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Regulating Polu in Breast Cancer
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DNA polymerase q, a protein encoded by the POLQ gene, is the
defining factor for the DNA double-strand break repair pathway
known as theta-mediated end-joining (TMEJ). Some cancers
depend on TMEJ for survival and tumor growth. TMEJ might be
useful as a biomarker to guide patient treatment and is now an active

target for drug development, making it critical to understand how it
is regulated in cells. In a recent article, Prodhomme and colleagues
provide the first identification of a transcription regulator of POLQ
expression and TMEJ activity: the transcription factor, ZEB1.
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Double-strand breaks (DSB) inDNAoccur regularly during normal
DNA replication and are induced in cells by genotoxic agents during
cancer treatment, including ionizing radiation and many chemother-
apeutics. As a result, cells have several mechanisms to repair these
breaks. Homologous recombination (HR) is one of the predominant
mechanisms that becomes defective in BRCA-mutated cancers.
Another significant mechanism for DNA repair of DSBs is theta-
mediated end-joining (TMEJ), effected by the action of DNA poly-
merase q (Polq), encoded by the POLQ gene in mammalian cells (1).
TMEJ is essential for cell survival in many biological situations,
protecting cells by repairing DNA breaks arising from replication
stress and preventing catastrophic chromosomal deletions (2). In cells
lacking functional Polq, structures called “micronuclei” appear with
greater frequency. Micronuclei represent unrepaired fragments of
chromosomes that are not segregated with nuclear DNA after cell
division, thus, they are recognized as a marker of improper repair of
DNA damage and compromised genome integrity. Previous studies
show that some HR-deficient cancers, as well as certain other genetic
backgrounds, become dependent onPolq for survival, evenwhen other
canonical DSB repair pathways are operational (3). Thus, TMEJ is a
promising target for drug development and use as a biomarker.
However, the TMEJ pathway comes with a price, Polq–mediated
repair results in frequent local loss or improper insertion of DNA
bases. In human genomes, a few of these changes in coding regions will
cause mutations with functional impact that could cause disease or
compromise cell survival. Cancers that rely on Polq for growth may
continuously accumulate further mutations in this way. Moreover,
cancers can switch and use a different repair pathway for survival if the
one they rely on becomes compromised during chemotherapy. Indeed,
chemoresistance arises if tumors ramp up the activity of pathways of
DNA repair, such as TMEJ, that are selective for tumor survival after
treatment with DNA-damaging agents. TMEJ repair–related genomic
scars are present in a large proportion of human cancers (4, 5). Because
Polq has such a large functional impact, it is important to know how its
expression is controlled. Anew study byProdhomme and colleagues in

this issue reveals the first clear example of how POLQ expression is
directly regulated: by the transcription factor ZEB1 (6).

To begin their work, the team analyzed copy-number variations in
the genomes of breast invasive carcinomas and correlated them with
POLQ expression. POLQ expression is higher in several cancer types,
suggesting that TMEJ is beneficial for tumor survival in these cancers.
By analyzing gene expression subclasses of breast cancers, one defined
subtype emerged called Int10. In the Int10 cluster of breast cancers,
copy-number variation is frequent, and higher levels of POLQ are
expressed. The Int10 class is enriched for basal-like cancers, an
aggressive type of cancer characterized by epithelial properties and
frequent relapse. Comparatively, the Int10 class contains few claudin-
low cancers (another type of cancer characterized by mesenchymal
qualities), high invasiveness, and poor prognosis (6). This piqued the
interest of the researchers because the status of a known transcription
factor called ZEB1 can distinguish between basal-like and claudin-low
cancers. ZEB1 is a master regulator of multiple pathways involved
in cell differentiation, proliferation, and motility. It is also a key factor
in a process by which cancers acquire properties of epithelial-to-
mesenchymal transition (EMT), a process promoting tumor prolif-
eration and metastasis (7). ZEB1 expression regulates many genes
and has multiple effects on cancer cells, conferring motility and stem
cell–like properties that, among other things, can lead to enhanced
chemotherapy resistance and tumor survival.

The authors performed several types of experiments to examine
whether ZEB1 directly regulates POLQ expression. They focused on
samples representing triple-negative breast cancer (TNBC), a clinically
aggressive tumor type. Expression analysis of TNBCs showed that
tumors and cell lines expressing higher levels of ZEB1 usually express
low levels of POLQ. The researchers also used an antibody that they
had developed to detect Polq in extracts of cells in culture (commer-
cially available antibodies do not work for this purpose). Immunoblots
showed that basal-like cancer cell lines with lowZEB1 had higher levels
of Polq and vice versa. The authors tested this relationship directly by
depleting ZEB1 using CRISPR-Cas9 and transient siRNA in a claudin-
low cell line. They observed a marked increase in POLQ mRNA and
Polq protein.Moreover, overexpression of ZEB1 in a basal-like cell line
significantly reduced POLQ expression, clearly establishing POLQ as a
transcriptional target of ZEB1. Further experiments revealed the
mechanism by which ZEB1 regulates the transcription of POLQ.
Candidate ZEB1 binding sites were identified in the POLQ promoter,
and chromatin immunoprecipitation showed that the ZEB1 transcrip-
tion factor indeed binds within the promoter of POLQ, suppressing
gene expression. The promoter was also cloned into a reporter plasmid
for further analysis. ZEB1 depletion resulted in an increase in POLQ
promoter activity, whereas deleting the ZEB1 binding sites made the
promoter unresponsive to ZEB1 status.

1Department of Epigenetics &Molecular Carcinogenesis, The University of Texas
MD Anderson Cancer Center, Smithville, Texas. 2The University of Texas MD
Anderson Cancer Center UTHealth Graduate School of Biomedical Sciences,
Houston, Texas.

Corresponding Author: Richard D.Wood, The University of Texas MDAnderson
Cancer Center, 1808 Park Road 1C, PO Box 389, Smithville, TX 78957. Phone:
512-237-9431; Fax: 512-237-2444; E-mail: rwood@mdanderson.org

Cancer Res 2021;81:1441–2

doi: 10.1158/0008-5472.CAN-20-4253

�2021 American Association for Cancer Research.

AACRJournals.org | 1441

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/81/6/1441/3090877/1441.pdf by guest on 19 M

ay 2023

http://crossmark.crossref.org/dialog/?doi=10.1158/0008-5472.CAN-20-4253&domain=pdf&date_stamp=2021-2-27
http://crossmark.crossref.org/dialog/?doi=10.1158/0008-5472.CAN-20-4253&domain=pdf&date_stamp=2021-2-27


To examine functional consequences of TMEJ, the research team
measured mutagenesis and micronuclei in the claudin-low breast
cancer cell line, MDA-MB-231. Mutations in the HPRT gene were
assessed after introducing a DSB into the chromosomal gene using
CRISPR-Cas9. Depletion of ZEB1 doubled the frequency of mutations
(arising from short deletions in HPRT), and these mutations were
POLQ dependent. This is consistent with the hypothesis that lower
levels of copy-number instability in claudin-low tumors are connected
to the reduction of TMEJ activity conferred by ZEB1 expression in
these cancers. Overexpression of ZEB1 in MDA-MB-231 cells
increased the frequency of micronuclei 5-fold, showing that suppres-
sion of POLQ by this mechanism causes accumulation of unrepaired
breaks as a result of reduced TMEJ. Conversely, overexpressing
POLQ in these cells decreases the frequency of micronuclei several-
fold. The authors propose that in cancers that highly express ZEB1,
increased motility and plasticity are selective for improved tumor
growth. TMEJ is lower in such cells, keeping genome copy-number
alterations lower and forcing them to rely on other DSB repair
pathways for survival.

This article broadens our understanding of the mechanisms that
regulate POLQ expression and TMEJ activity, but many questions still
remain. There are likely other regulators ofPOLQ expression. Indeed, a
recent profiling of 207 primary breast tumors found a direct regulation
ofPOLQ expression by anmiRNA,miR-139-5p (8). This study showed
that miR-139-5P also regulates other DNA maintenance and repair
genes, including TOP1, TOP2A, RAD54L, and XRCC5, thereby pre-
senting a possible mode to restore chemoresistance by blocking
multiple redundant pathways that become critical for cell survival
after drug treatment. An miR-139-5P mimic was able to restore
sensitivity to radiotherapy and was highly effective in reducing tumor
burden in vivo in a xenograft mouse model. Intriguingly, another
study (9) found that miR-139-5p also targets ZEB1 and regulates the

expression of ZEB1 in glioblastoma, resulting in a loss of cancer
migration, invasion, and cell plasticity. Taken together with the
results from Prodhomme and colleagues (6), these results suggest that
miR-139-5P could be effectively modulated in both claudin-low
tumors with high ZEB1 expression and basal-like tumors with high
Polq expression to restore sensitivity to chemotherapeutics and to
increase patient survival.

Given that ZEB1 is a critical transcription factor with pleiotropic
functions, one crucial next step will be to identify other downstream
effectors thatmay be operating inDNAdamage repair beyond a role in
EMT. Of note, ZEB1 expression was found to stabilize the DNA
damage checkpoint protein CHK1, which could facilitate chemore-
sistance to radiotherapy (10). While the current study found no
regulatory effect by ZEB1 on two other proposed components of the
TMEJ pathway, PARP1 and LIG3, the vast range of ZEB1-regulated
downstream effectors provide many avenues for future research.
Moreover, given that transcription factors are difficult to target
directly, identifying corepressors of Polq could be useful. Modulating
the expression of such factors with techniques to induce protein
degradation may also become useful tools for the treatment of these
cancers. This study identifies ZEB1 and Polq as potential biomarkers
for TNBC treatment. Distinguishing basal-like tumors, which express
Pol q and rely on TMEJ, from ZEB1-high/claudin-low tumors, which
might rely on otherDSB repair pathways for survival, will help to better
devise targeted therapies and to increase patient survival.
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