
ABSTRACT

DNA repair pathways can enable tumor cells to survive DNA
damage induced by chemotherapy and thus provide prog-
nostic and/or predictive value. We evaluated Affymetrix
gene expression profiles for 145 DNA repair genes in un-
treated breast cancer (BC) patients (n � 684) and BC pa-
tients treated with regimens containing neoadjuvant
taxane/anthracycline (n� 294) or anthracycline (n� 210).
We independently assessed estrogen receptor (ER)-posi-
tive/HER2-negative, HER2-positive, and ER-negative/
HER2-negative subgroups for differential expression,
bimodal distribution, and the prognostic and predictive
value of DNA repair gene expression. Twenty-two genes
were consistently overexpressed in ER-negative tumors,
and five genes were overexpressed in ER-positive tumors,
but no differences in expressionwere associatedwithHER2
status. In ER-positive/HER2-negative tumors, the expres-
sion of nine genes (BUB1, FANCI, MNAT1, PARP2, PCNA,
POLQ,RPA3, TOP2A,andUBE2V2)was associatedwithpoor

prognosis, and the expression of one gene (ATM) was asso-
ciated with good prognosis. Furthermore, the prognostic
value of specific genes did not correlate with proliferation.
A few genes were associated with chemotherapy response
in BC subtypes and treatment-specific manner. In ER-nega-
tive/HER2-negative tumors, the MSH2, MSH6, and FAN1
(previously MTMR15) genes were associated with patho-
logical complete response and residual invasive cancer in
taxane/anthracycline-treated patients. Conversely, PMS2
expression was associated with residual invasive cancer in
treatments using anthracycline as a single agent. In HER2-
positive tumors, TOP2A was associated with patient re-
sponse to anthracyclines but not to taxane/anthracycline
regimens. In genes expressed in a bimodal fashion, RECQL4
was significantly associated with clinical outcome. In vitro
studies showed that defects in RECQL4 impair homologous
recombination, sensitizing BC cells to DNA-damaging
agents. TheOncologist2013;18:1063–1073

Implications for Practice: The identification of molecular mechanisms and biomarkers of sensitivity to chemotherapy in
breast cancer is still controversial. In this context, the cellular DNA repairmachinery is expected to play an important role in
response to different types of chemotherapy. The differential expression of many DNA repair genes between ER-positive
and ER-negative breast tumors could contribute to the different clinical behavior of these two breast cancer subtypes. We
demonstrated that specific DNA repair genes are prognostic and predictive of chemotherapy response in a molecular sub-
type and treatment specific manner suggesting their contribution in the risk of tumor recurrence and response to chemo-
therapy. Suchprognostic andpredictive valuewarrant further exploration in clinical trials for optimizing treatment tailoring
to improve patient outcome. Furthermore, defects of RECQL4 impair homologous recombination and sensitize breast can-
cer cells to DNA damaging agents, e.g., PARP inhibitors and platinum agents, which allows for selecting patients who more
likely will benefit from these agents.
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INTRODUCTION

Breast cancer (BC) represents amolecularly and clinically het-
erogeneous disease comprising different molecular subtypes
harboring different genetic alteration patterns [1–5]. Distinct
gene pathways and biological processes are associated with
prognosis and chemotherapy sensitivity in different BC sub-
types [6–8]. DNA repair pathwaysmaintain genomic integrity
and are among the targets most frequently altered in cancer
[9,10]. TheDNArepairmachineryallowsnormal cells to repair
DNAdamage or induce apoptosis and cell cycle arrest if repair
is not possible [11]. Anticancer drugs are highly influenced by
the cellular DNA repair capacity, and specific alterations in
DNA repair pathways have been reported to be associated
with differences in patient response to chemotherapy in sev-
eral cancers [12].Drugs that inhibit a single specificDNArepair
pathway in these tumors could prove useful as single-agent
therapies, harboring the advantages of selectively targeting
tumor cells and having fewer negative side effects. Several BC
subtypes such as triple-negative BC (TNBC) are characterized
byahigher degreeof genomic instability becauseof defects in
theDNArepairmachinery [13, 14].Moreover, TNBCspossess-
ing BRCAmutations or having BRCAness features and there-
fore higher genomic instability have been shown to respond
better to DNA-damaging agents such as platinum-containing
compounds; toPARP inhibitors; and, in somecases, to chemo-
therapy.TheroleofDNArepairpathways inBCsubtypes,how-
ever, has not beenwell established.

In this study, we sought to assess the differential expres-
sion, bimodal distribution, and prognostic and predictive role
of DNA repair genes in individual BC molecular subtypes in-
cluding estrogen receptor (ER)-positive/HER2-negative, ER-
negative/HER2-negative, and HER2-positive cancers. A large
series of publicly available gene expression datasets was col-
lected. The predictive value of DNA repair gene expression
was assessed in BC patients treatedwith regimens containing
neoadjuvant taxane/anthracycline or anthracycline. We per-
formed gene set analyses by grouping DNA repair genes ac-
cording to biological pathways.

We also selected one relevant DNA repair gene that arose
as a result of our in silico analysis for (a) in vitro assessment of
the biological functions of this gene within the DNA repair
pathways and (b) exploration of the potential mechanisms of
the cell response to DNA-damaging chemotherapy in BC.

MATERIALS ANDMETHODS

Patient Cohorts
Clinical characteristics of the patients included in the various
datasets used in this study are presented in supplemental on-
line Table 1. Response to chemotherapywas dichotomized as
pathological complete response (pCR) or residual invasive
cancer (RD). To further validate the differential expression of
DNA repair-related genes in BC subtypes, we examined a BC
cell line dataset that included 51 cell lines [15].

Gene ExpressionNormalization,Molecular Subtype
Definition, andMolecularMarkers
All gene expression data were generated with Affymetrix
U133A and U133 Plus2 gene chips (Affymetrix, Santa Clara,
CA, http://www.affymetrix.com) and normalized using the
MAS5 algorithm (http://www.bioconductor.org) with the

mean expression centered to 600 and log2-transformed. ER
and HER2 status was defined as previously reported [16]. To
take into account the scaling factor existing between the
U133A and U133 Plus2 platforms [17], slightly different cut-
off values were adopted (ESR1 �10.6 as ER-positive and
ERBB2�13.04asHER2-positive inU133Plus2 chips).Molecu-
lar subgroupsweredefinedaccording toERandHER2status.A
proliferationmarker (mitosis kinase score)was used to assess
the independence of the prognostic value for the DNA repair
genes relative to proliferation. The proliferation marker was
calculated as previously reported [18].

Identification of Differentially Expressed DNARepair
PathwayGenes
Basedona literature reviewandon reportedDNArepairpath-
ways assembled from the PubMed and Gene Ontology data-
bases, we selected the most functionally relevant annotated
DNA repair genes. We identified a set of 145 DNA repair-re-
lated genes with documented roles in several DNA repair
pathways.

Weassesseddifferential expressionofDNA repair-related
genes between ER-positive and ER-negative tumors (after ad-
justing for HER2 status) using the Student’s t test. To control
for the potentially confounding effects of HER2 status in this
comparison, the randomized block design included in BRB-
Array Tools (National Cancer Institute, Division of Cancer
Treatment and Research, Biometric Research Branch,
Bethesda, MD, http://linus.nci.nih.gov/BRB-Array-Tools.
html) was used. The randomized block design fits two linear
models to theexpressiondata foreachgene.The fullmodel in-
cluded the ER class variable and the blocking variable (i.e.,
HER2),whereas the reducedmodel includedonly theblocking
variable. Likelihoodratio statisticswereused to test thesignif-
icance of the differences between ER-negative and ER-posi-
tive tumors. A similar analysis was performed for HER2-
positive and HER2-negative tumors using ER status as a
blocking variable.

Statistical analyseswereperformedusingBRB-ArrayTools
v3.7.0Patch_1andRsoftware (RFoundation,Vienna,Austria,
http://www.r-project.org). All statistical tests were two-
sided. To provide more robust and reproducible findings, the
strategy adopted to identify differentially expressedprognos-
tic and predictive DNA repair genes was used on different
datasets as independent discovery cohorts rather than com-
bining them in a larger series. This approach allowed us
to claimsignificant findingsbasednotonlyon statistical signif-
icance but also on consistency across independent discovery
cohorts, similar to other studies [7, 16, 18]. Consistent obser-
vations aremore likely to represent true associations.

Distant metastasis-free survival (DMFS), defined as the
time from diagnosis to distant metastasis, was the primary
endpoint used to assess the prognostic value of DNA repair
gene expression. DMFS was available in all prognostic data-
sets. Tomake the results comparable across thedatasets, sur-
vival was censored at 10 years. Univariate Cox regression
analysis was used to correlate genes as continuous variables
with DMFS in various clinical subgroups. To identify differen-
tially expressed genes between cases based on pCR and RD,
we performed unequal variance t tests on each probe set.
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Because we used different discovery datasets to assess
theconsistencyofour findings,wealsocalculatedcombinedp
values to use the data more efficiently. To calculate the com-
bined p value for the pooled prognostic and predictive data-
sets,we letpijdenote thep value for gene i (where i�1–TOT)
in the prognostic or predictive dataset j (where j� 1 or 2) for
disease subtype k (where k�1 for an ER-positive tumor and2
for an ER-negative tumor). For each gene i, we calculated a
Fisher’s combined probability p value over the two or three
datasetswith4or6df (i.e., twoor three times thenumberofp
valuescombined)according to the following formula, inwhich
ln is the natural logarithm: Pik� �2(ln(pi1k)� ln(pi2k)).

We assessed bimodal index [19] to identify gene expres-
sion with bimodal distribution that could be biologically rele-
vant. Briefly, identifying genes with bimodal expression
patterns from large-scale expression profiling data is an im-
portant task. Bimodal expressionpatterns can result naturally
from differential expression with the twomodes centered on
the mean expression of a gene in two distinct subgroups of
samples. In the context of cancer, bimodal expression pat-
terns can result from genomic lesions that occur in some pa-
tients but not in others.

Functional Evaluation ofRECQL4 in Cellular Response
to Chemotherapy andDNADamaging Agents

Immunohistochemistry
The formalin-fixed, paraffin embeddedBC tissues (39 ER-neg-
ative/HER2-negative and 61 ER-positive/HER2-negative)
were deparaffinized and rehydrated. Antigen retrieval was
performed by using EnVision Flex Target Retrieval solution
(Dako, Glostrup, Denmark, http://www.dako.com). Immuno-
histochemistrywasperformedwithRECQL4monoclonal anti-
body (Abnova, Taipei, Taiwan, http://www.abnova.com/)
using an automated staining workstation (DakoCytomation,
Glostrup, Denmark, http://www.dakocytomation.com) with
diaminobenzidine chromogen as substrate. Slideswere coun-
terstained with hematoxylin (Sigma-Aldrich, St. Louis, MO,
http://www.sigmaaldrich.com). Immunostaining results
werescoredsemiquantitatively, andonlynuclear stainingwas
taken into account. The scores for immunohistochemistry
were 0, no staining; 1, few nuclear-stained tumor cells (�5%
ofpositive tumorcells); 2, 5%–20%ofpositive tumorcells; and
3, �20% positive tumor cells. For pairwise comparisons, the
scores were collapsed to low (score 1–2) versus high (score 3)
expression.

RECQL4 Functional Studies
RECQL4was targetedwith two distinct small interfering RNAs
(siRNAs; Thermo Scientific Molecular Biology, Waltham, MA,
http://www.thermoscientificbio.com/Dharmacon/), which
were applied to the MDA-MB-231 BC cell line. MDA-MB-231
cells were obtained from the American Type Culture Collec-
tion (ATCC, Manassas, VA, http://www.atcc.org/). We opti-
mized the transfection conditions for MDA-MB-231 cells as
previously described [18]. Gene silencing was performed in
three replicates in 96-well plates using predetermined opti-
mal transfection conditions. Plateswere incubatedat 37°C for
96 hours.

RESULTS

Differentially Expressed DNARepair Genes by
Molecular Tumor Subtype
Even in HER2-positive tumors, large-scale molecular differ-
ences exist according to ER status [20]; therefore, we com-
pared the expression of DNA repair genes between ER-
positive and ER-negative tumors after adjusting for HER2
status. Thenwecompared theexpressionofDNArepair genes
between HER2-positive and HER2-negative tumors after ad-
justing for ER status. In two discovery datasets, we identified
27 genes thatwere differentially expressed between ER-posi-
tive and ER-negative tumorswith a p value�.01 in each data-
set (Table 1, supplemental online Table 2A, and supplemental
online Fig. 1) (expected falsediscovery rate�0.2gene). These
differences in gene expression were validated using three in-
dependentBCdatasets anda series of 51BC cell lines (Table 1,
supplemental online Table 2A). All 27 genes were confirmed
as significantly differentially expressed in each dataset, sup-
porting the consistency and reliability of our findings. Con-
versely, in the cell line-derived data, only 9 of 27 genes were
differentially expressed (p � .05). Using the same stringent
criteria, no genes were differentially expressed between
HER2-positiveandHER2-negative tumors in the twodiscovery
datasets (supplemental online Table 2B).

DNARepair Genes as Prognostic Factors in Each
Molecular Tumor Subtype
We assessed the prognostic value of DNA repair gene expres-
sion in untreatednode-negative BCpatients. The analysiswas
performedseparately ineachprognosticdatasetbasedonthe
three molecular BC subtypes. Genes that correlated with pa-
tient outcomeat ap value�.05 in all datasetsweredefinedas
prognostic (expected false discovery rate �0.2 gene). We
foundthatnoneof the145DNArepairgenesanalyzedshowed
prognosticvalue inHER2-positiveandER-negative/HER2-neg-
ative tumor subtypes (supplemental online Tables 3Band3C).
In ER-positive/HER2-negative tumors, we found nine genes
thatweresignificantlyassociatedwithpoorprognosisandone
gene (ATM) thatwas associatedwith goodprognosis (Table 2,
supplemental online Table 3A). Interestingly, some of these
genes weakly correlated or did not correlate (ATM,MNAT1)
with proliferation markers (supplemental online Fig. 2). We
assessed the prognostic value of each of these genes in amul-
tivariate model including a proliferation marker [18] and
progesterone receptor (PGR). TOP2A, POLQ, andMNAT1 ex-
pression retained significance after adjustment for these
markers (p� .031, p� .012, p� .0006, respectively) (supple-
mentalonlineTable4). Similar resultswereobtainedusing the
genomic grade index [21] as a proliferation marker (data not
shown). These markers seem to provide prognostic informa-
tion independent of proliferation.

DNARepair Genes as Predictive Factors of Response
to Chemotherapy in EachMolecular Tumor Subtype
We assessed the predictive value of DNA repair gene expres-
sion according to specific treatment regimens (anthracycline-
or taxane/anthracycline-containing regimens) in each of the
predictive datasets according to molecular tumor subtype
(supplemental online Tables 5A and 5B). Genes with a com-
bined p value�.05 and a consistent correlationwith the regi-
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Table 2. Cox proportional hazards analysis in ER-positive/HER2-negative tumors

WANG TRANSBIG Mainz

Combined
p valueGene symbol

Parametric
p value

Hazard
ratio

Parametric
p value

Hazard
ratio

Parametric
p value

Hazard
ratio

PCNA .0002 2.07 .0001 4.45 .0167 2.15 9.14E-08

TOP2A .0012 1.40 .0000 2.60 .0001 1.99 7.34E-11

MNAT1 .0137 1.72 .0132 2.71 .0008 6.32 1.95E-05

UBE2V2 .0009 2.41 .0004 3.59 .0357 2.65 2.25E-06

RPA3 .0158 1.60 .0387 2.00 .0297 2.27 1.30E-03

BUB1 .0002 1.89 .0000 3.87 .0008 2.55 3.55E-10

FANCI .0001 1.74 .0006 2.96 .0063 2.46 7.47E-08

PARP2 .0433 2.36 .0490 2.42 .0055 4.97 8.95E-04

POLQ .0001 2.21 .0310 1.80 .0324 2.09 1.07E-05

ATM .0088 0.57 .0498 0.60 .0151 0.45 5.58E-04

Table 1. DNA repair genes overexpressed in ER-negative and ER-positive breast tumors

Discovery datasets Validation and testing datasets

Stockholm ExpO WANG TRANSBIG Mainz 51 Cell lines

Gene symbol
Parametric
p value

Ratio
ER−/ER�

Parametric
p value

Ratio
ER−/ER�

Parametric
p value

Ratio
ER−/ER�

Parametric
p value

Ratio
ER−/ER�

Parametric
p value

Ratio
ER−/ER�

Parametric
p value

Ratio
ER−/ER�

ER-negative breast
tumors

BLM 1.00E-07 1.42 1.00E-07 1.37 1.00E-07 1.38 1.00E-07 1.73 1.00E-07 1.64 .3672081 1.08

BUB1 1.00E-07 2.03 1.00E-07 2.13 1.00E-07 1.91 1.00E-07 2.68 1.00E-07 2.45 .0008376 1.46

CHAF1A 7.02E-05 1.31 7.30E-05 1.19 9.50E-06 1.23 .0011042 1.18 1.00E-07 1.4 .042302 1.24

EXO1 7.70E-06 1.95 1.00E-07 2.04 1.00E-07 1.89 1.00E-07 2.37 1.00E-07 2.09 .0350731 1.27

FANCA .004415 1.51 1.00E-07 1.81 1.00E-07 1.77 1.00E-07 1.96 2.00E-07 2.02 .6016553 1.14

FANCI 2.30E-06 1.59 8.74E-05 1.39 1.00E-07 1.46 1.00E-07 1.58 1.00E-07 1.66 .8798109 0.99

FEN1 .0001172 1.49 1.00E-07 1.7 5.25E-05 1.27 1.00E-07 1.52 2.00E-07 1.53 .5039301 1.1

H2AFX .0002872 1.45 4.00E-07 1.4 1.00E-07 1.5 3.98E-05 1.4 .0004756 1.45 .3116935 1.24

MSH2 3.60E-06 1.36 1.00E-07 1.4 6.90E-06 1.21 1.00E-07 1.51 1.00E-07 1.42 .4380301 1.08

MSH6 1.00E-07 1.32 2.00E-07 1.24 1.00E-07 1.32 1.00E-07 1.37 1.00E-07 1.44 .9221048 1

MUTYH 8.26E-05 1.25 2.08E-05 1.18 1.00E-07 1.27 1.00E-07 1.43 5.20E-06 1.3 .0422797 1.23

NEIL3 .0012021 1.43 .0001711 1.32 .0066894 1.18 2.60E-06 1.41 5.75E-05 1.5 .1388067 1.18

PCNA .0001687 1.37 .000732 1.31 3.13E-05 1.27 1.00E-07 1.4 .0003012 1.33 .0833689 1.28

POLD1 .004031 1.33 .0002285 1.28 3.00E-07 1.28 5.81E-05 1.4 1.30E-05 1.34 .0433534 1.44

PRKDC .0051798 1.27 6.00E-07 1.41 3.27E-05 1.25 .0011284 1.27 .0019594 1.24 .024177 1.41

RAD51 .0006344 1.58 2.00E-07 1.6 4.00E-07 1.56 1.00E-07 1.74 .0002733 1.63 .9504415 1.01

RAD54B 4.00E-06 1.82 4.10E-05 1.54 .0002812 1.35 .0007533 1.46 .0033886 1.39 .7418248 0.94

RAD54L 1.30E-06 1.95 1.00E-07 2.04 1.00E-07 1.69 1.00E-07 2.39 1.00E-07 2.39 .0079323 2.04

RNF8 1.66E-05 1.27 1.30E-06 1.24 1.00E-07 1.27 1.00E-07 1.36 5.27E-05 1.2 .1003565 1.17

SHFM1 6.80E-06 1.47 1.00E-07 1.39 1.59E-05 1.24 4.74E-05 1.3 .0015339 1.22 .5925215 0.93

TOP2A .0014627 1.97 4.29E-05 1.97 1.66E-05 1.85 5.00E-07 2.14 9.25E-05 2.47 .9598749 1.01

XRCC6 1.29E-05 1.27 2.00E-06 1.18 3.10E-06 1.19 1.00E-07 1.23 1.00E-07 1.3 .0639947 1.18

ER-positive breast
tumors

MGMT 4.40E-06 0.74 5.50E-06 0.79 4.10E-06 0.81 5.00E-06 0.73 4.78E-05 0.77 .1165405 0.61

XPA 6.00E-07 0.65 1.00E-07 0.77 1.00E-07 0.69 1.00E-07 0.66 1.00E-07 0.58 .0461017 0.78

PARP3 .0018074 0.69 .0002025 0.78 .0001061 0.73 1.00E-07 0.62 4.30E-06 0.67 .3092348 1.37

CCNO .0044393 0.61 9.00E-07 0.57 1.00E-07 0.49 9.20E-06 0.55 .0063925 0.61 .1640713 1.43

POLI 2.31E-05 0.71 2.00E-07 0.73 1.00E-07 0.59 8.00E-07 0.67 1.00E-07 0.57 .0041838 0.64

Note: DNA repair genes overexpressed in ER-negative and ER-positive breast tumors after adjustment for HER2 status; p value�1.00E-07was the
threshold at this value.
Abbreviation: ER, estrogen receptor.
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menare shown inTables3and4. Significantassociationswere
definedashavingapvalue�.05 in twoof the independentda-
tasets. Despite the less stringent statistical criteria adopted
relative to our assessment for prognostic value, few genes
were consistently associatedwith pCR.

In patients receiving anthracycline-based regimens, only
TOP2Awas significantly associatedwith pCR in HER2-positive
samples (combinedp� .004),whereasPMS2wassignificantly
associated with RD in ER-negative/HER2-negative tumors
(combinedp� .005) (Table 3).Notably,TOP2Aexpressiondid
not showa significant associationwith anthracycline-contain-
ingregimenswhenotherchemotherapeuticagentswereused
in combination.

In taxane/anthracycline regimens for ER-positive/HER2-
negative and HER2-positive subtypes, none of the DNA repair
geneswas consistently associatedwith pCRor RD (Table 4). In
ER-negative/HER2-negative tumors, however, mismatch re-
pair (MMR) genesMSH2 andMSH6 were associated with a
higher pCR rate (combined p � .003 and p � .002, respec-
tively), and FAN1 (previouslyMTMR15) gene expression was
associatedwith RD (combined p� .0003) (Table 4).

RECQL4 Impairs Homologous Recombination Sensitizing

Breast Cancer Cell Lines to DNADamaging Agents
We hypothesized that genes with consistent bimodality
among tumor subtypes could be enriched in biologically rele-
vant genes. We defined bimodal genes (supplemental online
Table 6) and assessed their prognostic and predictive value.
Only RECQL4 showed bimodal distribution, and its expression
was significantly associated with clinical outcomes (Fig. 1).
RECQL4was prognostic in ER-positive/HER2-negative tumors
(supplemental online Table 3) after adjusting for proliferation
and PGR expression (p� .046) (supplemental online Table 4).
RECQL4 was also significantly associated (ER-positive/HER2-
negative,p� .012)or trendedtowardasignificantassociation
(ER-negative/HER2-negative) with patient response to tax-
ane/anthracycline-containing regimens (supplemental online
Table 5B). Moreover, RECQL4 is an important helicase in-
volved in the regulation of several DNA repair pathways. Con-
sequently, we assessed the involvement of RECQL4 in DNA
double-strand break (DSB) mechanisms and treatment re-
sponses. Overexpression of RECQL4 in ER-negative/HER2-
negative tumors (supplemental online Table 2A) was

Table 3. Anthracycline sensitivity related to DNA repair genes

MDACC/IGR (FA �E�C)a TOP (anthracycline)

Gene symbol
Parametric
p value

Fold-change
pCR/RD

Parametric
p value

Fold-change
pCR/RD

Combined
p value

Association
with

HER2-positive

TOP2A .013 4.49 .039 2.46 .004 pCR

FANCF .089 1.89 .017 1.46 .012 pCR

CHAF1A .577 1.14 .009 1.70 .031 pCR

ER-negative/HER2-negative

POLG .339 1.14 .000 1.56 3.60E-04 pCR

REV3L .028 1.39 .085 1.24 .017 pCR

FANCI .256 1.18 .011 1.60 .020 pCR

HERC2 .031 1.29 .120 1.23 .025 pCR

POLQ .124 1.21 .033 1.44 .027 pCR

ERCC5 .053 1.38 .089 1.23 .030 pCR

MSH6 .014 1.37 .417 1.14 .036 pCR

PMS2 .015 0.65 .044 0.79 .005 RD

FANCC .013 0.73 .328 0.88 .027 RD

DMC1 .011 0.58 .563 0.90 .036 RD

ER-positive/HER2-negative

POLI .039 0.66 — — — RD

SLK .030 1.32 — — — pCR

RAD50 .014 0.65 — — — RD

CETN2 .044 0.68 — — — RD

APEX1 .014 0.70 — — — RD

RAD51L1 .013 0.42 — — — RD

GTF2H5 .000 0.55 — — — RD

NEIL1 .049 0.64 — — — RD

PALB2 .001 0.62 — — — RD

Note: No ER-positive patients were enrolled in the TOP trial; combined p value�0.05. Also, genes in bold are significant (p� 0.05) in both datasets.
aPatients received chemotherapy regimenwith 5-fluorouracil, doxorubicin (epirubicin), and cyclophosphamide.
Abbreviations:—, no value; ER, estrogen receptor; pCR, pathological complete response; RD, residual invasive cancer.
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confirmedby immunohistochemicaldetectionofRECQL4per-
formedona seriesofBC samples including39 casesof ER-neg-
ative/HER2-negative tumors and 61 cases of ER-positive/
HER2-negative tumors (p� .0264) (Fig. 2A).

We examined the effect of RECQL4 gene silencing on
chemosensitivity to taxanes (1 �M and 4 �M paclitaxel) in
theMDA-MB-231 cell line. Our results show that the down-
regulation of RECQL4 expression by two independent
siRNAs led to an increase in taxane resistance in MDA-MB-
231 cells (Fig. 2B).

We expected that RECQL4 likely functions in homologous
recombination (HR) repair, andwepredicted thatHRdeficien-
cieswould cause synthetic lethality on PARP inhibition; there-
fore, we examined whether RECQL4 silencing could cause
hypersensitivity to PARP inhibitors (AG14361 and olaparib).
We found thatRECQL4 silencing resulted indecreasedcellular
survival after treatmentwithPARP inhibitorsAG14361 (1�M)

(Fig. 2C) and olaparib (data not shown). Of note, RECQL4 si-
lencing yielded sensitivity similar to that observed when
BRCA1 is silenced (Fig. 2C). Western blot analysis was used to
confirm RECQL4 and BRCA1 silencing in MDA-MB-231 cells
(Fig. 2D). RECQL4 silencing caused a fourfold increase in the
percentage of cells staining for �H2AX foci in the absence of
any added genotoxic stress agent when compared with non-
targeting siRNA-transfected cells (Fig. 2E).

We next examined whether PARP inhibitor sensitivity
and spontaneous DNA damage response activation in
RECQL4-silenced cells was the result of defective DSB sens-
ing and repair (Fig. 3). We performed immunofluorescence
tomeasure the formation of RAD51 foci 8 hours after ioniz-
ing radiation, which is used as an indirectmeasure of HR re-
pair (Fig. 3A). In contrast to control cells, RECQL4-silenced
cells demonstrated complete absence of RAD51 foci in re-
sponse to ionizing radiation (Fig. 3A). The reduced RAD51

Table 4. Taxane sensitivity-related DNA repair genes

MDACC/MAQC (T/FAC)a USO (FEC/TX)b

Gene symbol
Parametric
p value

Fold-change
pCR/RD

Parametric
p value

Fold-change
pCR/RD

Combined
p value

Association
with

ER-negative/HER2-negative

MSH6 .011 1.26 .024 1.62 .002 pCR

FEN1 .030 1.36 .163 1.40 .031 pCR

MSH2 .018 1.32 .016 1.40 .003 pCR

MTMR15 .001 0.76 .039 0.74 .0003 RD

CCNH .005 0.77 .877 0.99 .028 RD

XRCC5 .008 1.22 .589 1.07 .031 pCR

CCNO .308 0.82 .020 0.54 .038 RD

ER-positive/HER2-negative

PCNA .286 1.24 .001 1.58 .002 pCR

RAD54L .244 1.48 .030 2.11 .043 pCR

BUB1 .078 1.70 .008 1.66 .005 pCR

LIG1 .113 1.26 .057 1.47 .039 pCR

MSH3 .013 0.60 .379 0.78 .030 RD

PMS2 .088 1.37 .083 1.46 .043 pCR

RECQL4 .337 1.46 .005 3.51 .012 pCR

NHEJ1 .830 0.96 .006 0.58 .033 RD

HER2-positive

RAD51 .020 1.44 — — — pCR

MRE11A .049 2.01 — — — pCR

MPG .022 0.70 — — — RD

ERCC8 .029 1.32 — — — pCR

RAD50 .006 0.70 — — — RD

CETN2 .015 0.71 — — — RD

NTHL1 .020 0.53 — — — RD

ATM .045 1.36 — — — pCR

CDK7 .023 0.71 — — — RD

UIMC1 .040 1.26 — — — pCR

Note: NoHER2-positive patients were enrolled in the USO dataset; combined p value�0.05. Also, genes in bold are significant (p� 0.05) in both
datasets.
aPatients received paclitaxel (weekly or every 3weeks) followed by 5-fluorouracil, doxorubicin, and cyclophosphamide.
bPatients received 5-fluorouracil, eprirubicin, and cyclophosphamide followed by docetaxel.
Abbreviations:—, no value; ER, estrogen receptor; pCR, pathological complete response; RD, residual invasive cancer.
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foci in the RECQL4-silenced cells combined with the in-
creased PARP inhibitor sensitivity suggested that these
cellsmight harbor a reduced capability to repair DSBs by HR
in the absence of RECQL4. Consistently, we found that
RECQL4-silenced cells are hypersensitive to cisplatin (Fig.
3B), which induces DNA damage repair via HR-dependent
pathways. In all cases, RECQL4 silencing yielded sensitivity
similar to that observed in siBRCA1 cells.

We then directly assessed HR repair in RECQL4-silenced
cells usingMDA-MB-231cells expressingadislocation-depen-
dent reconstituted green fluorescent protein reporter plas-
mid, in which the GFP gene is interrupted by a single SceI
restriction site [22]. Transient expression of the SceI endonu-
clease introduces a site-specific DSBwithin the reporter. Cells
that areproficient inHR repair display restorationofGFPgene
expression and increased fluorescence. Cells were analyzed
by two-color flowcytometry toquantifyGFP-positive cells rel-
ative to the total number of cells. We found that RECQL4-si-
lenced cells have a significant defect in HR repair activity
compared with control and BRCA1-silenced cells (Fig. 3C).
Taken together, these results indicate that RECQL4 acts simi-
lar to BRCA1 and that RECQL4 silencing contributes to
chemoresistancetotaxanesandhypersensitivity toDNAdam-
agingagents; thisphenomenonmost likelyoccurs throughde-
fects in HR repair.

DISCUSSION
Different clinical subtypesofBCare characterizedbydifferent
gene expression profiles, DNA copy number alterations, and
mutation distributions [1–5, 23, 24]. In this study, we exam-
ined theexpressionof 145DNArepair-relatedgenes indepen-
dently in each of the main molecular subtypes of BC. We
focusedour comparisons on ER-negative and ER-positive can-
cers after adjusting for HER2 status because these groups
showed large-scaledifferences regardlessofHER2status [20].
Moreover, more complex molecular classification methods
have not yet been standardized [1].

We found that 5DNA repair geneswere significantly over-
expressed in ER-positive tumors and that 22DNA repair genes

were significantly overexpressed in ER-negative tumors. All of
the overexpressed DNA repair gene candidates were con-
firmed (p� .05) using three independent validation datasets.
The ER-negative overexpressed genes are involved in several
DNA repair pathways including MMR (MSH2 andMSH6), HR
(RAD51, RAD54L, RAD54B, and SHFM1), and Fanconi anemia
(FANCA and FANCI) pathways as well as in other cellular pro-
cesses that cooperate with DNA repair pathways such as
chromatin remodeling (H2AFX and CHAF1A) and DNA polym-
erization, synthesis, editing, and processing (PCNA, POLD1,
TOP2A,BLM, FEN1, and EXO1). These genes could play impor-
tantbiological functions in theER-negativegroupcontributing
to theER-negative-associatedclinical characteristicsofhigher
rate of early recurrence, younger age at diagnosis, higher his-
tological grade, and higher chemotherapy benefit [25, 26].
Notably, the same genes were not similarly differentially ex-
pressed in a series of 51BCcell lines, underscoring that theex-
pression of some genes in cancer cell lines does notmimic the
corresponding human BC.

DNARepair Genes as Prognostic Factors in Breast
Cancer Subtypes
Theprognostic valueofDNArepair geneshasbeenassessed in
untreated, node-negative BCs. We found that nine genes
(BUB1, FANCI, MNAT1, PARP2, PCNA, POLQ, RPA3, TOP2A,
andUBE2V2) were significantly associated with poor progno-
sis in ER-positive/HER2-negative cancers and that one gene
(ATM) was significantly associatedwith good prognosis in ER-
positive/HER2-negative cancers. In ER-positive/HER2-nega-
tive cancers, several markers of proliferation have already
been shown to provide clinically relevant prognostic informa-
tion (e.g., Oncotype DX, Genomic Health, Redwood City, CA,
http://www.genomichealth.com/; MammaPrint, Agendia,
Amsterdam, the Netherlands, http://www.agendia.com/;
MapQuant Dx Genomic Grade, Qiagen Marseille, Marseille,
France, http://www.qiagenmarseille.com/) [1, 27]. We as-
sessed whether thesemarkers were associated with prolifer-
ation. Only ATM andMNAT1 did not correlate or only weakly
correlated with proliferation markers. We also assessed

Figure 1. RECQL4 shows bimodal distribution, and its expression is significantly associated with clinical outcomes. (A): The frequency
distribution calculated by the kernel function for RECQL4 in eachmolecular subtype and in the overall population is presented. (B): The
Kaplan-Meier estimates for distant event-free survival are shown according to the tertiles of RECQL4 expression in ER-positive/HER2-
negative tumors.
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whether these prognostic genes provide independent infor-
mation in multivariate models including proliferation marker
and PGR expression, which are other established prognostic
factors in this group of cancers [28]. Interestingly,MNAT1 re-
tained significantprognostic value (p� .0006) in themultivar-
iate model, suggesting potential value in assessing prognosis
over conventional proliferation markers; however, the value
ofMNAT1 expression requires independent confirmation. Ex-
pression levels of TOP2A andBUB1 closely reflect the prolifer-
ative activity of cells [18, 29] and have been previously
associated with recurrence in ER-positive/HER2-negative BC
[30, 31]. PCNA and POLQ are involved in genomic replication
and DNA repair [32, 33], and their overexpression has been
correlated with poor clinical outcome in BC patients [34, 35].
Another study has shown that the DNA repair gene UBE2V2
contributes to the overall resistance of cancer cells to geno-
toxic agents [36].

Even if ATM expression does not provide independent
prognostic information in multivariate analyses, ATM ex-
pression is not associated with proliferation, which could
indicate thatATM expression has a relevant biological func-
tion in cell dedifferentiation. In fact, low ATM expression in
BC tissue has been correlatedwith a higher rate of DNAmu-
tations, a progressive cancer phenotype, and increased an-
giogenesis [37]. The expressionofATMhas been associated
with favorable patient outcomes [37], which is in agree-
ment with our results. None of the DNA repair genes con-
sidered in our study was consistently associated with
prognosis in both ER-negative/HER2-negative and HER2-
positive tumors. These findings suggest that by including
the expression of the MNAT1 gene in the clinical assess-
ment, it could be possible to refine the risk of relapse pre-
diction performed using established molecular markers of
proliferation and PGR expression.

Figure2. LossofRECQL4 isassociatedwithresistancetotaxanesandspontaneousDNAdamageresponseactivation. (A): IHCperformed
with anti-RECQL4 antibody in ER-positive/HER2-negative tumors (61 cases) and ER-negative/HER2-negative tumors (39 cases). RECQL4
was expressed to higher levels in ER-negative/HER2-negative tumors (p � .0264). (B): Death of RECQL4-silenced cells compared with
scrambled or untransfected control cells after taxane treatment (1�Mor 4�M) (*p� .001). Error bars indicate the standard deviation
(SD; n� 3). (C): Survival ofRECQL4-silenced cells comparedwith untransfected orBRCA1 siRNA control cells after PARP inhibition (*p�
.001). (D): Immunoblot analysis of protein knockdown 96 hours after transfection of control, RECQL4, and BRCA1 siRNA constructs. (E):
Nontargeting and RECQL4 siRNA were transfected into MDA-MB-231 cells, and �H2AX foci were counted 96 hours after transfection
(mock, transfectionwith no siRNA) (*p� .001). Error bars represent the SD (n� 3).

Abbreviations: IHC, immunohistochemistry; siRNA, small interfering RNA.
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DNARepair Genes as Predictors of Likelihood of
Response to Chemotherapy
WealsoexaminedtheassociationbetweenexpressionofDNA
repair genes and the likelihood of achieving a pCR in patients
treatedwithpreoperative taxane/anthracycline- or anthracy-
cline-based chemotherapy regimens. In BC patients treated
with anthracycline-based chemotherapy, we found that only
higher expression of TOP2Awas consistently associated with
pCR, and this associationwas found only in the HER2-positive
tumor group. This finding confirms previous data regarding
the association between TOP2A expression and response to
anthracycline-based regimens in HER2-positive tumors [38].
This consistency indirectly confirmed the validity of the dis-
covery approach adopted in our study. The chromosomal re-
gion that incorporates HER2 is a gene-rich region of genetic
instability that is pivotal to tumor progression and poor prog-
nosis in BCs [39]. These data reinforce the clinical need to ex-
plore the inclusion of the assessment of TOP2A gene
expression for tailoring the groupof patients in theHER2-pos-
itive molecular subtype at higher likelihood to benefit from
anthracycline administration [38, 40]. The amplification of
HER2 is associatedwith important amplifications and/ordele-
tions of neighboring TOP2A DNA repair genes and require
further investigation for the identificationof additional thera-
peutic targets. Notably, TOP2Aexpressionwasnot associated
with pCR when other drugs were administered concurrently
with taxanes. Thismay suggest that the groupof patientswho
showlowerexpressionofTOP2Aand lessbenefit fromanthra-
cycline-based therapy could derive substantial benefits from
other drugs. This difference, correlated with TOP2A expres-
sion and chemotherapy regimen, also underscores the
inherent limitation of assessing predictive markers for poly-
chemotherapy regimens because of the potential different
predictive valueof eachmarker according to thedrugs admin-
istered. Overall, these findings provide a supportive expla-
nation for the additional clinical benefit of taxanes to anthra-
cyclines in HER2-positive BCs [41]. In fact, our biomarker
analysis in HER2-positive tumors indirectly suggests that dif-

ferent molecular subgroups of tumors, such as high and low
TOP2A expression, may derive diverse benefits from anthra-
cyclines or taxanes, respectively. Consequently, our data con-
tribute to the current active debate about whether
anthracycline shouldbeabandonedasadjuvant treatment for
HER2-positive disease [42, 43]. Because it seems that not all
patients will benefit from the association of both drugs, our
data also support the need for use of specific biomarkers to
tailor selectionof theappropriate regimen,whichwill account
for greater advantages during adjuvant treatment.

The novel gene PMS2 is consistently associatedwith RD in
ER-negative/HER2-negative tumors treated with anthracy-
cline-based regimens. PMS2 is amajor component of theDNA
MMRsystem that heterodimerizeswithMLH1 to formMutL�
[44]. Sporadic BCs demonstrate microsatellite instability, re-
flecting the presence ofMMR-deficient cells in approximately
one-fourth of cases at the time of diagnosis [45]. MMR-defi-
cient cells show resistance to doxorubicin, suggesting a role
forMMR in topoisomerase II poison-mediated cell killing [45].
Although much of the current data have supported the in-
volvement of MLH1 in topoisomerase II poison-mediated cy-
totoxicity, our results suggest that the MLH1 binding partner
PMS2 warrants further investigation and should be consid-
ered as a potential biomarker for anthracycline resistance.

To date, several biomarkers have been evaluated for their
potential value in the prediction of BC patient responses to
taxanes such as p53, the microtubule-associated protein tau,
and others, although different studies have yielded inconsis-
tent results [46]. In our analysis, we found that higher expres-
sion of the MMR genes MSH2 and MSH6 is significantly
associated with pCR in ER-negative/HER2-negative BC pa-
tients receiving neoadjuvant taxane/anthracycline-contain-
ing regimens. MSH2 and MSH6 could reside in a protein
complexwith BRCA1 and other DNA repair proteins as well as
checkpoint signaling proteins (BASC) [45]. The members of
this complex may regulate DNA repair and p53-mediated ap-
optosis following DNA damage. Although BRCA1 is a DNA
damage response gene, BRCA1 also appears to regulatemito-

Figure 3. RECQL4 silencing impairs HR repair at DSBs. (A): RAD51 foci were scored by immunofluorescent imaging 8 hours after treat-
mentwith IR. Quantification of nuclei containing RAD51 foci was determined based on 200 cells. Error bars indicate the standard devia-
tion (SD;n�3; *p� .001). (B): Control,BRCA1- andRECQL4-silencedMDA-MB-231 cellswere treatedwith cisplatin (5�M) for 96hours
and thenweremeasured for viability (*p� .05). Error bars indicate the SD (n� 5). (C): Control, BRCA1- and RECQL4-silencedMDA-MB-
231 cells containing an integrated HR repair substrate were transfectedwith constructs expressing I-SceI to induce a DSB in theGFP re-
porter gene. The percentage of GFP-positive cells was scored by flow cytometry. Error bars indicate the SD (n� 3; *p� .05).

Abbreviations: DSB, double-strand break; HR, homologous recombination; IR, ionizing radiation; siRNA, small interfering RNA.
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sisby interactingwith thespindlemicrotubuleprotein�-tubu-
lin and thus playing a role in modulating the response to
spindle poisons such as taxanes. Cells lacking a functional
MMR system are unable to undergo G2/M arrest in response
to several genotoxic agents, suggesting a link between MMR
andG2/Marrest. TheassociationbetweenMMRproteins and
BASC could contribute to the BRCA1-mediatedmodulation of
apoptosis in response to spindle damage and could partici-
pate in BRCA1-dependent taxane sensitivity [45]. The expres-
sion of these biomarkers could help rationalize therapy
decisions, although further prospective and independent
evaluations are needed.

Wehypothesized thatDNArepair geneexpressionwithbi-
modaldistributioncan indicatebiologically relevantpathways
that can be targeted. Within bimodal genes, only RECQL4
showed a significant association with clinical outcome. High
RECQL4 expression is associated with poor prognosis and
higher pCR after taxane/anthracycline regimens in ER-posi-
tive/HER2-negative tumors, and a similar trendwas observed
in ER-negative/HER2-negative tumors. Mutations in the
RECQL4 gene are associated with the Rothmund-Thomson
syndrome, a genetic disorder characterized by genomic insta-
bility, including trisomy, aneuploidy, and chromosomal rear-
rangements [47], suggesting a role for RECQL4 in preventing
tumorigenesis and maintaining genome integrity in humans.
RECQL4 has important biological functions in several DNA re-
pair pathways and has been shown to form complexes with
RAD51, which is a crucial factor for DSB repair through the HR
pathway [47].Weconfirmed thatRECQL4 is involved in theHR
pathway at DNA DSBs (Fig. 2D and 3A). ER-negative/HER2-
negative tumors tend to be BRCA1 defective [1, 4]. Accord-
ingly, loss of BRCA1 function leads to a tumor-specific
dysfunction in DSB repair by HR, and agents that cause an in-
crease in DSBs should selectively affect HR-deficient cells.We
demonstrated thatRECQL4 knockdownsensitizesBC cell lines
to DNA damaging agents such as platinum and PARP inhibi-
tors. These results demonstrate a novel mechanism of sensi-
tivity to DNA damaging agents because of defects of RECQL4-
mediated HR in BC cells, suggesting that RECQL4-deficient
tumors may be hypersensitive to platinum-based or PARP in-
hibitor-based chemotherapy. PARP inhibitors target HR-
based DNA repair defects similarly to cisplatin chemotherapy
[48], and studies support the efficacy for the PARP inhibitor
olaparib in BRCA1- and BRCA2-deficient BCs that have been
previously treated with chemotherapy [49]. Despite their
promise to make chemotherapy treatments more effective
forpatientswith chemoresistant cancers, PARP inhibitors cur-
rently available through clinical trials are based on a single
gene or biomarker that targets only those patients with
BRCA1/2-mutated and basal-like TNBCs, which accounts for
roughly 5% of all BC cases. RECQL4/HR-deficient tumors may
benefit from PARP inhibitors that specifically target this DNA

repair defect. Consequently, the new identified biomarker
may broaden the scope of eligible patients.

We performed biomarker assessments based onmolecu-
lar tumor subgroups and chemotherapy regimens to reduce
the heterogeneity and increase the reliability of our results;
however, the small sample size and small number of events in
each tumor subset increased the risk of both false-negative
and false-positive findings. Furthermore, multidrug regimens
reduced the possibility of linking single markers to specific
drug activity. Despite these limitations, our observations are
consistentwiththehypothesis thatprognosisandchemother-
apy response are at least partially associatedwith differential
expression of some DNA repair-related genes. We confirmed
the association of TOP2A gene expressionwith pCR to anthra-
cyclines in HER2-positive tumors, but we also identified new
genes associatedwith the likelihood of response to anthracy-
cline- or taxane/anthracycline-based regimens. These prog-
nostic and predictive markers warrant further investigation
and independent validation in prospective studies. Because
some DNA repair pathways can enable tumor cells to survive
DNAdamage inducedbychemotherapy[50], inhibitorsof spe-
cific DNA repair pathways could prove efficacious when used
in combination with DNA-damaging chemotherapeutic drugs
[50].
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