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Abstract

While recognized as a generally aggressive disease, triple-
negative breast cancer (TNBC) is highly diverse in different
patients with variable outcomes. In this prospective observa-
tional study, we aimed to develop an RNA signature of TNBC
patients to improve risk stratification and optimize the choice
of adjuvant therapy. Transcriptome microarrays for 33 paired
TNBC and adjacent normal breast tissue revealed tumor-spe-
cific mRNAs and long noncoding RNAs (lncRNA) that were
associated with recurrence-free survival. Using the Cox regres-
sion model, we developed an integrated mRNA-lncRNA signa-
ture based on the mRNA species for FCGR1A, RSAD2, CHRDL1,
and the lncRNA species for HIF1A-AS2 and AK124454. The
prognostic and predictive accuracy of this signature was eval-
uated in a training set of 137 TNBC patients and then validated
in a second independent set of 138 TNBC patients. In addition,
we enrolled 82 TNBC patients who underwent taxane-based

neoadjuvant chemotherapy (NCT) to further verify the predic-
tive value of the signature. In both the training and validation
sets, the integrated signature had better prognostic value than
clinicopathologic parameters. We also confirmed the interac-
tion between the administration of taxane-based NCT and
different risk groups. In the NCT cohort, patients in the low-
risk group were more likely to achieve pathologic complete
remission after taxane-based NCT (P¼ 0.014). Functionally, we
showed that HIF1A-AS2 and AK124454 promoted cell pro-
liferation and invasion in TNBC cells and contributed there
to paclitaxel resistance. Overall, our results established an
integrated mRNA-lncRNA signature as a reliable tool to predict
tumor recurrence and the benefit of taxane chemotherapy
in TNBC, warranting further investigation in larger populations
to help frame individualized treatments for TNBC patients.
Cancer Res; 76(8); 2105–14. �2016 AACR.

Introduction
Triple-negative breast cancer (TNBC), which lacks estrogen

receptor (ER) and progesterone receptor (PR) expression as well
as human EGFR 2 (HER2) amplification, constitutes 10% to
20% of all breast cancers (1, 2). TNBCs occur more frequently
in younger patients, and in general, the tumors are larger in
size, of higher grade, more likely to show lymph node involve-
ment at diagnosis and biologically more aggressive (1, 3, 4).
Chemotherapy is the mainstay of treatment for TNBC. Despite
their increased rates of clinical response to neoadjuvant che-
motherapy (NCT), women with TNBC have a higher rate of

distant recurrence and a worse prognosis than women with
other breast cancer subtypes (3, 5).

According to the Lehmann/Pietenpol classification, TNBCs
can be further subdivided into six types, each displaying unique
gene expression patterns and ontologies (6). The challenging
situation of treatment in TNBC might result from the hetero-
geneity of the disease and the absence of well-defined molec-
ular targets. Similar chemotherapy strategies evoke diverse
responses and clinical outcomes in TNBC patients. At present,
we still lack a method for categorizing such differences among
TNBC patients at the time of diagnosis. Thus, it would have
great value in personalized treatment to find an effective
biomarker specific for TNBC patients.

Long noncoding RNAs (lncRNA) are transcribed from thou-
sands of loci in mammalian genomes and are likely to have
widespread roles in gene regulation and other cellular processes
(7–9). The role of lncRNAs in breast cancer has been widely
studied and several novel mechanisms have been proposed.
Specific lncRNAs were reported to be expressed aberrantly in
breast cancer tissues compared with normal epithelial tissue and
were found topromote an aggressive tumor phenotype by altering
the expression of their targets. Gupta and colleagues (10) found
that the expression of a lncRNA termedHOTAIRwas increased in
primary breast tumors and metastases, and the HOTAIR expres-
sion level in primary tumors was a powerful predictor of eventual
metastasis and death. Another lncRNA, growth arrest-specific
transcript 5 (GAS5), has also been shown to be expressed at low
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levels in breast cancer tissues, and its overexpression in breast
cancer cell lines induced apoptosis and suppressed proliferation
(11). In recent years, increasing evidence has been presented
that supports the use of lncRNAs to predict patient outcomes
(12–14).

In this study, we aimed to develop and validate a prognostic
and predictive RNA signature by integrating messenger RNAs
(mRNAs) and lncRNAs to improve risk stratification, predict the
response to chemotherapy, and avoid the use of unnecessary
adjuvant therapy in TNBC patients.

Patients and Methods
Patient recruitment

This prospective observational study was initiated in 2010. A
total of 275 consecutive patients, treated in the Department of
Breast Surgery at Fudan University Shanghai Cancer Center
(FUSCC; Shanghai, China) from January 1, 2010 to December
31, 2012, were recruited according to the following criteria: (i)
female patients diagnosed with unilateral disease; (ii) histolog-
ically confirmed invasive ductal carcinoma (IDC) with the
ER�/PR�/HER2� phenotype; (iii) patients without any evidence
of metastasis at diagnosis; (iv) patients who did not undergo any
type of treatment prior to surgery; and (v) sufficient frozen tissues
available for further research. Patients with breast carcinoma in
situ (with or without microinvasion) and inflammatory breast
cancer were excluded. Pathologic examination of tumor speci-
mens was carried out in the Department of Pathology at FUSCC.
The status of ER, PR, and HER2 was reconfirmed by two experi-
enced pathologists (Ruo-Hong Shui andWen-Tao Yang) based on
IHC and FISH (15–17). The IHC cutoff for ER-negative and PR-
negative status was less than 1% staining in the nuclei. HER2
status was considered negative when an IHC score was 0 or 1, or
HER2 amplification was absent (ratio < 2.2) by FISH analysis. If
any disagreements arose during the evaluation of the IHC
and FISH results, a third pathologist was consulted. A total of
275 consecutive patients were included after a careful recruitment
phase. Of these patients, 165 were diagnosed from January 1,
2011 to December 31, 2012 (among which, 33 had paired
adjacent normal breast tissues) and 110 were diagnosed from
January 1, 2010 to December 31, 2010.

To validate the predictive value of the signature, we enrolled
an additional cohort of 82 consecutive TNBC patients who
underwent taxane-based NCT at FUSCC between January 1,
2007 and December 31, 2010. The inclusion and exclusion
criteria were the same as those used in the training and valida-
tion cohorts except for the administration of NCT regimens.
Core needle biopsy (CNB) was performed to confirm the
diagnosis of IDC prior to NCT and to evaluate the ER/PR/HER2
status. From each participant, we collected an additional two
pre-NCT CNB samples for the detection of candidate RNAs. The
definition of pathologic complete remission (pCR) was com-
plete disappearance of invasive carcinoma in the breast and
regional lymph nodes.

To develop and validate the integrated signature, we ran-
domly assigned the 275 TNBC patients into a training and a
validation cohort (137 and 138 patients, respectively). Follow-
up for the patients was completed on July 31, 2015. The
median length of follow-up was 30.0 months [interquartile
range (IQR), 15.6–39.9 months] in the training cohort, 27.0
months (IQR, 16.7–40.0 months) in the second cohort, and

43.5 months (IQR, 19.0–66.0 months) in the NCT cohort. All
patients were monitored every month during therapy, and then
with physical examination and radiological assessments every 6
months for the first 2 years, and yearly thereafter. Recurrence-
free survival (RFS) events included the following: the first
recurrence of invasive disease at a local, regional, or distant
site; contralateral breast cancer; and death from any cause.
Patients without RFS events were censored at the last follow-up.

Our study was approved by the independent ethics committee/
institutional review board of FUSCC (Shanghai Cancer Center
Ethics Committee). All patients gave their written informed
consent before inclusion.

Sample preparation
Samples were well preserved in liquid nitrogen. We performed

macrodissection of tumor tissues to ensure that the percentage of
tumor cells was 80% or more in all breast cancer specimens (18).
Total RNA was isolated from 275 adjuvant TNBC samples, 33
paired adjacent normal breast tissues, and 82 CNB TNBC tissues
using the Rneasy Plus Mini Kit (Qiagen). The purity and quantity
of total RNA were estimated by measuring the absorbance at
260 nm (A260) and 280 nm (A280) using a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific). RNase-free water
was used as a blank control. When the A260/A280 ratio was
between1.9 and2.1, the extracted RNAwas determined to be pure
and was used in subsequent experiments.

Transcriptome microarray and qRT-PCR assay
The transcriptome profiles of 198 samples, including 165

TNBC tissues (patients diagnosed from January 1, 2011 to
December 31, 2012) and 33 paired adjacent normal breast
tissues, were determined using the Affymetrix Human Transcrip-
tome Array 2.0 (HTA 2.0) GeneChips (Affymetrix). We detected
the expression of candidate RNAs using qRT-PCR in the total of
275 TNBC samples. The results were normalized to U6 expres-
sion. Detailed experimental procedure is described in Supple-
mentary Methods.

Identification of candidate RNAs and development of an
integrated mRNA-lncRNA signature

The detailed filtration process is illustrated in Supplementary
Fig. S1 and described in Supplementary Methods. We selected
threemRNAs and two lncRNAs that were both tumor-specific and
correlated with RFS to develop the signature. The detailed process
of study design, patient selection, and analytic strategy is illus-
trated in Supplementary Fig. S2. In brief, after the identification of
candidate RNAs, 275 TNBC patients diagnosed from January 1,
2010 to December 31, 2012 were randomly classified into the
training set (137 patients) and validation set (138 patients). Cox
proportional hazard regression modeling was applied to analyze
correlation between RNA expression and RFS based on qRT-PCR
data in the training set. The regression coefficients of each of the
RNA were used to construct a recurrence score formula (19–21).
The optimum cutoff for themodel was determined by the receiver
operating characteristic (ROC) curve using Youden Index. The
integrated mRNA-lncRNA signature was validated in the valida-
tion set and aNCT cohort using the same coefficients derived from
the training cohort. Detailed experimental procedure regarding
the biologic function and bioinformatics analysis of the two
lncRNAs incorporated in the signature is described in Supple-
mentary Methods.
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Information of microarray data
Microarray data have been deposited into the GEO database

(http://www.ncbi.nlm.nih.gov/geo/) under accession identifica-
tion number GSE76250.

Cell cultures
TNBC cell lines (MDA-MB-231, BT549, andHs578T) and 293T

cells were obtained from the Shanghai Cell Bank, Type Culture
Collection Committee of Chinese Academy of Science (Shanghai,
China) in 2014 and maintained in complete growth medium as
described previously (16). All these cells were authenticated using
short tandem repeat profiling by the cell bank in 2014. Only cells
within 6 months from being thawed were used for the current
study. To ensure themaintenance of phenotypes, cellmorphology
and doubling times were also regularly recorded.

Statistical analysis
Frequency tabulation and summary statistics were utilized to

characterize the data distribution. Student t test was used to
compare continuous variables, and a paired t test was performed
to compare continuous variables between paired tumor and
normal tissues. The Pearson c2 test was employed for comparing
categorical variables. Survival curves were constructed using the

Kaplan–Meier method and compared between subtypes with the
log-rank test. Adjusted HRs with 95% confidence intervals (CI)
were calculated using Cox proportional hazards modeling.
Adjusted ORs with 95% CIs were determined using multivariate
logistic regression. All tests were two-sided, and P < 0.05 was
regarded as significant, unless specifically stated. All statistical
analyseswereperformedusing the SPSS20.0 (SPSS Inc.) or R3.1.2
(R Foundation for Statistical Computing) software program.

Results
Patient characteristics

Patients with pathologically confirmed TNBCwere included in
the study according to the selection criteria. A total of 275 patients
were recruited and randomly assigned into the training (137
patients) and validation (138 patients) sets to develop and
validate the signature. The baseline clinicopathologic character-
istics are shown in Table 1.

Candidate RNA screening and testing
After adjustment using the random variance model corrected t

test, we identified 183 mRNAs and 195 lncRNAs that were
differentially expressed on the basis of the transcriptome profiles

Table 1. Clinicopathologic characteristics of two sets of TNBC patients according to the integrated mRNA-lncRNA signature

Training set (n ¼ 137) Validation set (n ¼ 138)
Characteristics No. Low risk (%) High risk (%) No. Low risk (%) High risk (%)

Age (years)
Median 54 55 53 54 55 53
IQR 45–59 47–61 43–59 47–61 48–60 44–62
�50 50 29 (33.0) 21 (42.9) 58 32 (38.1) 26 (48.1)
>50 87 59 (67.0) 28 (57.1) 80 52 (61.9) 28 (51.9)

Menopausal status
Yes 91 60 (69.8) 31 (63.3) 82 51 (63.0) 31 (57.4)
No 46 28 (30.2) 18 (36.7) 56 33 (37.0) 23 (42.6)

Tumor size (cm)
�2 54 38 (43.2) 16 (32.7) 44 25 (29.8) 19 (35.2)
>2, �5 79 48 (54.5) 31 (63.2) 90 57 (67.8) 33 (61.1)
>5 4 2 (2.3) 2 (4.1) 4 2 (2.4) 2 (3.7)

Tumor grade
I–II 32 23 (26.1) 9 (18.4) 33 25 (29.8) 8 (14.8)
III 91 58 (65.9) 33 (67.3) 90 52 (61.9) 38 (70.4)
Unknown 14 7 (8.0) 7 (14.3) 15 7 (8.3) 8 (14.8)

Positive LNs
0 83 53 (60.2) 30 (61.2) 69 43 (51.2) 26 (48.1)
1–3 22 11 (12.5) 11 (22.4) 33 20 (23.8) 13 (24.1)
>3 32 24 (27.2) 8 (16.3) 36 21 (25.0) 15 (27.8)

Ki67 (%)
� 20 25 18 (20.5) 7 (14.3) 31 22 (26.2) 9 (16.7)
> 20 99 60 (68.2) 39 (79.6) 93 50 (59.5) 43 (79.6)
Unknown 13 10 (11.4) 3 (6.1) 14 12 (14.3) 2 (3.7)

Chemotherapy
Taxane based 95 62 (70.5) 33 (67.3) 101 61 (72.6) 40 (74.1)
Non-taxane based 29 19 (21.6) 10 (20.4) 24 15 (17.9) 9 (16.7)
No chemotherapy 9 5 (5.7) 4 (8.2) 9 6 (7.1) 3 (5.6)
Unknown 4 2 (2.2) 2 (4.1) 4 2 (2.4) 2 (3.7)

Radiotherapy
Yes 42 27 (30.7) 15 (30.6) 45 28 (33.3) 17 (31.5)
No 81 53 (60.2) 28 (57.1) 74 44 (52.4) 30 (55.5)
Unknown 14 8 (9.1) 6 (12.2) 19 12 (14.3) 7 (13.0)

Follow-up time (months)
Median 30.0 31.9 23.4 27.0 30.1 22.7
IQR 15.6–39.9 20.0–45.9 14.3–35.5 16.7–40.0 20.8–45.7 9.73–33.0

RFS event 23 9 14 23 9 14

Abbreviations: IQR, interquartile range; LN, lymph node; RFS, recurrence-free survival.
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of 33 paired TNBCs and adjacent normal breast tissues (Supple-
mentary Fig. S1). Furthermore, we analyzed the association
between the expression of each mRNA or lncRNA and each
patient's RFS (Supplementary Fig. S2). After the filtering proce-
dure, three mRNAs and two lncRNAs were selected for the devel-
opment of signatures.We performed hierarchical clustering of the
33 paired tumor and normal breast tissues with the five differ-
entially expressed RNAs using Euclidean distance and average
linkage clustering (Supplementary Fig. S3). Details regarding the
candidate RNAs are provided in Supplementary Table S1. To
validate the microarray data, we performed qRT-PCR on the
identified mRNAs and lncRNAs in the 33 paired tumor and
normal tissues from the training set (the primers are listed in
Supplementary Table S2). The expression of these mRNAs and
lncRNAs was notably different between the tumor and the non-
cancer breast tissues (Supplementary Fig. S4), and the qRT-PCR
data were significantly correlated with the microarray data (data
not shown).

Development of an integrated mRNA-lncRNA signature
Of the three mRNAs, two were upregulated (FCGR1A and

RSAD2) and one was downregulated (CHRDL1) in the tumor
tissues compared with the paired normal tissues. Both of the two
lncRNAs were upregulated in the tumor samples. The optimum
cut-off score for the relative expression of every RNA was deter-
mined using X-tile plots (Supplementary Table S3). Using Cox
proportional hazards regression modeling, we derived an inte-
gratedmRNA-lncRNA signature to calculate the risk score for every
patient based on the expression levels of thefive RNAs on the qRT-
PCR platform weighted by their regression coefficients: risk score
(integrated mRNA-lncRNA signature) ¼ �1.225 � CHRDL1 þ
0.74 � FCGR1Aþ 0.219 � RSAD2þ 0.482 � HIF1A-AS2þ 0.571 �

AK124454. According to the signature, each patient in the training
set received a risk score. We obtained optimum cut-off score
(0.793) for the signature using a time-dependent ROC curve
analysis based on the association with RFS (Fig. 1A and B), and
these scores were used to classify the patients into high-risk and
low-risk groups (Fig. 1C and D).

Prognostic value of the integrated mRNA-lncRNA signature in
the training and validation sets

To test whether the signatures were associated with RFS, we
conducted univariate and multivariate Cox proportional
hazards regression analysis in the training set, adjusting for
the classical clinicopathologic factors (Table 2 and Supplemen-
tary Table S4). Patients assigned to the high-risk group accord-
ing to the integrated mRNA-lncRNA signature were more likely
to experience RFS events than patients in the low-risk group
(HR ¼ 11.02; 95% CI, 2.89–41.97; P < 0.001). Other factors in
the Cox regression model were not significantly associated with
RFS. Similar results were observed in the validation set. Com-
pared with the patients in the low-risk group, patients classified
as high risk by the integrated signature had higher ratios of
recurrence (HR ¼ 8.28; 95% CI, 2.02–34.00; P ¼ 0.003). Other
factors, with the exception of positive lymph nodes, were not
significantly associated with RFS.

Time-dependent ROC curves were plotted to assess the
efficacy of the signature, and AUCs were calculated (Fig. 1A
and B). We also investigated the performances of the classical
prognostic factors. All factors were coded as categorical vari-
ables. We were limited by the length of follow-up; thus, we

performed the analysis for 2 years. Only tumor size, grade,
number of positive lymph nodes, Ki67, and signature could be
regarded as possible prognostic factors with AUCs larger than
0.5 (Fig. 1A and B). Interestingly, our analysis indicated that the
integrated signature was more effective than the combined
clinicopathologic factors in predicting RFS (AUC: 0.778 vs.
0.583) at 24 months. This finding was further confirmed in
the validation set, as the integrated signature was better able to
predict 2-year RFS compared with the combination of other
factors.

Predictive value of the integrated signature for sensitivity to
taxane-based chemotherapy

Next, we tested the predictive value of the signature with
respect to sensitivity to taxane-based chemotherapy using a
multivariate Cox proportional hazards regression analysis
(Table 3). Interactions between each risk group and the admin-
istration of taxane-based chemotherapy were investigated,
along with adjustment for the classical clinicopathologic fac-
tors listed in Table 2. Interactions between the risk group
(based on the integrated mRNA-lncRNA signature) and
sensitivity to taxane-based chemotherapy were statistically
significant in the training (HR ¼ 6.02; 95% CI, 1.74–20.81;
P ¼ 0.005) and validation (HR ¼ 3.74; 95% CI, 1.00–14.10; P
¼ 0.050) sets, which implied that patients with high risk
received only 16.6% and 26.7% of the benefit from taxane-
based chemotherapy compared with patients with low risk in
the training and validation set, respectively. This result was
further validated by Kaplan–Meier analysis after stratifying
according to the receipt of taxane-based chemotherapy (Fig.
2A–D), implying that patients in the high-risk group benefited
less from taxane-based chemotherapy compared with patients
in the low-risk group.

To further validate the predictive value of the signature, we
included a retrospective cohort of 82 patients with locally
advanced TNBC who underwent taxane-based NCT. The clin-
icopathologic characteristics of the enrolled patients are shown
in Supplementary Table S5. According to the scores estimated
using our integrated signature, the patients were divided into
high- and low-risk groups. The high-risk group had a signifi-
cantly lower proportion of pCR compared with the low-risk
group (Fig. 2E, c2 test, P ¼ 0.005). ROC curves were plotted to
assess the efficacy of the signature in predicting pCR. Interest-
ingly, our data showed that the integrated signature seemed to
be more effective than the combined clinicopathologic factors
in predicting pCR (Fig. 2F, AUC: 0.661 vs. 0.616). Multivariate
logistic regression analysis revealed that the integrated signa-
ture was the only independent predictive factor for pCR
(Supplementary Table S6; OR ¼ 0.23; 95% CI, 0.07–0.71;
P ¼ 0.011). Interestingly, Kaplan–Meier plots and time-depen-
dent ROC analysis also confirmed that the integrated signature
was significantly correlated with RFS in the NCT setting
(Supplementary Fig. S5).

Functional study of the two lncRNAs incorporated in the
signature

Finally, we explored the effect of the lncRNAsHIF1A-AS2 and
AK124454 on cell proliferation, invasion, and paclitaxel resis-
tance (Fig. 3). For each lncRNA, we designed three small
double-strand interfering RNAs (siRNA), and then selected the
two with highest transfection efficiency for further experiments
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(siRNA-1 and siRNA-2, validated by qRT-PCR). Cell prolifera-
tion was determined from the metabolic reduction of WST-8
(Cell Counting Kit-8 cell proliferation assay). After downregu-
lation of either lncRNA, cell proliferation was significantly
decreased in MDA-MB-231, BT549, and Hs578T cell lines
(Fig. 3A; P < 0.05, respectively). Significant effects of both
lncRNAs on cell invasion were observed in Transwell invasion

assay (Fig. 3B). Furthermore, the half-maximal inhibitory con-
centrations (IC50) of paclitaxel were calculated and compared
at 48 hours. The IC50 values of MDA-MB-231 and BT549 cells
transfected with negative control siRNAs were 106.0 � 10.3
and 68.7 � 13.3 nmol/L, respectively, which were approxi-
mately 1-fold higher than those with knockdown of either
lncRNA (Fig. 3C). The paclitaxel-sensitive phenotype prompted

Figure 1.
Construction and validation of the integrated mRNA-lncRNA signature. Efficacies of the integrated mRNA-lncRNA signature and traditional clinicopathologic
factors in determination of prognosis in the training (A, n ¼ 137) and validation (B, n ¼ 138) sets were compared. Time-dependent receiver operating
curves were plotted with AUCs reported. We also calculated the performances of the combined classical prognostic factors, including tumor size, grade,
number of involved lymph nodes, and Ki67. All factors were coded as categorical variables. Estimates of RFS according to the scores calculated
using the integrated mRNA-lncRNA signature in the training (C, n ¼ 137) and validation (D, n ¼ 138) sets. Kaplan–Meier analysis of RFS was performed
according to the scores calculated using the integrated mRNA-lncRNA signature.

An Integrated mRNA-lncRNA Signature in TNBC
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us to determine whether these two lncRNAs are capable of
interfering with paclitaxel-mediated mitotic arrest. After trans-
fection with siRNA-1, MDA-MB-231 and BT549 cells were
cultured with 5 nmol/L paclitaxel for 48 hours. Flow cytometry
showed knockdown of either lncRNA resulted in more cells
accumulating at the G2–M phase (Fig. 3D), indicating the two
lncRNAs' effects on attenuating paclitaxel-induced G2–M arrest.
Furthermore, by analyzing expression pattern of the two
lncRNAs with other differently expressed mRNAs, we identified
lists of mRNAs coexpressed with the lncRNAs (Supplementary
Table S7). Further Gene Ontology (GO) and pathway analyses
of the coding genes revealed that lncRNA AK124454 was
significantly correlated with genes involved in cell division and
cell cycle, and lncRNA HIF1A-AS2 was involved mainly in
metabolic pathway (Supplementary Table S8). Taken together,
our data implied that the lncRNAs HIF1A-AS2 and AK124454
could promote cell proliferation and invasion, and attenuate
G2–M arrest, which might contribute to paclitaxel resistance in
TNBC cells.

Discussion
Traditional prognostic parameters, such as patient age, tumor

size, tumor grade, and lymph node status, were rarely associ-
ated with TNBC patients' prognosis (22). Approximately 30%
of the TNBC patients eventually relapse, and they might be
undertreated if conventional chemotherapies used (1). On the
other hand, a substantial proportion of patients are overtreated
with systemic adjuvant therapy. In the current study, we devel-
oped and independently validated a prognostic and predictive
signature integrating mRNA and lncRNA expression, which
could help to stratify patients into subgroups with different
risks of relapse and to guide individualized treatment of
patients with TNBC.

In our study, we also demonstrated that patients who were
classified as low risk based on the signature achieved a better
survival benefit from taxane-based chemotherapy compared
with patients in the high-risk group. Further use of this classifier
might allow us to better identify TNBC patients who are most
likely to benefit from taxane-based chemotherapy. Therefore,
our integrated mRNA-lncRNA signature for patients with TNBC
is both a prognostic and predictive tool; patients who are
classified as high risk based on their signature have a greater
likelihood of recurrence and achieve less benefit from taxane-
based chemotherapy.

Of the three mRNAs included in the signature, CHRDL1 has
been previously reported to have a potential role in cancer.
CHRDL1 antagonizes the function of BMP4 by binding to it and
preventing its interaction with receptors, resulting in tumor-
suppressing effects in patients with melanoma (23). In agree-
ment with our data, CHRDL1 is downregulated in tumor
tissues, and its mRNA expression is negatively correlated with
RFS. The function and mechanism of the other two mRNAs in
TNBC tumorigenesis, progression, and response to chemother-
apy have not been investigated thoroughly. Furthermore,
lncRNAs are potential therapeutic targets, and inhibition or
overexpression of tumor-specific lncRNAs might have thera-
peutic implications in TNBC patients (24, 25). Recent studies
identified several lncRNAs in tight connection with breast
cancer (26, 27). Su and colleagues (26) divided breast cancer
into four different subtypes using lncRNAs data from The
Cancer Genome Atlas (TCGA) database and revealed a cluster
that was highly correlated with basal-like breast cancer. Also on
the basis of TCGA, Yan and colleagues (27) discovered several
lncRNAs dysregulated in breast cancer. However, neither
HIF1A-AS2 nor AK124454 was included in their lists. As both
of the studies were derived from the TCGA dataset, these
differences were attributable to different infiltration criteria

Table 2. Multivariate Cox proportional hazards regression analysis of the clinicopathologic characteristics and integrated RNA signature with RFS

Training set Validation set
Variablea HR (95% CI) P HR (95% CI) P

Age (�50 vs. >50 y) 0.20 (0.03–1.20) 0.078 7.04 (0.23–218.56) 0.266
Menopause (no vs. yes) 0.71 (0.16–3.07) 0.646 0.15 (0.01–3.60) 0.238
Tumor grade (�II vs. >II) 0.53 (0.13–2.16) 0.372 1.72 (0.41–7.28) 0.459
Tumor size (�2 vs. >2 cm) 2.20 (0.55–8.88) 0.267 3.19 (0.55–18.51) 0.196
Positive LNs (�3 vs. >3) 3.40 (0.92–12.67) 0.068 9.43 (1.70–52.21) 0.010
Ki67 (�20% vs. >20%) 2.30 (0.55–9.59) 0.251 1.82 (0.36–9.32) 0.473
Radiotherapy (no vs. yes) 3.80 (0.86–16.81) 0.079 0.72 (0.15–3.38) 0.675
Chemotherapy (non-taxane vs. taxane) 1.06 (0.34–3.29) 0.925 0.40 (0.10–1.57) 0.188
Integrated RNA signature (low risk vs. high risk) 11.02 (2.89–41.97) <0.001 8.28 (2.02–34.00) 0.003

Abbreviations: CI, confidence interval; LN, lymph node.
aAdjusted by Cox proportional hazardsmodels including age, menopausal status, tumor grade, tumor size, positive lymph nodes, Ki67, radiotherapy, chemotherapy,
and integrated RNA signature.

Table 3. Interaction analysis of the signature and adjuvant chemotherapy in relationship with RFS using multivariate Cox proportional hazards regression

Training set Validation set
Variablea HR (95% CI) P HR (95% CI) P

Chemotherapy (non-taxane vs. taxane) 1.06 (0.34–3.29) 0.925 0.40 (0.10–1.57) 0.188
Integrated RNA signature (low risk vs. high risk) 11.02 (2.89–41.97) <0.001 8.28 (2.02–34.00) 0.003
Interaction 6.02 (1.74–20.81) 0.005 3.74 (1.00–14.10) 0.050

Abbreviations: CI, confidence interval; HR, hazard ratio.
aAdjusted by Cox proportional hazards models including clinical variables as categorized in Table 2. Here, we present only three items: chemotherapy (non-taxane
vs. taxane), integrated RNA signature (low risk vs. high risk), and the interaction between them. Other parameters (age, menopausal status, tumor grade,
tumor size, positive lymph nodes, Ki67, and radiotherapy) are not shown.
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Figure 2.
Prediction of taxane benefits using the integrated signature. RFS was estimated after stratification according to the receipt of taxane-based chemotherapy in
the training (A and B) and validation (C and D) sets. Kaplan–Meier analysis was performed to validate the interaction between each risk group and taxane-based
chemotherapy. E, proportions of pCR in the high- and low-risk groups were compared using the c2 test in the neoadujvant chemotherapy cohort (n ¼ 82).
F, receiver-operating curves were plotted to assess the efficacy of the signature in predicting pCR; AUCs are reported.
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Figure 3.
Biologic function of the lncRNAs HIF1A-AS2 and AK124454 incorporated in the signature. A, cell proliferation was assessed using Cell Counting Kit-8 assay
after siRNA transfection for 48 hours. Data are shown as the percentage of optical density (OD) with negative control (NC) as reference. B, representative
images of migrated cells through the Transwell chamber (magnification, �100) under light microscope. The number of migrated cells were calculated and
compared between each siRNA with NC. C, lncRNAs' effects on paclitaxel resistance. Cell proliferation was measured by Cell Counting Kit-8 assay after
paclitaxel treatment for 48 hours and the half-maximal inhibitory concentrations (IC50) of paclitaxel were calculated and compared. D, flow cytometric
analyses of cell-cycle distribution in control and siRNA knockdown breast cancer cells under paclitaxel treatment. The proportions of G2–M cells were
calculated. All results are represented as the mean � SD from three independent experiments. � , P < 0.05; �� , P < 0.01.
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and technology platforms (RNA sequencing vs. microarray).
Meanwhile, our preliminary data show that these two lncRNAs
promoted the proliferation and invasion of TNBC cells and
contributed to paclitaxel resistance, which partially explained
their roles in TNBC progression and treatment. HIF1A-AS2 is a
natural antisense transcript of hypoxia-inducible factor 1 alpha.
As previously reported, HIF1A-AS2 is upregulated in breast
cancer and various other cancers compared with normal tissues,
and this upregulation is associated with higher metastatic
potential and worse prognosis (28–31). Among genes coex-
pressed with the two lncRNAs, for example, CHEK1 encodes
checkpoint kinase 1, which belongs to the Serine/Threonine
protein kinase family. Previous studies have reported its onco-
genic role in several types of human cancer (32–35). CHEK1
could serve as a biomarker for breast cancer and a therapeutic
target for TNBC (36, 37). Another two mRNAs, HIF1A and
IL8, both have important role in development of breast cancer
(38–42). Studies have been reported that HIF1A is related
to multidrug resistance, including paclitaxel (43–45). Further
clarifying functions of these two lncRNAs might help under-
stand the nature of TNBC and provide novel targets for
treatment.

Inevitably, there are some limitations in our study. First, it
was a prospective observational study but not a clinical trial;
thus, it is susceptible to the inherent biases of this study
format. Furthermore, macrodissection-based sample prepara-
tion might have introduced bias between the individuals
performing the diagnosis and the laboratories. To further
validate the novel signature in a prospective cohort, we recent-
ly designed an open-label, multicenter, randomized clinical
trial. In this trial, we aim to compare the efficacy and safety of
platinum-based chemotherapy versus taxane-based chemo-
therapy in the group determined to be high risk based on the
signature, and we also aim to examine the efficacy and safety of
attenuated chemotherapy versus standard chemotherapy in
the low-risk group. We hypothesize that patients with a high
risk of relapse would benefit less from taxane and might be
more sensitive to non-taxane chemotherapy, whereas patients
in the low-risk group should avoid intense chemotherapy. In
the future, we will also focus on developing simple sampling
strategies and high-throughput assays to reliably measure the
integrated signature.

In conclusion, we developed an integrated mRNA-lncRNA
signature that can effectively classify TNBC patients into groups
with low and high risks of disease recurrence. Moreover, our

findings revealed that this signature might be a powerful tool for
predicting the benefit of taxane-based chemotherapy in TNBC
patients. Further validation in prospective clinical trials could
facilitate patient counseling and individualized treatment of
TNBC.
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