cells. HH514-16 BL cells 
were nucleofected with two siRNAs targeting POLQ or a scrambled siRNA as control. 
To determine the effect on cell growth in culture, we counted live cells 48 h after 
nucleofection and found significantly fewer live cells in the POLQ knockdown conditions 
compared to scrambled control (Fig. 2A). To assess cell proliferation, 24 h after transfec­
tion, cells were treated with BrdU for 1 h, and BrdU uptake and DNA content, measured 
by propidium iodide staining of fixed cells, were plotted (Fig. 2B). Cells were gated into 

FIG 2 Polymerase theta contributes to cellular DNA replication. HH514-16 BL cells were transfected with two siRNAs targeting POLQ versus scrambled siRNA. 

(A) At 48 h post-transfection, cells were counted. (B) At 24 h post-transfection, cells were exposed to BrdU for 1 h, and BrdU uptake was measured using flow 

cytometry. These cells were also stained with propidium iodide to measure DNA content. (C and D) Cells were harvested 24 h after transfection for RT-qPCR 

to analyze relative POLQ transcript levels (C) and immunoblotting with indicated antibodies (D) Error bars, SEM of technical replicates; *P < 0.05; ***P < 0.001. 

Experiments were performed twice.
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G1, S, and G2 phases based on DNA content and BrdU uptake. The cells transfected with 
siRNAs targeting POLQ displayed substantially fewer cells in the S phase, indicating that 
POLθ may contribute to DNA replication. POLQ knockdown was confirmed in Fig. 2C.

Given our observation of POLθ’s contribution to the S phase of the cell cycle, we 
next asked if POLθ was enriched at DNA replication forks. To address this question, 
we enriched cellular DNA replication forks using isolation of proteins on nascent DNA 
(iPOND) followed by immunoblotting (32–34). We identified POLθ at actively replicating 
cellular DNA forks (Fig. 3A). Notably, we also detected POLθ at forks that had been stalled 
using hydroxyurea (HU). As expected, control proteins RPA32 and PCNA were both at 
replication forks and while RPA32, as expected, continued to be enriched at stalled 
forks, PCNA, consistent with its predominant function in active DNA replication, was not. 
In contrast, the RNA-binding protein PCBP2 (35), used as a negative control, was not 
enriched at replication forks.

To obtain definitive evidence of POLθ’s role in DNA replication, we visually exam­
ined replication forks using the single molecule fluorescent DNA fiber assay. Compared 
to cells in which POLθ was functionally intact, cells exposed to Novobiocin, a newly 
discovered selective POLθ inhibitor, demonstrated significantly fewer and shorter DNA 
fibers (Fig. 3B through D). These results suggest that POLθ enriches and functions at 
cellular DNA replication forks, contributing to proliferation of EBV+ cells.

Novobiocin, a newly discovered selective inhibitor of polymerase theta, kills 
MMEJ-reliant EBV-transformed cells and EBV+ BL cells

Recent clinical observations of the emergence of resistance of HR-deficient cancers 
to PARP inhibitors have led to pharmacologic targeting of POLθ. A small-molecule 
screen identified the antibiotic Novobiocin as a selective inhibitor of POLθ able to kill 
HR-deficient tumor cells in vitro and in patient-derived xenograft models. Novobiocin 
binds to the ATPase domain of POLθ, inhibits its ATPase activity, and phenocopies POLθ 
depletion (36). With our results pointing toward a role for POLθ in the survival and 
growth of EBV-transformed and EBV+ cancer cells, and with an increased abundance 
of POLθ observed in EBV+ cell lines and cancers, we examined the susceptibility of 
EBV+ BL cell lines and EBV-transformed cells (LCL) to Novobiocin. Cells were exposed to 
various concentrations (comparable to those used in the original study) of Novobiocin, 
and live cells were counted manually using Trypan blue exclusion as well as via flow 

FIG 3 Polymerase theta is enriched at and contributes to the function of cellular DNA replication forks. (A) HH514-16 BL 

cells were exposed to EdU-containing medium for 15 min prior to performing iPOND for replication forks. To stall replication 

forks, EdU exposure was followed by exposure to hydroxyurea (HU) for 2 h followed by iPOND. Input and iPOND samples 

were subjected to immunoblotting with the indicated antibodies. YC, yes click group, was processed with biotin-azide; NC, no 

click control group, was performed without biotin-azide; 0.5% of input samples and 50% of iPOND samples were loaded. (B–

D) HH514-16 cells were harvested after 144 h of treatment with 50 μM Novobiocin (NVB) for DNA fiber analysis. Representative 

images (B), fiber counts (C), and fiber lengths (D) are shown. Three fields of fibers were counted in each condition. Partial fields 

are shown in B. Error bars, SEM; **P < 0.01. Experiments were performed twice.
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cytometric enumeration of propidium iodide-negative cells (Fig. 4A through D). We 
found that Novobiocin is indeed toxic to EBV+ BL cell lines and EBV-transformed cells, 
with EC50 values in the double-digit micromolar ranges regardless of the assay used 
(Fig. 4E). Notably, these EC50 values are comparable to those observed by Zhou et al. 
in HR-deficient breast and ovarian cancer cells (36). To address if the abundance of 
POLθ correlated with susceptibility to Novobiocin, we exposed high POLQ-expressing 
EBV+ BL (HH514-16) cells versus low POLQ-expressing EBV− B lymphoma (BJAB) cells 
to Novobiocin and assayed cell survival. In contrast to the EBV+ BL cells, the EBV− B 
lymphoma cells were impervious to Novobiocin, indicating a correlation between the 
abundance of POLθ and susceptibility to its inhibitor (Fig. 4F and G).

Novobiocin increases DNA damage and reduces MMEJ activity

The literature supports a role for POLθ in DNA replication though the precise nature 
of this function remains ill defined (29). The presence of POLθ at DNA replication 
forks and its impairment resulting in fewer and shorter replication forks (shown in 
Fig. 3) support a function for POLθ in DNA replication in EBV+ cells. That said, POLθ 
also functions as a gap-filling polymerase that repairs DNA double-strand breaks via 
MMEJ. Indeed, using plasmid-based single molecule reporter assays, we had previously 
demonstrated that of 20%–25% of EBV+ cells that had taken up the assay plasmids 
by nucleofection, ~4% demonstrated repair of a double-strand break in the MMEJ 
reporter plasmid compared to ≤1% in the HR reporter plasmid (27). Using the same 
reporter assay, we now asked if exposure to the POLθ inhibitor Novobiocin dampened 
MMEJ-mediated repair of double-strand breaks. We performed two parallel assays using 
an EJ2 or EJ5 reporter plasmid. These plasmids carry a defective GFP gene containing an 

FIG 4 An inhibitor of polymerase theta impairs the growth of LCL and BL cell lines. Two BL lines (A, C, F left panel), three LCL (B, D), and an EBV-negative B 

lymphoma cell line (F right panel; BJAB) were treated with increasing concentrations of Novobiocin (NVB) for 144 h. Live cells were enumerated via Trypan blue 

counts (A, B) or propidium iodide staining and flow cytometry (C, D, F); data were plotted after normalizing cell counts for DMSO-treated cells to 1 million to 

enable direct comparison across cell lines. EC50 values are shown in E. POLQ transcript levels in EBV+ HH514-16 BL cells and EBV− BJAB cells analyzed by RT-qPCR 

are shown in G. Error bars, SEM of biological triplicates in A, B, C, D, and F, and SEM of technical triplicates within biological duplicates in G; *P < 0.05; **P < 0.01.
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I-Sce1 cut site that can only be repaired to regain function through MMEJ (EJ2) or NHEJ 
(non-homologous end-joining; EJ5); thus, while the EJ2 assay measures MMEJ-mediated 
repair, EJ5 measures all types of NHEJ-repair with MMEJ being a subtype (37). Cells 
were pre-treated with Novobiocin for 2 days, transfected with these plasmids along with 
an I-Sce1 plasmid, and harvested at 3 days post-transfection (Fig. 5A). Compared to 
solvent control, the cells treated with Novobiocin demonstrated a near-70% reduction in 
MMEJ activity and a smaller decrease in total NHEJ activity. This supports Novobiocin’s 
inhibition of MMEJ; the smaller decrease in repair of the EJ5 plasmid can be attributed to 
the decrease in MMEJ, as EJ5 assesses all NHEJ.

To assess if Novobiocin-exposed cells indeed experienced DNA damage, whether 
through unrepaired DNA breaks (Fig. 5A) or enhanced replication stress (Fig. 3B through 
D), we treated cells with Novobiocin for 3 days and quantified γH2AX+ cells using flow 
cytometry. We found significantly more cells positive for γH2AX in the Novobiocin-trea­
ted condition compared to the solvent control (Fig. 5B). This indicates that Novobiocin 
causes an accumulation of DNA lesions likely from unrepaired DNA intermediates such 
as overly resected ssDNA as has been shown by Zhou et al. (36)—this would result in an 
increase in the DNA damage sensor γH2AX.

Novobiocin does not activate the EBV lytic phase

Others have previously demonstrated that DNA damaging agents such as Gemcitabine 
and Doxorubicin activate the EBV lytic cycle (38). We, therefore, addressed if Novobiocin 
contributes to death of EBV+ cells by turning the lytic phase on, potentially through 
damaged DNA activating the inflammasome; activation of the inflammasome causes EBV 
reactivation (39). As shown in Fig. 6, while exposure to sodium butyrate, a known lytic 
cycle activator, turned the expression of the latent-to-lytic switch gene BZLF1 and the 
late gene BFRF3 on, Novobiocin failed to do so in BL cells and LCL. We looked for BZLF1 

FIG 5 Polymerase theta inhibition reduces MMEJ activity and increases DNA damage. (A) HH514-16 BL cells were treated with 

Novobiocin (NVB) or DMSO (control) for 48 h and then nucleofected with EJ2 + ISce1 (top panels) to assay MMEJ reporter 

activity, EJ5 + ISce1 plasmids (middle panels) to assay total NHEJ reporter activity, or pEGFP to monitor transfection efficiency 

(bottom panel). After another 72 h, cells were harvested for GFP expression using flow cytometry. GFP+ gates were placed 

after comparing with identically-treated cells lacking ISce1 expression (for the top and middle panels) or untransfected cells 

(for the bottom panel); experiment was performed twice. (B) HH514-16 BL cells were exposed to Novobiocin (NVB) for 72 h 

and harvested for γH2AX staining and flow cytometry; dotplots show representative results. Error bars, SEM of biological 

triplicates; **, P < 0.01.
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and BFRF3 transcripts at both early and late times following Novobiocin treatment, i.e., 3 
and 6 days, to ensure that we did not miss reactivation that may have occurred very early 
or very late after drug exposure. Thus, when used at EC50 concentrations, Novobiocin 
does not activate the lytic cycle and further, lytic activation does not contribute to cell 
killing by Novobiocin.

Inhibiting the synthetic lethal target PARP1 alongside Novobiocin is additive

We have previously shown that EBV-cancer cells are susceptible to PARP inhibitors, 
agents that are synthetic lethal in the context of impaired HR or NHEJ. Given that POLθ 
contributes to MMEJ repair and DNA replication, and PARP1 contributes to the repair of 
single- and double-stranded DNA breaks through several mechanisms (13, 14), we asked 
if the effective concentration of Novobiocin could be reduced in the presence of the 
PARP inhibitor Olaparib. We treated BL cells with three concentrations (up to the EC50 
values) of Novobiocin alongside 0.1 μM, a suboptimal concentration, of Olaparib; we had 
previously established 0.5 μM Olaparib to be the EC50 for these cells (27). As shown in 
Fig. 7, combining the two drugs showed additive inhibitory effects on growth of the BL 
cell line particularly when both drugs were used at suboptimal concentrations.

Polymerase theta function and as a predictive biomarker for synthetic 
lethality in EBV-transformed/cancer cells

Studies in the context of tumors unrelated to EBV have shown that cancers with 
abundant expression of POLθ are susceptible to inhibitors of POLθ. Our results show 
that EBV-transformed and cancer cells abundantly express POLθ and rely on POLθ’s 
contribution to DNA replication and repair for survival and proliferation. The prom­
inent expression of POLθ in EBV+ cell lines and cancers parallels observations by 
others of POLθ overexpression in HR-deficient or p53-deficient cancers (29, 40–42); 
in contrast, POLθ expression is highly limited in normal tissues (29). Indeed, cancers 
overexpressing POLθ are thought to be dependent on POLθ activity—and this overex­
pression, assessed by immunoassays or reverse transcriptase-PCR (RT-qPCR), can serve 
as a predictive biomarker of susceptibility to POLθ/MMEJ inhibition. MMEJ-specific 

FIG 6 An inhibitor of polymerase theta does not induce the lytic cycle of EBV. HH514-16 BL cells (A, B, E, F) and an LCL (C, D, G, H) were exposed to DMSO control, 

sodium butyrate (NaB; 3 mM; positive control), or Novobiocin (NVB; 50μM for BL cells and 70μM for LCL) for 3 days (A–D) or 6 days (E–H). Samples were analyzed 

for BZLF1 (NaB samples harvested at 24 h) or BFRF3 (NaB samples harvested at 48 h) transcripts by RT-qPCR. Error bars, 95% CI of ΔΔCT extended to relative 

transcripts; ***P < 0.001, compared to DMSO. Open and gray bars represent biological replicates.
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mutational signatures such as the insertion-deletion signature 6 (43) or identification of 
MMEJ-scars in EBV-transformed cells (27) may also be useful as biomarkers but require 
whole genome sequencing. Indicators of HR-deficiency (or deficiencies in other types 
of DNA repair) may serve as a third type of biomarker: in earlier work, we identified a 
STAT3-dependent gene expression signature that predicts HR deficiency in EBV+ cell lines 
and EBV-unrelated cancers with overactive STAT3 (27).

Mechanistically, in EBV+ cells, POLθ contributes to MMEJ-mediated DNA repair and 
DNA replication. While POLθ is also known to inhibit HR (29), we do not believe this 
to be a prominent function in EBV+ cells as we have shown previously that these 
cells already lack HR (27). As for DNA replication, POLθ plays an as yet ill-defined role 
in mitigating replication stress. Studies have found that POLθ mediates end-joining 
of replication-associated DNA breaks in C. elegans (44) and helps reinitiate replication 
following fork collapse in mammalian cells (45–47). That said, these and other studies 

FIG 7 Inhibiting PARP1 alongside polymerase theta is additive. HH514-16 BL cells were treated with indicated concentrations of the PARP inhibitor Olaparib 

(O), Novobiocin (N), or both. After 144 h, live cells were enumerated using Trypan Blue staining. Error bars, SEM of biological triplicates; *P < 0.05; **P < 0.01; ***P 

< 0.001. Arrows indicate percent reduction in live cells compared to solvent-treated cells.
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place POLθ at replication forks after their collapse into double-strand breaks (48, 49)—
in agreement with these studies, we find POLθ at stalled/collapsed replication forks 
(Fig. 3A, +HU condition) but we also find it at actively replicating forks (Fig. 3A, no HU 
condition), suggesting that POLθ travels with the replication machinery and is readily 
available to re-establish fork function, presumably before forks collapse. This idea is 
further supported by the observation that under baseline conditions, exposure to a 
selective inhibitor of POLθ results in fewer and shorter DNA fibers indicative of fork 
collapse (Fig. 3B through D). Parsing out POLθ’s exact function at forks is an active 
area of investigation. What signals and other proteins recruit POLθ to replication forks 
before versus after dissolution of the replisome complex is one of several questions of 
interest. Whether POLθ uses its polymerase function at active forks is also an impor­
tant question. What contributes to cell death when POLθ is inhibited is another such 
question. Experiments with Novobiocin point to toxicity from unrepaired DNA double-
strand breaks (related or unrelated to DNA replication) due to increased end-resection 
leading to increased single-stranded DNA intermediates (36). The increase in γH2AX that 
we observe following exposure to Novobiocin can be attributed to the overly-resected 
single-stranded DNA. POLθ’s role in replication stress tolerance suggests that loss of 
replication fork stability further contributes to toxic DNA lesions. While loss of POLθ also 
results in toxic accumulation of RAD51 on single-stranded DNA, cell death may not be 
attributable to this mechanism in EBV+ cells as these cells are defective in recruiting 
RAD51 to DNA breaks (27).

In therapeutic settings, combining POLθ inhibitors with other agents including PARP 
inhibitors may be additive. This prediction is supported by our findings and work from 
other groups in the context of EBV-unrelated cancers (29, 36). Whether POLθ inhibitors 
may be toxic to normal cells remains unclear; although experiments in mammalian 
cells with intact HR and NHEJ indicate that MMEJ usage is at 10%–20% of HR, these 
experiments were done in cancer cells and not in normal cells (50).

While Novobiocin was reported in 1978 to inhibit DNA gyrase in bacteria (51), it was 
subsequently shown to be minimally effective against topoisomerase II in eukaryotic 
cells (52); the reported IC50 value against topoisomerase II was 300 microM which was 
far higher than the EC/IC50 values in our study and that of Zhou et al. (36). Furthermore, 
Zhou et al. demonstrated that the effects of Novobiocin and a topoisomerase II inhibitor 
were additive, suggesting that topoisomerase II was not a shared target between the two 
inhibitors and that the effects of Novobiocin are unrelated to topoisomerase II inhibition.

We have previously shown that LCLs and EBV+ BL cells are susceptible to PARP 
inhibition. While important in sensing and mediating repair of single- and double-strand 
DNA breaks, until recently, PARP was also thought to significantly contribute to MMEJ-
mediated repair (10, 13). However, it was recently demonstrated that PARP only plays a 
limited role in MMEJ (14). Therefore, targeting PARP, classical NHEJ, and the ATR-depend­
ent replication stress response pathway are likely to reveal further synthetic lethality 
when combined with MMEJ inhibition. Inhibiting multiple DNA repair pathways at the 
same time could produce an effect that is stronger than each drug alone while staving 
off the emergence of drug resistance.

MATERIALS AND METHODS

Study subjects and ethics statement

Peripheral blood mononuclear cells (PBMC) were isolated from three young healthy 
subjects at the University of Florida. Blood was drawn after obtaining written informed 
consent. The study of human subjects was approved by the Institutional Review Board at 
the University of Florida.

DLBCL tumors

RNA isolated from frozen diffuse large B cell lymphomas (DLBCL), three EBV-positive and 
three EBV-negative, were subjected to RT-qPCR as described below. These specimens 
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were provided by the AIDS and Cancer Specimen Resource (ACSR), funded by the 
National Cancer Institute. To determine if tumors were EBV-positive or EBV-negative, 
multiplexed PCRs were used to amplify EBNA1, LMP1, and LMP2 genes using an 
established assay at the Mayo Clinic based on the work of Ryan et al. (53).

Cell lines and chemical treatment

The EBV-positive endemic BL cell line HH514-16 was a kind gift from Dr. George Miller 
(Yale University). Mutu I was a kind gift from Dr. Erik Flemington (Tulane University). 
Three different LCLs (LCL1, LCL2, and LCL3) were generated as described before (54). 
All cell lines were maintained in RPMI1640 containing 10% fetal bovine serum and 
1% penicillin/streptomycin in the presence of 5% CO2. For chemical treatment, cells 
were sub-cultured at 5 × 105 cells/mL in the presence of indicated concentrations of 
Novobiocin (HY-B0425A, MedChemExpress) alone or with 0.1 μM Olaparib (HY-10162, 
MedChemExpress) with supplementation at the initial concentration every 72 h; in DNA 
repair assays, 50 µM (EC50 for HH514-16 cells) Novobiocin was used. To enumerate 
live/dead cells, cells were stained with Trypan blue for manual counting under a light 
microscope or with propidium iodide at 2 µg/mL in PBS with 2% FBS and analyzed via 
flow cytometry.

Immunoblotting and antibodies

Immunoblotting was performed as described previously (55). In short, cells were lysed 
with RIPA buffer on ice for 15 min and spun at 4°C for 5 min at high speed to remove 
debris. Cell extracts were then electrophoresed using SDS-PAGE and transferred onto 
nitrocellulose membranes. Membranes were probed using the following antibodies: 
rabbit anti-human POLθ antibody (PA5-69577, ThermoFisher Scientific), mouse anti-β-
actin antibody (AC-15) (A1978, Sigma-Aldrich), rabbit anti-PCNA antibody (A300-277A, 
Bethyl Laboratories), rabbit anti-RPA32 antibody (A300-244A, Bethyl Laboratories), rabbit 
anti-STAT3 antibody (4904S, Cell Signaling Technology), mouse anti-EBNA1 antibody 
(sc-81581, Santa Cruz Biotechnology), mouse anti-PCBP2 antibody (sc-101136; Santa 
Cruz Biotechnology), HRP-conjugated goat anti-mouse IgG (626520, ThermoFisher 
Scientific), and HRP-conjugated goat anti-rabbit IgG (31460, ThermoFisher Scientific).

Flow cytometry

Flow cytometry was performed as described previously (55). In brief, cells were fixed 
with Cytofix/Cytoperm solution (554722, BD Bioscience) for 15 min at room tempera­
ture, washed twice with Perm/Wash buffer (554723, BD Bioscience), and incubated with 
indicated primary and secondary antibodies prior to performing flow cytometry. For cell 
cycle analysis, cells were incubated with 100 µM BrdU for 1 h, fixed with ice cold 70% 
Ethanol in PBS at −20°C for 1 h, and denatured with 2 N HCl/0.5% Triton X- for 30 min 
followed by two washes with 1% BSA-containing PBS. Cells were then incubated with 
indicated primary and secondary antibodies. After two washes with 1% BSA/PBS, cells 
were suspended in PBS containing 10 µg/mL RNase A (EN0531, Thermo Scientific) and 
20 µg/mL propidium iodide (PI, P4864, Sigma-Aldrich) for 30 min at RT before analysis 
using flow cytometry. Antibodies used for flow cytometry include mouse anti-BrdU 
antibody (555627, BD Bioscience), rabbit anti-phospho histone H2AX (Ser139) antibody 
(9718S, Cell Signaling), mouse IgG1 (557273, BD Bioscience), and FITC-conjugated goat 
anti-mouse IgG (F0257, Sigma-Aldrich).

Transfection, plasmids, and siRNAs

Nucleofection was performed as described previously (55). For each nucleofection, one 
million cells were washed twice with PBS and resuspended in 100 µL Ingenio solution 
(MIR50117, Mirus) containing 20 µg plasmids or 200 pmol siRNA; 3 million cells were 
transfected with each siRNA. Cells were transferred to cuvette and transfected by using 
Amaxa Nucleofector II (program A-024).
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Plasmids DR-GFP, pCBASce (encoding I-Sce1 enzyme), and pCAGGS (empty vector 
control) were kind gifts from Dr.Maria Jasin (56). EJ2-GFP and EJ5-GFP were gifts from 
Dr. Jeremy Stark (via Addgene) (42). The siRNAs used in this study include control siRNA 
(D001810-01-20, Dharmacon), si-STAT3 (J003544-07, Dharmacon), si-POLQ #1 (122556, 
ThermoFisher Scientific), and si-POLQ #2 (122557, ThermoFisher Scientific). Previously 
published siRNAs targeting EBNA1 (si-EBNA1 #1, GGAGGUUCCAACCCGAAAUTT; si-EBNA1 
#2, GGACTACCGACGAAGGAACTT) (57) were synthesized by Thermo Fisher Scientific.

Isolation of proteins on nascent DNA

iPOND was performed as described previously (34). Briefly, 100 million cells were pulsed 
with 10 µM EdU for 15 min. For stalling DNA replication, 3 mM hydroxyurea (HU) was 
added to cells after the 15 min EdU labeling step. Cells were fixed with 1% formaldehyde 
for 20 min, quenched with 0.125 M glycine for 5 min, and permeabilized in 0.25% Triton 
X-100/PBS for 30 min. After two washes, cells were incubated with click reaction buffer 
(10 µM biotin-azide, 10 mM sodium ascorbate, 2 mM CuSO4) for 2 h and washed twice 
with PBS. Nuclei were extracted and re-suspended in cold lysis buffer (1% SDS, 50 mM 
Tris, pH 8.0). After sonication and debris removal, lysates were incubated with 100 µL of 
streptavidin agarose beads (69203, EMD Millipore) overnight at 4°C. After three washes 
with lysis buffer and one wash with 1M NaCl, 2× Laemmli buffer was added. Lysates were 
heated for 25 min at 95°C prior to immunoblotting with indicated antibodies.

Quantitative reverse transcriptase-PCR

RT-qPCR was performed as described previously (58). In short, 1 µg RNA was used as 
template to synthesize cDNA using MuLV Reverse Transcriptase (M0253L, New England 
Biolabs). Quantitative PCR was used to assay relative transcript levels of each gene using 
the following primers: 5′GTAACCCGTTGAACCCCATT3′ (forward) and 5′CCATCCAATCGGT
AGTAGCG3′ (reverse) for 18S rRNA; 5′ GAGGACTGAGCATCGAGCAGC3′ (forward) and 5′ 
TTAGCCCATGTGATCTGACACCC3′ (reverse) for STAT3; 5′ CAGCATCTTGTCAGGCAGATCT3′ 
(forward) and 5′ CGGTACAGGGCGAAAGTCGG3′ (reverse) for POLQ. Data were analyzed 
using the ΔΔCT method after normalization to 18S rRNA.

DNA fiber assay

DNA fiber assay was performed as described previously (59). Briefly, cells were treated 
with or without 50 µM Novobiocin for 96 h. Cells were then incubated with 250 µM 
IdU (I7125, Sigma-Aldrich) for 30 min. Two hundred thousand cells were resuspended 
in low-melting point agarose and 0.5% trypsin and transferred to plug mold. After 
proteinase K digestion (50°C overnight) followed by four washes with 0.01 M Tris-EDTA, 
DNA fibers were combed to coverslips (COV-002-RUO, Genomic Vision) and baked at 
60°C for 2 h. DNA fibers were then denatured with 0.5 M NaOH/1 M NaCl for 8 min, 
washed twice with PBS, and incubated with indicated antibodies (mouse anti-BrdU 
antibody: 347580, BD Biosciences; goat anti-mouse Alexa Fluor 488 antibody: A11001, 
Thermo fisher scientific). Images of DNA fibers were acquired using a fluorescence 
microscope (OLYMPUS). DNA fibers were analyzed using Image J software (60).

Statistical analysis

P values were calculated using unpaired Student t test. For DNA fiber analysis, P values 
were calculated using two tailed Mann-Whitney U tests.
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