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Nomogram for Predicting Lymph
Node Involvement in Triple-Negative
Breast Cancer
Xiang Cui*, Hao Zhu and Jisheng Huang*

Department of Thyroid and Breast Surgery, The First People’s Hospital of Shangqiu, Shangqiu, China

Background: Lymph node metastasis of triple-negative breast cancer (TNBC) is essential
in treatment strategy formulation. This study aimed to build a nomogram that predicts
lymph node metastasis in patients with TNBC.

Materials and Methods: A total of 28,966 TNBC patients diagnosed from 2010 to 2017
in the Surveillance, Epidemiology and End Results (SEER) database were enrolled, and
randomized 1:1 into the training and validation sets, respectively. Univariate and
multivariate logistic regression analysis were applied to identify the predictive factors,
which composed the nomogram. The receiver operating characteristic curves showed the
efficacy of the nomogram.

Result:Multivariate logistic regression analyses revealed that age, race, tumor size, tumor
primary site, and pathological grade were independent predictive factors of lymph node
status. Integrating these independent predictive factors, a nomogram was successfully
developed for predicting lymph node status, and further validated in the validation set. The
areas under the receiver operating characteristic curves of the nomogram in the training
and validation sets were 0.684 and 0.689 respectively, showing a satisfactory
performance.

Conclusion: We constructed a nomogram to predict the lymph node status in TNBC
patients. After further validation in additional large cohorts, the nomogram developed here
would do better in predicting, providing more information for staging and treatment, and
enabling tailored treatment in TNBC patients.

Keywords: lymph node involvement, triple-negative breast cancer, nomogram, prediction, Surveillance,
Epidemiology and End Results
INTRODUCTION

Breast cancer, the most common malignant tumor in women, is a heterogeneous disease. Triple-
negative breast cancer (TNBC) represents one of the subtypes described in recent years, which does
not express estrogen receptor (ER), progesterone receptor (PR) or human epidermal growth factor
receptor 2 (HER2). It shows a variety of biological, clinicopathological and molecular
characteristics, responses significantly differently to treatment and achieves divergent prognosis
(1, 2). Despite the low incidence, accounting for about 10 to 20% of all breast cancer cases, TNBC
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shows strong invasiveness, high malignancy and short relapse-
free survival, reflecting the vital role of early diagnosis and
accurate staging (3). Compared with other subtypes, patients
with TNBC are more likely to show lymph node metastasis at the
initial diagnosis (4).

Studies have shown that lymph node status is crucial for
prognosis prediction and treatment decision in TNBC (5–7). At
present, sentinel lymph node biopsy (SLNB), axillary lymph
node dissection (ALND) and subsequent pathological diagnosis
are commonly used methods to evaluate lymph node status in
TNBC. The false negative rate of SLNB is 5–10%, which may
result in improper patient management. Sufficient ALND can
effectively reduce the risk of TNBC metastasis, but may cause
chronic side effects such as numbness, stiffness in the upper
body, and lymphedema. Moreover, extra-axillary lymph node
metastasis also occurs (8), implying that SLNB or ALND might
not be sufficient for the diagnosis of lymph node metastasis in
TNBC. Therefore, it is helpful to classify TNBC cases
preoperatively based on clinicopathologic factors, which
contributes to the development of individualized surgical
treatments and reducing overall mortality and morbidity
in TNBC.

Clinical researchers and clinicians always make unremitting
effort in predicting lymph node (LN) status. Several studies have
developed multiple models for LN status prediction, but mostly
are based on limited cases (9). Tan et al. constructed an immune-
related genes (IRGS)-based nomogram to accurately estimate the
preoperative ALN status of 214 operable TNBC cases (10).
Despite its strong performance, the gene-based model may be
difficult to promote. Therefore, this study aimed to develop a risk
nomogram based on clinical data to determine lymph node
metastasis, which could help to identify TNBC patients with
positive lymph nodes more quickly.
MATERIALS AND METHODS

Patients
We extracted the data of 28,966 triple-negative breast cancer
patients registered between January 1, 2010 and December 31,
2017 from the SEER program. HER2 status was absent in
SEER’s breast cancer cohort before 2010, and an enormous
number of patients diagnosed before this time point were not
included. Analysis cohorts were identified according to the
following criteria: unilateral, invasive carcinoma of the breast
(ICD-O-3 8500); diagnosis confirmed by positive histology and
not by autopsy or a death certificate, as the first and only
primary tumor; adjusted AJCC stage I–III; known tumor size;
histological grade I–III; known regional lymph node status; ER,
PR, HER2 negative. Patients with Paget’s disease or younger
than 18 years old were excluded. The patients were randomized
1:1 to the training and validation sets, respectively, for the
construction and verification the nomogram. The following
information was collected and transformed into categorical
variables: age, race, gender, laterality, grade, location, histological
type, and T stage.
Frontiers in Oncology | www.frontiersin.org 25
Construction and Validation of the
Nomogram
Lymph node status was determined according to the Regional Nodes
Positive term. We first screened the lymph node status-related
clinicopathological characteristics, and found that statistically
significant variables included age, race, grade, location, histological
type, and T stage (P<0.05). All these variables were analyzed by
univariate logistic regression analysis, and the correlated ones
(P<0.05) are estimated through multivariate logistic regression
analysis. As a result, significantly independent predictors were
identified to construct a well-calibrated nomogram. Odds ratios
(ORs) and 95% confidence intervals (CIs) were also calculated.
Nomogram performance was quantified with respect to calibration
and discrimination. Calibration was assessed graphically by plotting
the relationship between actual (observed) and predicted probabilities
by the Hosmer goodness-of-fit test (11). Internal validation of
performance was estimated by the bootstrapping method (1,000
replications). According to the nomogram, total points for all
patients were determined with the “nomogramFormula” package in
the R software. Discrimination (ability of a nomogram to separate
patients with different lymph node statuses) was quantified by the
area under the receiver operating characteristic (ROC) curve (AUC).
A larger AUC (range 0.5–1.0) reflected a more accurate prediction.

Finally, the best cut-off value is determined by the Youden’s
index, according to which, the training and validation cohorts
were divided into two subgroups. The correlation between the
nomogram and the risk of lymph node metastasis was estimated
by univariate logistic regression analysis.

Statistical Analyses
The chi-square test was performed to evaluate the associations of
lymph node status with appropriate variables. Fisher’s exact test
was carried out if necessary. Statistically significant was defined
as two-sided P<0.05 was considered, unless otherwise stated. All
statistical analyses were performed using STATA (version 14.1)
and R (version 3.6.1). The R packages caret, rms, pROC, ggplot2,
parallel, and nomogramFormula were applied.
RESULTS

Patient Characteristics
There were 28,966 patients enrolled in this study, with 8,710
(30.07%) lymph node positive (Table 1). The demographics and
clinicopathologic characteristics related to lymph node status
included age, race, grade, location, histological type and T stage.
Younger patients (age<60) have a higher rate of lymph node
involvement (32.43%) compared with older ones (age≥60,
26.98%) (P < 0.001). As for race, 33.79% black patients had
positive lymph nodes versus 29.00% for white patients and
30.00% for others (P < 0.001). The positive rate of lymph nodes
washigher inpatientswithgrade III cancer thangrade II andgrade I
(31.33% vs. 25.88% and 12.20%, respectively; P < 0.001). Patients
with primary tumor located in the axillary tail of the breast were
more likely to have positive lymph nodes (46.26%), while cases
primarily located in the central portion of the breast ranked second
December 2020 | Volume 10 | Article 608334
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TABLE 1 | Patients’ demographics and clinicopathologic characteristics by lymph node status.

Whole cohort Training cohort Validation cohort

LN- (%) LN+ (%) Total P LN- (%) LN+ (%) Total P LN- (%) LN+ (%) Total P

All 20,256
(69.93)

8,710
(30.07)

28,966 10,142
(70.03)

4,341
(29.97)

14,483 10,114
(69.83)

4369
(30.17)

14,483

Age <0.001 <0.001 <0.001
<60 11,094

(67.57)
5,325
(32.43)

16,419 5,493
(67.37)

2,661
(32.63)

8,154 5,601
(67.77)

2,664
(32.23)

8,265

≥60 9,162
(73.02)

3,385
(26.98)

12,547 4,649
(73.46)

1,680
(26.54)

6,329 4,513
(72.58)

1,705
(27.42)

6218

Race <0.001 <0.001 <0.001
White 14,666

(71.00)
5,990
(29.00)

20,656 7,341
(71.20)

2,970
(28.8)

10,311 7,325
(70.81)

3,020
(29.19)

10,345

Black 3,968
(66.21)

2,025
(33.79)

5,993 1,987
(65.59)

1,038
(34.31)

3,025 1,981
(66.75)

987
(30.94)

2,968

Others# 1,622
(70.00)

695
(30.00)

2,317 814
(70.97)

333
(29.03)

1,147 808
(69.05)

362
(30.94)

1,170

Gender 0.351 1.000 0.181
Female 20,240

(69.94)
8,700
(30.06)

28,940 10,131
(70.03)

4,336
(29.97)

14,467 10,109
(69.85)

4,364
(30.15)

14,473

Male 16
(61.54)

10
(39.46)

26 11
(68.75)

5
(31.25)

16 5
(50.00)

5
(50.00)

10

Grade <0.001 <0.001 <0.001
I 475

(87.80)
66

(12.20)
541 249

(89.89)
28

(10.11)
277 226

(85.61)
38

(14.39)
264

II 3,546
(74.12)

1,238
(25.88)

4,784 1,796
(73.94)

633
(26.06)

2,429 1,750
(74.31)

605
(25.69)

2,355

III 16,235
(68.67)

7,406
(31.33)

23,641 8,097
(68.75)

3,680
(31.25)

11,777 8,138
(68.59)

3,726
(31.41)

11,864

Laterality 0.369 0.194 0.98
Left 10,316

(69.69)
4,486
(30.31)

14,802 5,163
(69.54)

2,261
(30.46)

7,424 5,153
(69.84)

2,225
(30.16)

7,378

Right 9,940
(70.18)

4,224
(30.07)

14,164 4,979
(70.53)

2,080
(29.47)

7,059 4,961
(69.82)

2,144
(30.18)

7,105

Location* <0.001 <0.001 <0.001
Central 624

(60.94)
400

(39.06)
1,024 336

(63.16)
196

(36.84)
532 288

(58.54)
204

(41.46)
492

Inner 4,943
(79.82)

1,250
(20.18)

6,193 2,458
(79.86)

620
(20.14)

3,078 2,485
(79.78)

630
(20.22)

3,115

Outer 9,738
(66.46)

4,915
(33.54)

14,653 4,874
(66.52)

2,453
(33.48)

7,327 4,864
(66.39)

2,462
(33.61)

7,326

Overlap 4,836
(70.27)

2,046
(29.73)

6,882 2,414
(70.22)

1,024
(29.78)

3,438 2,422
(70.33)

1,022
(29.67)

3,444

Tail 115
(53.74)

99
(46.26)

214 60
(55.56)

48
(44.44)

108 55
(51.89)

51
(48.11)

106

Histological type <0.001 <0.001 <0.001
IDC 17,512

(69.57)
7,661
(30.43)

25,173 8,710
(69.50)

3,823
(30.50)

12,533 8,802
(69.64)

3,838
(30.36)

12,640

ILC 141
(55.95)

111
(44.05)

252 82
(62.12)

50
(37.88)

132 59
(49.17)

61
(50.83)

120

IDC/ILC 184
(56.62)

141
(43.38)

325 97
(58.08)

70
(41.92)

167 87
(55.06)

71
(44.94)

158

Others 2,419
(75.22)

797
(24.78)

3,216 1,253
(75.89)

398
(24.11)

1,651 1,166
(74.50)

399
(25.50)

1,565

T stage <0.001 <0.001 <0.001
T1 10,553

(81.77)
2,353
(18.23)

12,906 5,261
(81.91)

1,162
(18.09)

6,423 5,292
(81.63)

1,191
(18.37)

6,483

T2 8,330
(65.03)

4,479
(34.97)

12,809 4,145
(64.44)

2,287
(35.56)

6,432 4,185
(65.63)

2,192
(34.37)

6,377

T3 1,066
(46.82)

1,211
(53.18)

2,277 573
(49.87)

576
(50.13)

1,149 493
(43.71)

635
(56.29)

1,128

T4 307
(31.52)

667
(68.48)

974 163
(34.03)

316
(65.97)

479 144
(29.09)

351
(70.91)

495
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(39.06%) (P < 0.001). Patients with invasive lobular carcinoma
(ILC) (44.05%) had higher positive rate of lymph nodes than
invasive ductal carcinoma (IDC), IDC/ILC, and other histological
types (30.43%, 43.38% and 24.78%, respectively) (P < 0.001). It was
found that lymph nodes are positive correlated with T stage. Stage
T4 cases had the highest rate of positive lymph nodes (68.48%),
versus T1, T2, and T3 patients (18.23%, 34.97% and 53.18%,
respectively) (P < 0.001) (Table 1).

Independent Predictors in Training Set
According to univariate Cox analysis, age, race, location, grade,
histologic type, and T stage were significantly associated with the
positive rate of lymph nodes (Table S1). These factors were
included in multivariate logistic regression analysis (Table 2).
The result confirmed that grade was not an independent
predictor (P=0.421) and the others were statistically significant
and independent predictors for lymph node status (P<0.05).

Construction and Validation of the Nomogram
We established a nomogram based on significant and
independent predictors determined by multivariate analysis
Frontiers in Oncology | www.frontiersin.org 47
(Figure 1), including age, race, location, histological type, and
T stage. By adding up the scores of all the variables, the
probability of a specific patient to have positive lymph nodes
could be predicted. As we can see, younger black patients with
T4 and IDC/ILC tumor at the axillary tail had highest scores,
while elderly white cases with non-ILC or non-IDC, and T1
tumors had a lower risk of lymph node metastasis. The novel
nomogram predicted the risk of positive lymph nodes between
0.05 and 0.8.

In order to test the performance of the new nomogram,
1,000 bootstrap resampling was carried out for internal
verification through the calibration chart in the training set
(Figure 2). The calibration curve indicated a good calibration
effect of the nomogram. The effectiveness of the nomogram for
predicting lymph node status was further evaluated using ROC
curves for the training (Figure 3A) and validation (Figure 3B)
sets. In the training set, AUC was 0.684 (95%CI: 0.675–0.693),
which is similar to the AUC observed in the validation set
(0.689, 95%CI: 0.679–0.698). These results indicated that the
nomogram is a useful predictor for lymph node status
in TNBC.
Risk Stratification by the Nomogram
The cut-off value of total scores for predicting lymph node status
was determined by Youden’s index in the training set. Both the
training and validation sets were subdivided into the low score
groups (total points ≤ 82) and high score groups (total
points>82), respectively. After applying the cut-off value to the
training set, univariate analysis found a significant difference in
the probability of lymph node metastasis between the high and
low score groups (OR=3.24, 95%CI:3.03–3.49; P<0.001),
consistent with the results obtained in the validation set
(OR=3.30, 95%CI 3.07–3.56; P<0.001; Table 3).
DISCUSSION

In this study, the risk factors associated with lymph node
metastasis in triple-negative breast cancer were determined, and
a predictive model was developed by logistic regression, with a
nomogram attached. We found that age, race, T stage, primary
site, grade, and histological subtype were related to lymph node
status by univariate logistic regression analysis. These variables
were independent predictors of lymph node status confirmed by
multivariate logistic regression except for grade. These factors
were shown to be predictors of axillary lymph node metastasis. As
shown above, the risk of lymph node metastasis was positively
correlated with T stage. The increase in T stage was significantly
associated with the risk of lymph node metastasis, which was
previously reported (12). Young patients had higher odds of
developing lymph node metastasis compared with older ones.
Patients with the axillary tail as the primary site were more likely
to have metastatic lymph nodes. These results indicate that the
primary site of the tumor is important in predicting lymph node
metastasis. It was also confirmed that the pathological type of ILC
is more prone to lymph nodes metastasis. To validate the
TABLE 2 | Multivariate logistic regression analysis of possible factors
independently predicting positive lymph nodes in the training cohort.

Training cohort

OR 95%CI P

Age <0.001
<60 Ref. Ref.
≥60 0.85 0.79–0.92
Race 0.010
White Ref. Ref.
Black 1.22 1.11–1.33
Others# 0.98 0.85–1.13
Grade 0.421
I 0.38 0.25–0.57
II 0.93 0.84–1.04
III Ref. Ref.
Location* <0.001
Central 1.07 0.88–1.30
Inner 0.51 0.46–0.56
Outer Ref. Ref.
Overlap 0.82 0.75–0.90
Tail 1.60 1.07–2.38
Histological type <0.001
IDC Ref. Ref.
ILC 1.66 1.20–2.31
IDC/ILC 1.45 0.99–2.12
Others 0.66 0.58–0.75
T stage <0.001
T1 Ref. Ref.
T2 2.40 2.21–2.61
T3 4.28 3.74–4.90
T4 8.60 7.02–10.53
#American Indian/AK Native, Asian/Pacific Islander.
*Central, code C50.0 and C50.1; Inner, code C50.2 and C50.3; Outer, code C50.4 and
C50.5; Tail, code C50.6; Overlap, code C50.8. From SEER Coding Guidelines Breast
2018 manual, coding guideline breast C500-C509.
CI, confidence interval; IDC, invasive ductal carcinoma; IDC/ILC, Infiltrating duct and
lobular carcinoma; ILC, invasive lobular carcinoma; LN, lymph nodes; OR, odds ratio; Ref.,
Reference.
Bold value indicates statistical significance.
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developed model, the bootstrapping method (1,000 times) was
used. Moreover, the relatively high AUC of 0.684, also referred as
concordance index in our study, confirmed the validation of this
nomogram. Thus, this nomogram can be utilized by surgeons to
more effectively counsel individual patients, thereby helping to
personalize the surgical treatment of TNBC.
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Previous studies have constructed nomograms to predict
both sentinel and non-sentinel lymph node metastases in breast
cancer, performing well in cohorts at different institutions (13–
15). Several well-designed nomograms have been accepted
worldwide, with some adopted by clinicians (16–20). For
example, Hwang et al. incorporated sentinel lymph node
metastasis size into a nomogram that accurately predicts the
likelihood of having additional axillary metastasis (16).
Nevertheless, these models only show limited performance in
triple-negative breast cancer. For predicting non-sentinel
lymph node metastasis in TNBC, some of these widely used
nomograms are not much better than coin tossing, with AUCs
around 0.55. It is noteworthy that such nomograms still work
well in ER positive patients in the same institute (21). This
phenomenon can be partly attributed to that rather than being
a single subtype, triple-negative breast cancer is a general
concept covering a group of diseases, with a variety in
biological behavior, as well as great differences compared
with other subtypes (22). To settle this, the cohort used to
build a model should be large enough to cover each “subtype” of
TNBC with an adequate number. SEER, a nationwide program
covering nearly a quarter of the US population, is an optimal
cohort for building such a model.

Apart from the excellent cohort as the data source for the
nomogram, this model has other advantages. First, our research
used the clinical information of TNBC patients to predict
lymph node metastasis. Meanwhile, existing researches (10,
13) assessed TNBC at the genetic level, using IRGS to predict
lymph node metastasis, and the obtained results were also good.
FIGURE 1 | Nomogram predicting lymph node status of TNBC patients. Instructions for the nomogram: First, quantify each characteristic of the patient by drawing
a vertical line from corresponding scale to the points scale. Then, sum all the points and draw a vertical line from the total points scale to the risk scale to obtain the
probability of lymph node metastasis.
FIGURE 2 | Calibration plot of the nomogram for predicting lymph node
status. The performance is estimated by bootstrap 1,000 repetitions. The X-axis
plots the nomogram-predicted survival; the Y-axis plots the actual survival.
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However, clinical information is more intuitive to make decisions
easily in clinic. Secondly, compared with the long and complicated
formulas of Cox and logistic predictive models, nomograms,
composed of several simple scaled parallel lines, provide a reliable
prognostic information that is unique to a given patient.

Limited by the data and the characteristics of analysis, this
study had some limitations. We were unable to obtain more
information from the SEER database, including invasion of
lymphatic or blood vessels, multifocality and even molecular
biomarkers, which, if included, could improve the sensitivity and
specificity of the present nomogram. In addition, as a
retrospective study, selection or information bias was hardly
avoidable. The main cohort in this study was the American
population, and it is worth considering whether the results are
applicable to other populations.
CONCLUSION

In summary, a predictive nomogram for lymph node metastasis
detection in TNBC patients was developed. Evaluating lymph
node metastasis remains a major concern in the treatment and
staging of breast cancer. The present findings reveal the features
of lymph node metastasis in TNBC, providing a reference for
future treatment which would take neoadjuvant chemotherapy
and sentinel lymph node biopsy into consideration, eventually
optimizing clinical diagnosis and treatment.
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FIGURE 3 | Validation of the nomogram using receiver operating characteristic curves. (A) Internal validation in the training cohort; (B) External validation in the
validation cohort. AUC: area under curve; CI: confidence intervals.
TABLE 3 | Univariate logistic regression analysis of total points in predicting
positive lymph nodes in the training and validation cohorts.

Group# Training cohort P Validation cohort P

OR 95%CI OR 95%CI

Low score Ref. Ref. – Ref. Ref. –

High score 3.24 3.03-3.49 <0.001 3.30 3.07–3.56 <0.001
#Low score, ≤82; high score,>82.
CI, confidence interval; OR, odds ratio; Ref., Reference.
Bold value indicates statistical significance.
December 2020 | Volume 10 | Article 608334

https://seer.cancer.gov/
https://www.frontiersin.org/articles/10.3389/fonc.2020.608334/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2020.608334/full#supplementary-material
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Cui et al. Lymph Node Involvement in TNBC
REFERENCES

1. Siegel R, Miller K, Jemal A. Cancer statistics, 2018. CA: Cancer J Clin (2018)
68:7–30. doi: 10.3322/caac.21442

2. DeSantis C, Ma J, Gaudet M, Newman L, Miller K, Goding Sauer A, et al.
Breast cancer statistics, 2019. CA: Cancer J Clin (2019) 69:438–51.
doi: 10.3322/caac.21583

3. Pan K, Zhang L, Gerhard M, Ma J, Liu W, Ulm K, et al. A large randomised
controlled intervention trial to prevent gastric cancer by eradication of
Helicobacter pylori in Linqu County, China: baseline results and factors
affecting the eradication. Gut (2016) 65:9–18. doi: 10.1136/gutjnl-2015-
309197

4. Barry P, Vatsiou A, Spiteri I, Nichol D, Cresswell G, Acar A, et al. The
Spatiotemporal Evolution of Lymph Node Spread in Early Breast Cancer. Clin
Cancer Res an Off J Am Assoc Cancer Res (2018) 24:4763–70. doi: 10.1158/
1078-0432.Ccr-17-3374

5. Taylor K, O’Keeffe S, Britton P, Wallis M, Treece G, Housden J, et al.
Ultrasound elastography as an adjuvant to conventional ultrasound in the
preoperative assessment of axillary lymph nodes in suspected breast cancer: a
pilot study. Clin Radiol (2011) 66:1064–71. doi: 10.1016/j.crad.2011.05.015

6. Nathanson S, Krag D, Kuerer H, Newman L, Brown M, Kerjaschki D, et al.
Breast cancer metastasis through the lympho-vascular system. Clin Exp
Metastasis (2018) 35:443–54. doi: 10.1007/s10585-018-9902-1

7. Morrow M, Jagsi R, McLeod M, Shumway D, Katz S. Surgeon Attitudes
Toward the Omission of Axillary Dissection in Early Breast Cancer. JAMA
Oncol (2018) 4:1511–6. doi: 10.1001/jamaoncol.2018.1908
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Background: To determine a correlation between mRNA and lncRNA signatures,
sonographic features, and risk of recurrence in triple-negative breast cancers (TNBC).

Methods: We retrospectively reviewed the data from 114 TNBC patients having
undergone transcriptome analysis. The risk of tumor recurrence was determined based
on the correlation between transcriptome profiles and recurrence-free survival. Ultrasound
(US) features were described according to the Breast Imaging Reporting and Data System.
Multivariate logistic regression analysis determined the correlation between US features and
risk of recurrence. The predictive value of sonographic features in determining tumor
recurrence was analyzed using receiver operating characteristic curves.

Results: Three mRNAs (CHRDL1, FCGR1A, and RSAD2) and two lncRNAs (HIF1A-AS2
and AK124454) were correlated with recurrence-free survival in patients with TNBC.
Among the three mRNAs, two were upregulated (FCGR1A and RSAD2) and one was
downregulated (CHRDL1) in TNBCs. LncRNAs HIF1A-AS2 and AK124454 were
upregulated in TNBCs. Based on these signatures, an integrated mRNA–lncRNA model
was established using Cox regression analysis to determine the risk of tumor recurrence.
Benign-like sonographic features, such as regular shape, circumscribed margin, posterior
acoustic enhancement, and no calcifications, were associated with HIF1A-AS2
expression and high risk of tumor recurrence (P<0.05). Malignant-like features, such as
irregular shape, uncircumscribed margin, no posterior acoustic enhancement, and
calcifications, were correlated with CHRDL1 expression and low risk of tumor
recurrence (P<0.05).

Conclusions: Sonographic features and mRNA–lncRNA signatures in TNBCs represent
the risk of tumor recurrence. Taken together, US may be a promising technique in
determining the prognosis of patients with TNBC.

Keywords: long non-coding RNA, messenger RNA, triple-negative breast cancer, tumor recurrence, ultrasound
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Li et al. Sonographic Features Are Correlated With Transcriptome
HIGHLIGHTS

1. Sonographic features of TNBCs correlated with the
expression of mRNAs and lncRNAs.

2. Benign-like sonographic features correlated with the
expression of lncRNA HIF1A-AS2; malignant-like
sonographic features correlated with CHRDL1 mRNA levels.

3. Sonographic features of TNBCs correlated with the risk of
tumor recurrence predicted using the mRNA and lncRNA
signatures.

4. TNBCs with benign-like sonographic features exhibited
higher rate of recurrence than those with malignant
sonographic features.
BACKGROUND

Triple-negative breast cancer (TNBC) is the most aggressive
breast cancer subtype. Patients with TNBC lack the expression of
estrogen receptor (ER), progesterone receptor (PR), and human
epidermal growth factor receptor 2 (HER2). The aggressive
nature of the cancer and limited availability of effective
targeted therapy against molecular biomarkers result in poor
prognosis of patients with TNBC (1).

Numerous studies have analyzed the genome and transcriptome
signatures to identify the therapeutic target for TNBCs (2–6). TNBC
heterogeneity has gained considerable attention in understanding
therapeutic strategies and clinical outcomes (2–4, 7). Using the
largest TNBC database at Fudan University Shanghai Cancer
Center, a recent study confirmed the importance of personalized
therapy based on the gene expression profile in patients with TNBC
(3). They found that PIK3CAmutations and LAR subtype are more
common in Chinese TNBC patients. Substantial evidence was
established for the biological heterogeneity of TNBCs based on
the genomic and transcriptomic profiles (3).

In accordance with TNBC heterogeneity, we have previously
demonstrated that these tumors present with a wide variety of
sonographic features (8) that correlate with cancer grade and score
based on immunohistochemical (IHC) biomarkers, such as Ki-67
and HER2. However, these protein biomarkers have limited
significance in the sonographic variations. In this study, we
analyzed the sonographic variations based on messenger RNA
(mRNA) and long non-coding RNA (lncRNA) signatures.
Moreover, we have determined a correlation between sonographic
features and risk of tumor recurrence.
METHODS

Patients
Based on a prospective study between 1st January 2010 and 31st

December 2013, 165 consecutive breast cancer patients having
undergone transcriptome analysis were retrospectively reviewed for
their clinical data and ultrasound (US) images. All patients were
Frontiers in Oncology | www.frontiersin.org 212
primarily treated by surgery after excluding surgical contraindications
based on standard preoperative examination. None of the patients
expressed ER, PR, and HER2 (characteristic of TNBC).

Transcriptome Microarray, Identifying
Candidate RNAs, and Integrated mRNA–
lncRNA Model
A study in 2016 described the correlation between mRNAs and
lncRNAs with recurrence-free survival (RFS) and established an
integratedmRNA–lncRNAmodel to predict the risk of recurrence (2).

Differentially expressed RNAs were first identified from 33
paired TNBC tissues and adjacent normal breast tissues using
HTA 2.0 microarray analysis. The inclusion criteria for these
mRNAs included: fold change >2 or <0.33 and false discovery
rate (FDR) <0.001. For lncRNAs, the inclusion criteria were: fold
change >1.5 and FDR <0.001. Based on this, there were 183 and 195
differentially expressed mRNAs and lncRNAs, respectively, between
TNBC and normal breast tissues. Combining the RNA expression
data from a microarray with the clinical follow-up data from 165
TNBC patients, 16 mRNAs (P<0.1) and 11 lncRNAs (P<0.2)
correlated with RFS using the log-rank test. Duplicated mRNAs
were excluded and only intergenic lncRNAs were included and 13
mRNAs and 6 lncRNAs were identified using real-time quantitative
polymerase chain reaction from 33 paired TNBC and normal
tissues. Nineteen RNAs were consistently amplified in 137
training samples undergoing real-time quantitative polymerase
chain reaction using the correlation with survival analysis as the
filtration standard. The expression of RNA candidates that did not
correlate with RFS were excluded. After this round of filtration, the
remaining seven mRNAs and four lncRNAs were tested for their
prognostic signature until the area under curve (AUC) in the time-
dependent receiver operating characteristic model arrived at the best
performance. Finally, there were three mRNAs (CHRDL1,
FCGR1A, and RSAD2) and two lncRNAs (HIF1A-AS2 and
AK124454) in the model (derived and rephrased from the
Supplementary File of Jiang et al., 2016) (2). Of the three
mRNAs, two were upregulated (FCGR1A and RSAD2) and one
was downregulated (CHRDL1) during the progression of TNBC.
LncRNAs HIF1A-AS2 and AK124454 were upregulated during
TNBC progression.

The signature model for predicting the risk of recurrence was
established with Cox proportional hazards regression modeling as:
−1.225×CHRDL1+0.74×FCGR1A+0.219×RSAD2+0.482×HIF1A-
AS2+0.571×AK124454. The cut-off score was set to 0.793 to classify
patients into high-risk and low-risk groups (2).

Pathological and Immunohistochemical
Data
After measuring the gross tumor size, postoperative breast cancer
samples were subjected to hematoxylin-eosin staining and IHC
analysis. Pathological type, histological grade (I, II, and III), and
lymph node status were determined based on the stained samples.
Based on IHC analysis and in situ hybridization, the expression of
ER, PR, and HER2 was confirmed by two pathologists with more
than 10 years of working experiences. ER and PR negative
January 2021 | Volume 10 | Article 587422
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expression was defined as less than 1% staining in nuclei. HER2
negative expression was defined by score 0 or 1 by IHC staining
and <4 gene copies/nucleus and ratio of <1.8 using fluorescence in
situ hybridization (9). Thus, TNBCs are defined as ER, PR, and
HER2 negative (10). Ki-67 expression was also acquired from the
IHC samples.

Sonographic Feature Assessment
US images were retrospectively collected from the data archives.
Fifty-one patients without US images were excluded. Images
from 114 patients were blind reviewed by two US physicians with
more than five years’ experience on breast US. TNBC masses
were assessed for sonographic features based on orientation
(parallel/non-parallel), shape (regular/irregular), margin
(circumscribed/uncircumscribed), angular or spiculated margin
(yes/no), echo pattern (hypoechoic, mixed solid echo, complex
cystic and solid echo), posterior acoustic pattern (shadow,
enhancement, no change, or mixed pattern), and calcification
(yes/no). These sonographic features were based on the Breast
Imaging Reporting and Data System published in 2013 (8, 11,
12). A final assessment report was established after incorporating
the reviews by two US physicians.

According to our previous study (8), typical malignant
sonographic features for TNBCs included irregular shape,
angular or spiculated margin, posterior acoustic shadow, and
presence of calcification. TNBCs were divided into three groups
based on the number of sonographic features in the US images of
the malignancies: Group 1, no malignant sonographic features;
Group 2, one or two malignant sonographic features; and Group
3, three or four malignant sonographic features (13).

All data included in our study were ethically approved by the
institutional review board at Fudan University Shanghai Cancer
Center. The approval number for the data from the breast cancer
microarray and clusters was 050432-4-1212B; all the patients
provided written informed consent. The approval number for the
review of data from the US images was 1802181-22-NSFC; due to
the retrospective design of the study, patient written consent
was waived.

Statistical Analysis
Statistical analysis was performed using SPSS version 22.0 for
Windows (SPSS Inc., Chicago, IL, USA) and MedCalc Statistical
Software version 19.0.7 (MedCalc Software bvba, Ostend,
Belgium). Continuous numerical variables were compared
using the independent samples t-test, while categorical data
were compared by Pearson’s chi-square test using a two-tailed
P value <0.05 as statistically significant. Univariate and
multivariate logistic regression analyses were used to determine
the sonographic features associated with the risk of recurrence.
Odds ratio (OR) with 95% confidence interval (CI) was
calculated to identify the correlation between sonographic
features and risk of recurrence. The prediction model for the
risk of recurrence was established based on sonographic features
and clinicopathological characteristics of patients. Receiver
operating characteristic curves were used to determine the
performance of the prediction model. Sensitivity, specificity,
and AUC with 95% CI were calculated.
Frontiers in Oncology | www.frontiersin.org 313
RESULTS

Table 1 summarizes the clinicopathological and IHC data from
the 114 patients. Table 2 summarizes the expression profiles of
five RNAs categorized by sonographic features. Malignant-like
sonographic features, such as irregular shape, uncircumscribed
margin, presence of angular/spiculated margin, and absence of
posterior acoustic enhancement, were associated with high
expression of CHRDL1 (P<0.05, Figure 1). Benign-like
sonographic features, such as regular shape, no angular/
spiculated margin, posterior acoustic enhancement, and no
calcification, positively associated with HIF1A-AS2 (P ≤ 0.05,
Figure 2). Figure 3 illustrates TNBC masses with malignant-like
sonographic appearances with low rates of cellular proliferation.
Figure 4 illustrates TNBC masses with benign-like sonographic
appearances with high cellular proliferation.

As shown in Table 3, benign-like sonographic features
correlated with high risk of recurrence (P<0.05). In contrast,
malignant-like sonographic features correlated with low risk
of tumor recurrence (P<0.05). Table 4 shows that the fewer
number of malignant sonographic features, the higher is the
risk of recurrence. The tumor margin in the TNBC mass
tended to be associated with the risk of recurrence (P=0.058).
However, multivariate logistic regression analysis showed
that there was no correlation between sonographic features
and risk of tumor recurrence (P>0.05, Table 5). Regular
shape, posterior acoustic enhancement, and the absence
of calcification were “not” significantly associated with high
risk of tumor recurrence (P=0.091, OR=2.04 for regular shape;
P=0.166, OR=1.79 for posterior acoustic enhancement; and
P=0.097, OR=2.21 for absence of calcification). To predict the
risk of recurrence, the model based on sonographic features of
regular shape, posterior acoustic enhancement, and absence of
calcification were comparable (AUC=0.674, 95% CI 0.573–
0.774) in the model based on the clinicopathological
characteristics, such as tumor size, histological grade, Ki-67
expression, and axillary lymph node metastasis (LNM,
AUC=0.678, 95% CI 0.580–0.775). The US-based and
TABLE 1 | Clinicopathological and IHC characteristics of all TNBC patients.

Age (yrs) 53.4 ± 9.7 Tumor size (cm) 2.44 ± 0.84

Surgical type Pathological type
MRM 82 (71.9%) IDC 104 (91.2%)
M+SLNB 32 (28.1%) DCIS 2 (1.8%)
Chemotherapy ILC 2 (1.8%)
Taxane-based 87 (76.3%) Others 6 (5.3%)
Non-taxane-based 18 (15.8%) Histological grade
Unknown 9 (7.9%) I and II 38 (33.3%)
Radiotherapy III 76 (66.7%)
Yes 31 (27.2%) LNM
No 73 (64.0%) Yes 35 (30.7%)
Unknown 10 (8.8%) No 79 (69.3%)
Follow up (month) 63 (57–70) Ki-67 (%) 60 (30–70)
Janua
ry 2021 | Volume 10 | A
Categorical data are presented as number (%). Numerical data are presented as mean ±
SD or median (IQR).
DCIS, Ductal carcinoma in situ; IDC, Infiltrative ductal carcinoma; ILC, Infiltrative lobular
carcinoma; IQR, Interquartile range; LNM, Lymph node metastasis; M, Mastectomy;
MRM, Modified radical mastectomy; SLNB, Sentinel lymph node biopsy.
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TABLE 2 | Expression level of mRNAs and lncRNAs in associated with sonographic features of TNBC patients.

CHRDL1 FCGR1A RSAD2 HIF1A-AS2 AK124454

Shape
Regular 5.44 ± 1.66 4.94±0.77 5.84±1.00 1.16 ± 0.36 3.58±0.97
Irregular 6.11 ± 1.55 4.74±0.75 5.65±1.17 1.00±0.18 3.53±0.84

P value 0.031* 0.176 0.382 0.011* 0.778
Margin
Circumscribed 4.73 ± 1.60 5.30 ± 0.76 5.77 ± 0.82 1.07±0.24 3.44±0.75
Uncircumscribed 5.99 ± 1.58 4.76 ± 0.74 5.71±1.14 1.06±0.28 3.56±0.90

P value 0.01* 0.019* 0.873 0.893 0.66
Angular margin
Yes 6.25 ± 1.44 4.76±0.77 5.63±1.06 1.00 ± 0.18 3.58±0.90
No 5.66 ± 1.68 4.84±0.76 5.77±1.13 1.09 ± 0.31 3.54±0.88

P value 0.049* 0.601 0.531 0.05* 0.786
Echo pattern
Hypoechoic 5.81 ± 1.54 5.01 ± 0.74 5.99 ± 1.06 1.10±0.33 3.55±0.79
Mixed 6.00 ± 1.64 4.60 ± 0.73 5.48 ± 1.10 1.03±0.21 3.56±0.98
Solid and cystic 3.05 ± 0.12 5.70 ± 0.20 4.92 ± 0.62 1.15±0.32 3.43±1.04

P value 0.038* 0.003* 0.029* 0.377 0.980
Posterior acoustic pattern
Shadow 6.57 ± 1.18 4.88±0.99 5.75±1.38 0.96 ± 0.13 3.51±1.07
Enhancement 5.32 ± 1.70 4.97±0.76 5.88±1.09 1.19 ± 0.36 3.56±0.88
No change 6.08 ± 1.51 4.71±0.72 5.59±1.06 0.98 ± 0.16 3.55±0.90
Mixed 6.44 ± 1.65 4.70±0.79 5.67±1.26 1.05 ± 0.22 3.54±0.83

P value 0.033* 0.366 0.642 0.001* 0.999
Posterior acoustic enhancement
Yes 5.32 ± 1.70 4.97±0.76 5.88±1.09 1.19 ± 0.36 3.56±0.88
No 6.18 ± 1.49 4.72±0.75 5.62±1.11 0.99 ± 0.17 3.55±0.90

P value 0.005* 0.094 0.216 0.001* 0.940
Calcification
Yes 6.13±1.60 4.68±0.68 5.71±1.10 0.98 ± 0.13 3.56±0.83
No 5.75±1.62 4.87±0.79 5.72±1.12 1.09 ± 0.31 3.52±1.03

P value 0.267 0.243 0.958 0.01* 0.82
Frontiers in Oncology | www.frontier
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Data are presented as mean ± SD for RNAs. * Indicates significant difference.
Bold values indicate P values less than 0.05.
FIGURE 1 | Association between the expression profile of mRNA CHRDL1 and sonographic features of TNBCs. The high expression of CHRDL1 is significantly
associated with malignant sonographic features of irregular shape, absence of posterior acoustic enhancement, and presence of angular/spiculated margin.
* indicates significant difference between the two groups with and without the specific sonographic feature.
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clinicopathology-based models showed equivalent results as
seen by the AUC (P=0.956). As illustrated in Table 6 and
Figure 5, the combination of sonographic features and
clinicopathological characteristics improved the prediction
Frontiers in Oncology | www.frontiersin.org 515
model (AUC=0.737, 95% CI 0.644–0.829). AUC was similar
between the two types of models (combined model vs US-based
model: P=0.083; combined model vs clinicopathology-based
model: P=0.112).
FIGURE 2 | Association between the expression profile of lncRNA HIF1A-AS2 and sonographic features of TNBCs. The high expression of HIF1A-AS2 is
significantly associated with benign sonographic features of regular shape, presence of posterior acoustic enhancement, absence of angular/spiculated margin, and
no calcification. * indicates significant difference between the two groups with and without the specific sonographic feature.
FIGURE 3 | Illustration of TNBC in a 66-year-old female patient. (A, B) Irregular shape, angular margin and posterior acoustic shadow in sonogram (BI-RADS:4C);
(C) Histological grade II in HE staining (original magnification × 400); (D) Twenty percent Ki-67 expression in IHC staining (original magnification × 200).
January 2021 | Volume 10 | Article 587422
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DISCUSSION

TNBCs bear genomic, clinical, and imaging heterogeneity (2–4,
6, 8, 14–16). This study demonstrated the correlation between
gene expression and sonographic features. Benign-like
sonographic features correlated with the upregulated signature
of HIF1A-AS2; while malignant-like sonographic features
correlated with the downregulated signature of CHRDL1 in
TNBCs. Sonographic features of TNBCs represent the risk of
tumor recurrence that is based on the mRNA and lncRNA
signatures. TNBCs with benign-like sonographic appearances
have a higher risk of recurrence than those with malignant
sonographic appearances.

CHRDL1 mRNA has been reported to have tumor
suppressing effects on melanoma (17) and TNBC (2). lncRNAs
cannot encode proteins, but they can regulate the expression of
TABLE 3 | Association between sonographic features of TNBCs and risk of
recurrence (Univariate Logistic regression analysis).

High risk of
recurrence

Low risk of
recurrence

P value

Shape 0.014*
Regular 24 (51.1%) 19 (28.4%)
Irregular 23 (48.9%) 48 (71.6%)

Margin 0.058
Circumscribed 8 (17.0%) 4 (6.0%)
Uncircumscribed 39 (83.0%) 63 (94.0%)

Posterior acoustic enhancement 0.038*
Yes 23 (48.9%) 20 (29.9%)
No 24 (51.1%) 47 (70.1%)

Calcification 0.028*
Yes 8 (17.0%) 24 (35.8%)
No 39 (83.0%) 43 (64.2%)
*Indicates statistical significance.
TABLE 4 | Association between the number of sonographic features with the
risk of recurrence of TNBCs.

US feature group Risk of recurrence group

Low risk High risk

No malignant features 11 (35.5%) 20 (64.5%)
1–2 malignant features 42 (63.6%) 24 (36.4%)
3–4 malignant features 14 (82.4%) 3 (17.6%)
P value 0.003
TABLE 5 | Multivariate Logistic regression analysis for sonographic features
associated with high risk of recurrence.

Sonographic features Multivariate Analysis

B SE P value OR (95%CI)

Regular shape 0.71 0.42 0.091 2.04 (0.89–4.66)
Posterior acoustic enhancement 0.58 0.42 0.166 1.79 (0.79–4.06)
Without calcification 0.79 0.48 0.097 2.21 (0.87–5.66)
January
 2021 |
 Volume 10
B, regression coefficient; SE, standard error; OR, odds ratio; CI, confidence interval.
FIGURE 4 | Illustration of TNBC in a 29-year-old female patient. (A, B) Regular shape, circumscribed margin and posterior acoustic enhancement in
sonogram (BI-RADS:4A); (C) Histological grade III in HE staining (original magnification × 400); (D) Eighty percent Ki-67 expression in IHC staining (original
magnification × 200).
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protein encoding genes involved in epigenetics, transcription,
post-transcriptional modification, and translation. They also
affect the occurrence, development, invasion, and metastasis of
various tumors, such as breast cancer (18), bladder cancer (19),
gastric cancer (20), colorectal cancer (21), and glioblastoma (22).
The expression of HIF1A-AS2 is higher in TNBC than that in
non-TNBC cancers and surrounding normal breast tissue (2, 18).
HIF1A-AS2 improves the tolerance of tumor cells to hypoxic
conditions, induces angiogenesis, and promotes growth and
invasion of tumors by regulating the HIF-1a pathway (23).
Jiang et al. suggested that HIF1A-AS2 affect the coding process
by interrupting metabolism; AK124454 is involved in cell
division and cell cycle (2). We have also previously reported
the correlation between high expression of HIF1A-AS2 and
AK124454 and increased risk of TNBC recurrence (2).
Frontiers in Oncology | www.frontiersin.org 717
The integrated mRNA–lncRNA model predicted the risk of
tumor recurrence reliably since it was based on 33 paired TNBC
and normal tissues and a training set of 137 TNBCs with follow-up
data on RFS. The reliability of the integrated model was further
verified using 138 TNBC patients and 82 TNBC patients
undergoing taxane-based neoadjuvant chemotherapy (2).
However, to the best of our knowledge, this is the first report
demonstrating that high risk of recurrence represents increased
invasiveness that correlated with benign-like sonographic features.

In this study, sonographic features of TNBCs correlated with
specific mRNAs and lncRNAs that are key regulators of TNBC
cell proliferation. The sonographic features that were obtained
using US rely on the acoustic characteristics of the tumor region
that results from the interaction between tumor and normal
tissues. The rate of TNBC tumor proliferation determines the
possibility of interactions with the normal breast tissues.
Enhanced cell proliferation allows specific cellular components
to dominate in the tumor, thereby resulting in reduced fibrosis,
infiltration, and reflection interferences (24, 25). Posterior
acoustic enhancement results from the enhanced propagation
of US energy owing to the lack of reflective interfaces.
Upregulated RNAs that are involved in cell proliferation result
in the occurrence of benign-like sonographic features, whereas
downregulated RNAs reduce the rate of cell proliferation and
result in the occurrence of malignant-like sonographic features.
Our results are in accordance with this regulatory pattern. The
extent of cell proliferation and differentiation is an important
index for predicting tumor malignancy. Therefore, sonographic
features of TNBCs may be an indirect indicator for tumor
invasiveness. We have previously reported that sonogram
features of breast cancers are reflective of tumor proliferation
and invasiveness (26, 27). However, in this study, the effect of
HIF1A-AS2 and CHRDL1 in determining the growth pattern of
the tumor based on US was not studied in animals. Thus,
exploring this in the future will enhance the utility of US as an
important auxiliary technique to determine tumor characteristics
and clinical outcomes in patients.

The sonographic difference between TNBCs and non-TNBCs
was reported (28–30). However, the diversity in the sonographic
features have not been studied. We have previously reported the
variety of sonographic features of TNBCs and their correlation with
clinicopathological and IHC characteristics (8). Understanding the
biological basis for the variety in sonographic features is crucial in
improving the reliability of diagnosing benign breast tumors by US
specialists (8). We have demonstrated in this study that benign-like
TNBCs correlate with higher risk of recurrence. US appearance of
TNBCs can be used as an auxiliary parameter in addition to
clinicopathological characteristics to stratify patients based on
risk of relapse and develop personalized treatment in lieu
of surgery.

However, this study has some limitations. First, the sample size
of only 114 cases and the subpar quality of US imaging that were
collected 6–8 years ago may affect the data interpretation. Second,
we were not able to determine the correlation between sonographic
features and RFS outcomes in this study; however, this is one of our
FIGURE 5 | ROC curve for the prediction model of risk of recurrence based
on sonographic features, clinicopathological characteristics, and the
combined sonographic-clinical-pathological parameters of TNBCs.
TABLE 6 | Performance using sonographic features, clinicopathological
characteristics and combined sonographic–clinical–pathological parameters to
predict the high risk of recurrence of TNBCs.

Method Sensitivity
(%)

Specificity
(%)

AUC (95%CI) P value

US features 59.6 70.2 0.674 (0.573–0.774) 0.0006
Clinicopathology 76.6 53.7 0.678 (0.580–0.775) 0.0003
Combined 85.1 59.7 0.737 (0.644–0.829) <0.0001
US, ultrasound; AUC, area under curve; CI, confidence interval.
Sonographic features include regular shape, posterior acoustic enhancement and without
calcification; Clinicopathological characteristics include tumor size >2cm, histological
grade III, Ki-67 ≥40% and presence of LNM.
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ongoing projects. The last but not the least, there were only data on
US images with no MRI data which may warrant further study.
CONCLUSION

Sonographic features of TNBCs correlated with the risk of tumor
recurrence that was predicted using the mRNA–lncRNA
signatures. However, this correlation should be further verified
using a larger patient cohort.
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Background: Triple-negative breast cancer (TNBC) is considered to be higher grade, more
aggressiveandhaveapoorerprognosis thanother typesofbreastcancer.Discoverbiomarkers
in TNBC for risk stratification and treatments that improve prognosis are in dire need.

Methods: Clinical data of 195 patients with triple negative breast cancer confirmed by
pathological examination and received neoadjuvant chemotherapy (NAC) were collected.
The expression levels of EGFR and CK5/6 were measured before and after NAC, and the
relationship between EGFR and CK5/6 expression and its effect on prognosis of
chemotherapy was analyzed.

Results: The overall response rate (ORR) was 86.2% and the pathological complete
remission rate (pCR) was 29.2%. Univariate and multivariate logistic regression analysis
showed that cT (clinical Tumor stages) stage was an independent factor affecting
chemotherapy outcome. Multivariate Cox regression analysis showed pCR,
chemotherapy effect, ypT, ypN, histological grades, and post- NAC expression of CK5/
6 significantly affected prognosis. The prognosis of CK5/6-positive patients after NAC was
worse than that of CK5/6-negative patients (p=0.036). Changes in CK5/6 and EGFR
expression did not significantly affect the effect of chemotherapy, but changes from
positive to negative expression of these two markers are associated with a tendency to
improve prognosis.

Conclusion: For late-stage triple negative breast cancer patients receiving NAC, patients
who achieved pCR had a better prognosis than those with non- pCR. Patients with the
change in expression of EGFR and CK5/6 from positive to negative after neoadjuvant
chemotherapy predicted a better prognosis than the change from negative to positive group.
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INTRODUCTION

Triple negative breast cancer (TNBC) which is defined by the
lack of estrogen receptor (ER), progesterone receptor (PR), and
human epidermal growth factor receptor-2 (Her-2) accounts for
10–20% of all breast cancer. Due to a lack of available therapeutic
targets that often lead to poor prognosis, those patients with
triple-negative disease were left as the only group without an
option for targeted therapy (1). Many clinical trials focused on
identifying specific therapeutic targets for TNBC. In particular,
Masuda et al. reported that 7 subtypes of TNBC were identified
by cluster analysis of mRNA expression profiles: basal-like 1,
basal-l ike 2, mesenchymal stem-like, mesenchymal,
immunization immunomodulatory, androgen receptor type
(AR+), and unsatable. Additionally, this study indicated that
different subtypes have different drug susceptibility, and that
patients with different gene subtypes have significantly different
prognosis (2).

Basal-like breast cancer (BLBC) is a distinct pathological
subtype that is characterized by expression of cytokeratin
(including CK5/6, CK14, CK17, and etc.) and/or human
epidermal growth factor receptor (EGFR). In particular, CK5/6
is an important molecular marker for the recognition of TNBC,
and may be an independent factor that influences TNBC
prognosis (3, 4). EGFR is a member of the erbB family of
casein kinase receptor protein and it has been shown to play
an important role during tumor cell proliferation process,
including cell movement, tissue invasion, and angiogenesis. As
a result, EGFR appears to be a highly attractive target for tumor-
specific therapies. Over expression of EGFR in most basal-like
breast cancer suggests that basal-like tumors may be caused by
excessive activation of the growth factor receptor pathway in a
manner similar to Her-2+ breast cancer. Since anti-Her-2
therapy has shown to be effective in treating Her-2+ breast
cancer, a similar strategy using anti-Her-1 antibodies or
blockers of Her-1 tyrosine kinase may also be beneficial. This
is especially important as it may offer new prospects for the
treatment of triple negative BCBL (5, 6).

The current treatment strategy does not differ between
distinct TNBC subtypes. While genetic analysis classification
will be a direct solution to this need, classifying a cancer using
gene expression subtype is impractical in clinics. The most
widely accepted clinical practice is to identify substitute
biomarkers by immunohistochemistry (IHC) for BLBC, such
as EGFR and CK5/6. Therefore, screening for CK5/6 and EGFR
is necessary for predicting prognosis and treatment strategy for
TNBC. In this study, we adopted the widely accepted definition
in which CK5/6- and/or EGFR-positive breast cancers are
classified as BLBC while CK5/6- and EGFR-negative breast
cancers are defined as non-basal-like breast cancer (NBLBC).
Previous studies have observed in BLBC a significantly lower
response to chemotherapy than in NBLBC, in addition to a
higher risk of recurrence and a worse prognosis. Yet there has
been no study to date that looked at the effect of treatment on
these two distinct subtypes (4, 7). Therefore, evaluation of the use
of the two biomarkers in TNBC for risk stratification and
treatments that improve prognosis is in dire need.
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Neoadjuvant chemotherapy (NAC) has been widely used as a
standard treatment for locally advanced breast cancer. It has
been increasingly applied by researchers to observe the efficacy of
preoperative chemotherapy and to determine the sensitivity of
individuals to chemotherapy drugs which together guide the
clinical comprehensive treatment program. Increasing number
of studies have shown that patients with good clinical outcomes
after NAC, especially patients with pathologic complete response
(pCR), have significantly improved disease-free survival (DFS)
and overall survival (OS) rates (8–10). For patients receiving
NAC, pCR rate of TNBC patients is about two times that of non-
TNBC patients and TNBC exhibits a better response to NAC
than non-TNBC (11). Thus, the need of biomarkers that respond
to the better prognoses of TNBC receiving NAC is crucial for
future treatment manipulation in this setting.

In sum, the aim of this study was to evaluate the prognostic
value of biomarkers CK5/6 and EGFR in patients with TNBC
receiving NAC. In this retrospective study, IHC methods were
used to (1) detect the expression of CK5/6 and EGFR for
classification of TNBC subtypes (including BLBC and NBLBC),
and to (2) compare the expression change of CK5/6 and EGFR
before and after NAC, and lastly to (3) assess the ability of both
markers in predicting NAC chemotherapy outcome and survival
rate as well as their impact on TNBC treatment strategies.
MATERIALS AND METHODS

Patient Selection
We retrospectively collected all clinical, imaging, and
pathological data from TNBC patients from clinical stages II to
III who underwent NAC at Tianjin Medical University Cancer
Institute and Hospital between June 2014 to June 2018. The
study protocol conformed to the ethical guidelines of the
1975 Declaration of Helsinki and was approved by the Medical
Ethics Committee of Tianjin Medical University Cancer Institute
and Hospital. Patient inclusion criteria were: 1) TNBCs both
before and after chemotherapy were determined by IHC. This
criterion includes some patients who could not undergo
immunohistochemistry after pathological complete remission
(pCR) but were diagnosed with triple-negative breast cancer
before chemotherapy. Patients that exhibited changes in ER, PR,
Her-2 status due to chemotherapy as well as advanced (stage IV)
patients for whom surgery is not possible are excluded from the
study.; 2) Cases of invasive ductal carcinoma confirmed by
histology were selected; 3) All patients had radical mastectomy,
modified radical mastectomy or breast tumor resection
(mammography) which is the main surgical treatment option;
and 4) All patients with a chemotherapy regimen in which they
were treated with anthracyclines combined with sequential
taxane were also selected. Informed consent was obtained from
the studied patients.
Material and Indicator Evaluation Criteria
Before NAC, needle biopsy was used to obtain histopathological
specimens of breast cancer. After NAC, the postoperative breast
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specimens were analyzed by IHC staining on paraffin-embedded
tissue sections made from post treatment needle biopsy. Tumor
tissues analyzed was confirmed with a component of over >95%
tumor cells. Triple-negative breast cancer (TNBC), characterized
by absence of expression of ER, PR, and Her-2; For ER and PR
expression, moderate to strong nuclear staining in ≥1% of tumor
cells was considered positive. Her-2 positivity was defined as
either Her-2 gene amplification by fluorescent in situ
hybridization or scored as 3+ by IHC. In case of Her-2 2(+),
fluorescent in situ hybridization was performed to determine
Her-2 positivity.

In our clinical evaluation, Ki-67 values were expressed as the
percentage of positive cell counts among at least 100 tumor cells
in each case. Patients with positive staining of Ki-67 at 20% or
more were defined as high Ki-67 patients (12). Similarly, the
expression levels of CK5/6, EGFR, and P53 are considered to be
negative if the nuclear staining is less than 1%, and positive if it is
1% or more. BLBC is defined as positive expression of EGFR and/
or CK5/6. All IHC readings were independently verified by two
blinded pathologists.

Evaluation of Chemotherapy Response
According to RECIST (Response Evaluation Criteria In Solid
Tumors, version 1.1), the patients were classified into two groups:
the overall response group (ORR), into which all patients classified
as complete response (CR)orpartial response (PR)wereplaced, and
the no response group (NR), containing all patients classified as
stable disease (SD) or progressive disease (PD).

Tumor size was determined as tumor length × width (cm2). A
clinical complete response (CR)was defined as the disappearanceof
the palpable tumor deposits. Clinical partial response (PR) is when
> 50% reduction in tumor volume occurred. Tumor reduction <
50% or an increase in volume up to 25% was considered as stable
disease (SD). An increase of > 25% of tumor volume was scored as
progressive disease (PD). Pathological complete response (pCR):
after NAC, the tumor of the breast cancer and the axillary lymph
node surgical specimens showed no invasive tumor cell residual, or
the intraductal carcinoma were found in the tissue section, but no
infiltrating components were observed.

Follow-Up
Follow-ups are mainly conducted as phone interviews or out-
patient questionnaires in order to obtain prognostic information
such as recurrence of the local region or distant metastasis and
survival state after the treatment. Disease-free survival (DFS) and
overall survival (OS) are used as end points of survival analysis.
DFS was defined as the date from the initial treatment date (first
accepted to NAC) to the first local recurrence or distant
metastasis. The OS was defined as the date from the initial
treatment (first accepted to NAC) to the date of death or loss of
follow-up.

Statistical Analysis
Statistical and prognostic analysis was performed using SPSS
22.0 (IBM SPSS Statistics for Windows, Version 22.0. Armonk,
NY: IBM Corp.) and multiple comparisons test was performed
using Graph pad Prism 7.0.0 (San Diego, California USA).
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Correlation factors were compared between the groups using
the Pearsonc2 test. For those whose theoretical frequency does
not meet the application conditions of Person chi-square test,
continuous correction is adopted. The significant index of
univariate analysis is included in the analysis of multivariate
logistic regression model. Correlation between clinical and
pathological variables, and survival was done by using
univariate and multivariable Cox proportional risk regression
analysis. In addition, log-rank test and Kaplan-Meier (K-M)
curve were used to evaluate the influencing factors and the
difference in survival between groups. A P-value of 0.05 was
considered significant.
RESULTS

Characteristics of BLBC and NBLBC
Before NAC
The age of the patients (n=195) at the time of initial diagnosis
ranged from 26 to 78 years with a mean of 49 ± 11.09 years. The
median follow-up time was 30 months (range, 13–64) and the
median DFS and OS were 29 ± 13.1 months and 30 ± 12.46
months respectively. During the follow-up period, recurrence
and/or metastasis occurred in 24.1% (47/195) of patients and
5.1% (10/195) of patients died during follow-up.

Out of the 195 TNBC cases, 70.7% (138/195) were CK5/6-
positive and 87.1% (170/195) were EGFR-positive. According to
the definition used in our study, out of the 195 TNBC case, 89.7%
were BLBC and 10.3% were NBLBC. After chemotherapy, 29.2%
patients achieved pCR. Only 138 of 195 cases were feasible for
IHC testing in which BLBC accounted for 92.7% (123/138) while
NBLBC accounted for only 7.3% (15/138). The clinical
pathological variables of the two groups before NAC were
assessed and presented in Table 1. The results showed that
there was no significant difference in age, menopausal status, cT
stage, Ki-67 and p53 expression between the two groups.

The Response of TNBC to NAC
The clinical overall response rate (ORR=CR+PR) to NAC in 195
TNBC cases was 86.2% (168/195) and the non-response rate
(NR=SD+PD) was 13.8% (27/195). The pCR rate was 29.2%
(n=57), the CR rate was 31.7% (n=62), the PR rate was 54.3%
(n=106), the SD rate was 12.3% (n=24), and the PD rate was 1.5%
(n=3). Within the BLBC group, 52 cases reached pCR, accounting
for 29.7% of all BLBC cases. 5 cases of NBLBC reached pCR,
accounting for 25% of all NBLBC. The data showed no statistical
difference in the pCR between the two groups (p=0.661, Table 1).
Univariate andmultivariate logistic analyses showed that cT staging
was an independent factor influencing the effects of chemotherapy
(p<0.001) (Tables 2 and 3).

Biomarkers Change Before and After NAC
(Including 138 Patients That Did Not
Reach pCR)
Considering the effect of chemotherapy on the expression of
molecular biomarkers, we analyzed changes in CK5/6, EGFR, Ki-
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67, and p53 expression before and after NAC. We observed
significant difference in these molecular indexes, including
changes between BLBC and NBLBC and before and after NAC
(Table 4). As a result, we further divided the results into
Frontiers in Oncology | www.frontiersin.org 423
subgroups using changes in expression of CK5/6 and EGFR
which includes positive!negative group, negative!positive
group, positive before and after NAC group, and negative
before and after NAC group. Basal/non-basal group changes
TABLE 2 | The association of clinical pathological variables with the pCR and NAC efficiency using univariate logistic analysis.

Variables Non-pCR (n = 138) pCR (n = 57) P-value (Non-Pcr vs. pCR) ORR (n = 168) NR (n = 27) P-value (ORR vs. NR)

Age(year) 0.881 0.403
≤50years 71 30 85 16
>50years 67 27 83 11

Menopausal state 0.535 0.857
Not menopause 88 39 109 18
Menopause 50 18 59 9

Tumor stage (cT) 0.002 <0.001
cT1 6 6 6 6
cT2 90 47 127 10
cT3 36 4 31 9
cT4 6 0 4 2

Ki-67 staining 0.108 1.0
<20% 7 0 6 1
≥20% 131 57 162 26

P53 expression 0.384 0.445
− 42 21 56 7
+ 96 36 112 20

CK5/6 expression 0.133 0.961
− 36 21 49 8
+ 102 36 119 19

EGFR expression 0.885 0.115
− 18 7 19 6
+ 120 50 149 21

Classification 0.661 0.617
NBLBC 15 5 16 4
BLBC 123 52 152 23
Ja
nuary 2021 | Volu
NAC, neoadjuvant chemotherapy; NBLBC, non-basal-like breast cancer; BLBC, basal-like breast cancer; ORR, overall response group; NR, no response group.
TABLE 1 | Clinical pathological variables of the BLBC and NBLBC before NAC treatment.

Variables No. of cases (% of total 195) NBLBC (n = 20, 10.3%) BLBC (n = 175, 89.7%) p-value

Age(year) 0.113
≤50years 101 (51.8) 7 94
>50years 94 (48.2) 13 81

Menopausal state 0.316
Not menopause 127 (65.1) 11 116
Menopause 68 (34.9) 9 59

Tumor stage (cT) 0.714
cT1 12 (6.2) 1 11
cT2 137 (70.3) 16 121
cT3 40 (20.5) 3 37
cT4 6 (3.1) 0 6

Ki-67 staining 1.0
<20% 7 (3.6) 0 7
≥20% 188 (96.4) 20 168

P53 expression 0.437
– 63 (32.3) 8 55
+ 132 (67.6) 12 120

Pathological response 0.857
Non-pCR 138 (70.8) 15 123
pCR 57 (29.2) 4 23

Chemotherapy response 0.617
ORR 168 (86.2) 16 152
NR 27 (13.8) 4 27
me 10 | Article
NAC, neoadjuvant chemotherapy; NBLBC, non-basal-like breast cancer; BLBC, basal-like breast cancer; ORR, overall response group; NR, no response group.
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were divided into BLBC!NBLBC (after NAC) group,
NBLBC!BLBC (after NAC) group, BLBC before and after
NAC group, and NBLBC before and after NAC group (Table 5).

We first analyzed the relationship between changes in CK5/6
and EGFR and the effect of chemotherapy: the statistical results
showed that the number of cases in which chemotherapeutic
effects reached ORR in the positive!negative group was higher
than that in the negative!positive group. However, due to the
small number of enrolled cases, we were unable to observe a
statistically significant correlation between the two biomarkers
and the chemotherapy effect (p>0.05, Table 6).

Survival Analysis of TNBC Patients
Receiving NAC
We analyzed the effects of clinical and pathological variables on
long-term prognosis in patients using the Cox univariate and
multivariate models. The results showed that the histological
grades, chemotherapy effect, pCR, ypT, ypN, and expression of
CK5/6 after NAC all significantly affected the prognosis (Table
7). The mean DFS of CK5/6-positive after NAC was 41 months
and the mean DFS of CK5/6-negative after NAC was 47 months
(Figure 1A).

The K-M survival analysis of pCR and non-pCR was
compared in the Figure 1B. The survival prognosis of
patients who achieved pCR (mean DFS was 54 months) was
Frontiers in Oncology | www.frontiersin.org 524
significantly better than those in non-pCR (mean DFS was 44
months) (p=0.0109).

Next, we analyzed whether the changes in expression of CK5/
6 and EGFR before and after NAC affected prognosis. The DFS
analysis of CK5/6 expression change was shown in Figures
2A–C, the mean DFS of positive!negative CK5/6 group was
53 months and 40 months for the negative!positive group. The
mean DFS of the positive!positive group was 41 months and
46 months for the negative!negative group. Though the
prognostic comparison did not show statistical difference, the
DFS of the positive!negative CK5/6 group saw an improvement
compared to the negative!positive group and positive!positive
group (p=0.814, 0.0707, respectively), and the DFS of the
negative!positive group was slightly worse than that of the
negative!negative group.

A similar trend can also be seen in changes of EGFR expression
and its effect on K-M prognosis analysis (Figures 2D–F). The mean
DFS of the positive!negative EGFR group was 48 months while
the DFS for the negative!positive group was 38 months. The mean
DFS of the positive!positive group was 43 months and 49 months
for the negative!negative group. It can also be observed that the
EGFR change from positive to negative after NAC has a tendency to
improve prognosis. Due to the cases of the changes of BLBC and
NBLBC with recurrence and metastasis was less and no prognostic
analysis was performed.
TABLE 4 | Biomakers changes before and after NAC treatment.

Variables Chi-square value p value

CK5/6 After NAC
Before NAC − + 28.02 <0.001
− 23 13
+ 18 86

EGFR After NAC
Before NAC − + 21.457 <0.001
− 10 8
+ 14 108

Ki-67 After NAC
Before NAC <20% ≥20% 11.924 0.001
<20% 5 2
≥20% 23 108

P53 After NAC
Before NAC − + 66.076 <0.001
− 33 9
+ 9 87

BLBC/NBLBC After NAC
Before NAC NBLBC BLBC 38.909 <0.001
NBLBC 7 8
BLBC 3 120
January 2021 | Volume 10 | Article
NAC, neoadjuvant chemotherapy; NBLBC, non-basal-like breast cancer; BLBC, basal-like breast cancer; EGFR, epidermal growth factor receptor; CK5/6, cytokeratin5/6.
TABLE 3 | The association of clinicopathological variables with the NAC efficiency using multivariate logistic analysis.

Variables B S.E. Wald p-value 95% CI

Lower limit Upper limit

cT −1.214 0.356 11.608 0.001 0.148 0.597
CK5/6 expression −0.688 0.406 2.875 0.090 0.227 1.113
EGFR expression −1.080 1.014 1.134 0.287 0.047 2.480
cT, Tumor stage; NAC, neoadjuvant chemotherapy; EGFR, human epidermal growth factor receptor.
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DISCUSSION

TNBC presents are with a poor prognosis and is comprised of 7
subtypes including basal-like 1, basal-like 2, mesenchymal,
mesenchymal stem-like, immunomodulatory, androgen
receptor, and unsatable. While BLBC is usually defined based
on gene expression analysis, its actual clinical application is
greatly limited due to the complexity and cost of genetic
analysis. Many research groups have recommended IHC
detection be used in place of the gene chip to diagnose the
genetically-defined BLBC, which is a more common type of
TNBC accounting for approximately 70–80% of all cases (13). In
this study, the BLBC before NAC accounts for 89.7%.

In BLBC, expressions of CK5/6, CK14, and/or CK17 among
basal cytokeratins (CKs) are often positive. Thike et al. reported
Frontiers in Oncology | www.frontiersin.org 625
that basal cytokeratin demonstrated significant prognostic value
(14). CK5/6 is one of the most commonly expressed cytokeratins
in basal-like breast cancer, and it is oftentimes one of the markers
detected by immunohistochemistry. Previous studies have
shown that 60–70% of all TNBCs is CK5/6-positive, and many
studies have also shown that patients with high expression of
CK5/6 have a poor prognosis (15–18). EGFR pathway is a
complex signal transduction network. In breast cancer, there is
usually a disorder of EGFR family kinase activity. Viale and
Zhang et al. reported poor prognosis for EGFR-positive breast
cancer among all breast cancers (19, 20).

Currently, CK5/6 and EGFR have been widely accepted as
biomarkers for the identification of BLBC. Most studies classified
BLBC as TNBC with positive expression of CK5/6 and/or EGFR.
Additionally, detection of BLBC with these two biomarkers is
inexpensive and clinically convenient (7, 21). It has been
reported that a combination of high expression in CK5/6 and
EGFR in addition to expression of Ki-67, cT (tumor stage), and
cN for stratification has great clinical significance (18). Further,
there is a statistically significant association between the CK5/6
and/or EGFR expression and the presence of tumor necrosis,
which provide the clue of exploratory study on the molecular
mechanisms of how CK5/6 and EGFR impact on prognosis of
TNBC (22).

For locally advanced breast cancer patients that either have
large tumor size, in late stage, or cannot receive surgery, the
tumor is usually taken out by coarse needle puncture.
Neoadjuvant chemotherapy scheme is then selected based on
the results of IHC in order to reduce the size of primary tumor
and the stage such that the patients can keep the breast or
eventually receive surgery (21, 23). Patients with locally
advanced TNBC have a worse prognosis and a lower survival
rate. There are currently no randomized controlled clinical
studies demonstrating whether the use of NAC in TNBC
subtypes can improve patient outcomes. Therefore, the
expression of EGFR and CK5/6 were classified and their ability
to predict the chemotherapy response and survival rate of NAC
was evaluated.

We used CK5/6 and EGFR expression to divide TNBC cases
into NBLBC and BLBC groups, of which CK5/6 and EGFR
positive expressions accounted for 70.7 and 87.1%, respectively,
and double expression was found in 68.2% (133/195) of all cases.
We analyzed patients’ response to NAC, in which 29.2% of
TNBC patients who received anthracyclines combined with or
sequential taxane achieved pCR. Liedtke et al. (24) found that
22% of patients with triple-negative breast cancer achieved pCR
while Fisher et al. (25) reported a similar rate of 17% in which 26
patients achieved pCR among 151 TNBC patients receiving
neoadjuvant chemotherapy (17%). The slight variance between
these results can be easily explained by the differences in the
NAC schemes used in these studies. While Hiroko Masuda and
Rouzier et al. reported that the pCR rate of the non-base-like
phenotype is higher than that of the basal-like phenotype (2, 26),
our results showed that there is no significant difference in the
achievement of pCR between the NBLBC and BLBC. This
inconsistency could be explained by the small sample size
TABLE 6 | The relationship between changes of biomarkers and the efficacy of
chemotherapy.

Variables Grouping Chemotherapy effect p-value

ORR NR

CK5/6 Pos!Neg. 15 3 0.676
Neg.!Pos. 10 3

EGFR Pos!Neg. 12 2 0.602
Neg.!Pos. 6 2
EGFR, epidermal growth factor receptor; CK5/6, cytokeratin5/6; ORR, overall response
group; NR, no response group; Neg., Negative; Pos., Positive.
TABLE 5 | Number of recurrence and metastasis (R&M) cases of biomarkers
changes.

Variables No. of cases

CK5/6 expression
Pos!Neg. 18
BLBC !NBLBC 3
Neg.!Pos. 13
NBLBC!BLBC 6
Neg!Neg. 23
NBLBC!NBLBC 4
Pos.!Pos. 84
BLBC!BLBC 31

EGFR expression
Pos!Neg. 14
BLBC !NBLBC 3
Neg.!Pos. 8
NBLBC!BLBC 3
Neg!Neg. 4
NBLBC!NBLBC 10
Pos.!Pos. 31
BLBC!BLBC 106

BLBC/NBLBC groups
Pos!Neg. 3
BLBC !NBLBC 0
Neg.!Pos. 8
NBLBC!BLBC 1
Neg!Neg. 7
NBLBC!NBLBC 1
Pos.!Pos. 118
BLBC!BLBC 41
NBLBC, non-basal-like breast cancer; BLBC, basal-like breast cancer; EGFR, epidermal
growth factor receptor; CK5/6, cytokeratin5/6; Neg., Negative; Pos., Positive.
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(only 20 of the NBLBC). At the same time, univariate and
multivariate logistic analysis in our study showed that cT is an
independent factor that affects the efficacy of chemotherapy.

Our data also confirmed that approximately 86.2% of all
patients with TNBC had clinical response to NAC. DFS rate in
patients with chemotherapy response to ORR was significantly
higher than that in patients with poor response (NR) (p=0.0151).
At the same time, we demonstrated that DFS in patients that
achieved pCR was significantly higher than that in non-pCR
group, which is consistent with most studies: pCR achievement is
a prognostic factor in patients receiving NAC (25, 27, 28).

We used univariate andmultivariate COXmodel to analyze the
impactof clinical pathology variableson long-termprognosis.CK5/
6 expression after NAC showed a significant correlation with
prognosis (p=0.036). In other words, although we verified that
chemotherapeutic drugs did cause significant changes in CK5/6,
EGFR, and Ki-67, p53 expression (Table 4), patients with positive
Frontiers in Oncology | www.frontiersin.org 726
expression of CK5/6 after NAC still showed worse prognosis than
patients with negative expression. The results also showed that pCR
achievement, chemotherapy response, histological grades, ypT, and
ypN are all also factors affecting prognosis.

We further analyzed whether change in biomarkers affects
prognosis before and after chemotherapy. We used the changes
to group, and the final results showed that changes in CK5/6 and
EGFR after NAC did not show a significant effect on the
prognosis (p<0.05). We reasoned this is due to too few cases in
the group with change in biomarkers (Table 5). It is also worth to
note that there is a limitation of the study that other genetic
backgrounds including BRCA1/2 mutations, ATMmutation and
family history should be revealed to exclude genetic basis with
CK5/6 and EGFR as prognostic markers. However, we would still
like to point out that based on the K-M analysis, prognosis of the
CK5/6 or EGFR positive-to-negative group was improved
compared with the (positive-to-positive) and (negative-to-
A B

FIGURE 1 | (A) Prognostic analysis of CK5/6 expression after neoadjuvant chemotherapy (NAC) treatment of studied patients. (B) K-M survival analysis of pCR and
non-pCR patients.
TABLE 7 | Prognostic value of clinicopathological variables in predicting disease free survival of 138 patients using Cox univariate and multivariate models.

Variables Cox Univariate analysis (DFS) Cox multivariate analysis (DFS)

p-value HR (95%CI) p-value HR (95%CI)

Pre NAV
Tumor stage (cT) 0.010 1.139–2.555 0.057 –

Ki-67 (<20/≥20) 0.542 0.255–13.453
p53 (+/−) 0.973 0.52–1.883
CK5/6 (+/−) 0.950 0.538–1.937
EGFR (+/−) 0.875 0.453–2.533
BLBC/NBLBC 0.275 0.595–6.196
Histological grades 0.001 1.174–1.782 0.016 1.056–1.696
Post NAC
Ki-67 (<20/≥20) 0.779 0.532–2.324
p53 (+/−) 0.813 0.456–1.851
CK5/6 (+/−) 0.036 1.06–5.337 0.041 1.035–5.381
EGFR (+/−) 0.177 0.748–4.853
BLBC/NBLBC 0.190 0.519–27.459
ORR/NR 0.0151 1.581–5.534 0.023 1.11–3.98
ypT <0.001 1.381–2.393 0.009 1.112–2.083
ypN <0.001 1.436–2.289 0.001 1.237–2.065
January 2021 | Volume 1
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positive) groups. Together, these observations suggest that
changes of CK5/6 or EGFR expression from positive to
negative after NAC is correlated with improved prognosis and
larger sample size is needed for further validation.
CONCLUSIONS

In sum, we have demonstrated that late- stage TNBC patients
receiving NAC that achieved pCR had a better prognosis than
those in non-pCR in the population of patients we studied.
Although the final results did not confirm whether changes in the
expressions of EGFR and CK5/6 can be used to predict the
survival rate of TNBC patients, changes of the two biomarkers
from positive to negative are strongly indicative of an improved
prognosis. While a larger number of TNBC cases are needed to
further confirm our results, it will be interesting for future studies
Frontiers in Oncology | www.frontiersin.org 827
to research drugs targeting CK5/6 and EGFR as they may aid
efforts towards developing the best individualized treatment
options for patients.
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Background: Triple-negative breast cancer (TNBC) is one of the most aggressive
subtypes of breast cancer with poorest clinical outcomes. Patients of childbearing age
have a higher probability of TNBC diagnosis, with more demands on maintenance and
restoration of physical and psychosocial function. This study aimed to design effective and
comprehensive nomograms to predict survival in these patients.

Methods: We used the SEER database to identify patients with TNBC aged between 18
and 45 and randomly classified these patients into a training (n=2,296) and a validation
(n=2,297) cohort. Nomograms for estimating overall survival (OS) and breast cancer-
specific survival (BCSS) were generated based on multivariate Cox proportional hazards
models and competing-risk models in the training cohort. The performances of the
nomograms were quantified in the validation cohort using calibration curves, time-
dependent receiver operating characteristic (ROC) curves and Harrell’s concordance
index (C-index).

Results: A total of 4,593 TNBC patients of childbearing age were enrolled. Four
prognostic factors for OS and six for BCSS were identified and incorporated to
construct nomograms. In the validation cohort, calibration curves showed excellent
agreement between nomogram-predicted and actual survival data. The nomograms
also achieved relatively high Harrell’s C-indexes and areas under the time-dependent
ROC curves for estimating OS and BCSS in both training and validation cohorts.

Conclusions: Independent prognostic factors were identified, and used to develop
nomograms to predict OS and BCSS in childbearing-age patients with TNBC. These
models could enable individualized risk estimation and risk-adapted treatment for these
patients.

Keywords: nomogram, triple-negative breast cancer, overall survival, breast cancer-specific survival, SEER,
prognosis, prediction, childbearing age
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INTRODUCTION

Breast cancer is the most prevalent malignancy among females,
which ranks first in new cases and second in deaths according to
estimation from the American Cancer Society in 2019 (1). And
as of 2019, there were more than 3.8 million women with a
history of invasive breast cancer in the United States (2). Triple-
negative breast cancer (TNBC) is a subset of breast cancer that
lacks expression of estrogen receptor (ER), progesterone receptor
(PR), and human epidermal growth factor receptor 2 (HER2).
TNBC represents one of the most aggressive subtypes of breast
cancer and remains the most challenging subtype to treat (3).
The proportion of patients of childbearing age was higher in
TNBC than in other breast cancer subtypes (4), and childbearing
females were also more likely to be diagnosed with TNBC
than with the other subtypes (5). In addition, childbearing-
age patients have relatively different demographics and
clinicopathologic characteristics and treatment strategies
compared with patients in other physiological stages (6–8).
Childbearing age refers to nearly 30 years after a woman
reaches the age of 18. In this period, the reproductive and
endocrine functions of the ovaries attained full growth or
maturity, and the mammary glands undergo periodic changes
under the regulation of ovarian hormones. The ovarian
dysfunction, delayed childbearing, inability to breastfeed, and
job changes, which may result from cancer treatment, have a
tremendous impact on the physical, psychosocial well-being of
these patients, resulting a reduction of disability adjusted life
years (DALYs) (9–12). Therefore, it is of great significance to
differentiate these patients with different risk of death, especially
breast cancer specific death, and implement different
treatment strategies.

With the increased use of neoadjuvant chemotherapy in
TNBC patients, pathologic response has been recognized as an
important prognostic factor (13). However, neoadjuvant has
adverse therapeutic effects and takes time, which have an
impact on the childbearing patients’ willingness to treatment
(14). Even worse, some non-pathologic responding patients do
not benefit from it and may delay prompt treatment. So, if the
level of risk can be identified based on other characteristics, it will
facilitate the identification and implementation of a tailored
treatment. Our previous study described the molecular
characteristics of TNBC patients of childbearing age, which
provide a rationale for clinical management (15). However, in
clinical practice, clinicopathologic characteristics are more
accessible for clinicians than molecular profiling. Thus, the
urgent clinical need for risk estimation prompted us to
construct a clinicopathological information-based model for
predicting survival in childbearing-age TNBC patients.

Nomograms are reliable and effective tools to quantify
individual risk by incorporating and illustrating multiple
important prognostic factors. They performed well in
predicting survival in a variety of cancer types (16). In addition
to nomogram for all four subtypes of breast cancer (17),
researchers established specific nomograms for different
histological subtypes (18–23), clinical subtypes (24–26),
Frontiers in Oncology | www.frontiersin.org 231
metastatic status (27–30), and age group (31–35) of breast
cancer. However, to the best of our knowledge, nomograms for
predicting the survival of childbearing-age patients with TNBC
have not been reported. In this study, we aimed to formulate
comprehensive nomograms based on complete clinical data
selected from the Surveillance, Epidemiology, and End Results
(SEER) database to estimate survival in TNBC patients of
childbearing age.
MATERIALS AND METHODS

Data Source and Patient Screening
Data were extracted from the SEER*Stat version 8.3.6.1, SEER 18
Cancer Registry [1976-2016] (with additional treatment fields) of
the National Cancer Institute. The following criteria were used to
identify eligible patients: female gender; age of 18–45 years at
diagnosis; diagnosed between 2010 and 2015; pathologically
confirmed invasive ductal carcinoma of the breast (ICD-O-3
8500/3); diagnosis confirmed by positive histology and not by
autopsy or a death certificate; breast cancer as the first and only
primary tumor; unilateral breast cancer; adjusted AJCC stage I-
III; histological grade I-III; known tumor size; known regional
lymph nodes status; and ER, PR, and HER2 negativity. Since the
HER2 status was not recorded in the database until 2010,
patients diagnosed before 2010 were not included. Patients
diagnosed after 2015 were also excluded to ensure adequate
follow-up time. Exclusion criteria were as follows: no record of
regional lymph node status or tumor size; Paget’s disease and
inflammatory breast cancer; incomplete survival data and
unspecified tumor laterality or location information; survival
month less than 1. Eventually, 4,593 patients were included after
the screening. The following data were collected and transformed
into categorical variables: age, race, marital status, laterality,
grade, location, tumor size, positive lymph nodes, breast
surgery, radiation, and chemotherapy.

Identification of Prognostic Factors in the
Training Cohort
Patients were randomly classified into a training and a validation
cohort at a 1:1 ratio (36). The primary endpoint were overall
survival (OS) and breast cancer-specific survival (BCSS). OS was
defined as the interval from breast cancer diagnosis to the last
follow-up or death from any cause. BCSS was define as the
interval from the time of diagnosis to last follow-up or death
from breast cancer. Independent prognostic factors for OS were
identified by multivariate Cox proportional hazards models, and
the results were reported using hazard ratios (HRs) and 95%
confidence intervals (CIs). The cumulative incidence rates of
breast cancer specific death (CIBCSD) were calculated based on
competing-risk models, and differences among groups were
assessed by the Gray’s test (37, 38). In the competing-risk
regression model, deaths from non-breast cancer specific
causes were considered as competing risks.
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Model Construction in the Training Cohort
Two nomograms were constructed to predict survival in the
training cohort (39). Independent prognostic factors in
multivariate Cox proportional hazards models were used to
construct the nomogram for 3- and 5-year OS. Factors
associated with CIBCSD in the competing-risk models were
used to build the BCSS nomogram. The BCSS nomogram was
also constructed based on the Cox regression model, in which
patients succumbing to non-breast cancer specific causes were
considered to be censored.

Model Validation in Both Cohorts
The nomograms were validated in both training and validation
cohorts. First, the predictive accuracies of the nomograms were
validated by bootstrapping with 1000 repetitions, and the
discriminative ability was quantified by the concordance index
(C-index). The C-index ranges from 0.5 (occurring by random
chance) to 1.0 (perfectly correct discrimination). Second,
calibration curves were generated to obtain nomogram-predicted
survival, which is then compared with the corresponding Kaplan-
Meier estimates. Third, according to the nomogram, we calculated
the total points for all patients (40). The predictive precision of the
risk score as a continuous variable was evaluated by time-
dependent receiver operating characteristic (ROC) curves, and
areas under the curves (AUCs) were used as the criterion (41). The
ROC curves plotted the predictive sensitivity and specificity; a
larger AUC (range 0.5~1.0) reflected a more accurate prediction.
Finally, to demonstrate the clinical values of the nomograms that
included all meaningful variables, two normal TNBC patients were
assessed as examples.

Statistical Analysis
All statistical analyses were performed with STATA (version
14.1) and R (version 3.6.1). The R packages including caret, rms,
cmprsk, survivalROC, and nomogramFormula were used.
Statistical significance was defined as P < 0.05.
RESULTS

Patient Characteristics
A total of 4,593 patients from the SEER program were enrolled in
our study. The demographics and clinicopathologic
characteristics of these patients are listed in Table 1. Among
these patients, median follow-up months were 37 months (25%–
75%, 22–58 months). Nearly half of them were aged between 40
and 45 (45.8%), while those between 35 and 40 (29.0%), and less
than 35 (25.2%) composed the remaining half. Most of the
patients were white (69.4%) and more than half of the patients
were unmarried (58.8%). All assessed factors showed similar
distribution between the training and validation cohorts.

Factors Associated With Overall Survival
in the Training Cohort
In univariate Cox analysis, race, marital status, tumor location,
tumor size, number of positive lymph nodes and breast surgery
Frontiers in Oncology | www.frontiersin.org 332
type were significantly correlated with OS (all P < 0.001 except
for race and breast surgery, with P = 0.009 and P = 0.003,
respectively). These prognostic factors were included in
multivariate Cox analysis. The results confirmed that
unmarried status, overlapped tumor location, large tumor, and
more positive lymph nodes were independent adverse prognostic
factors (Table 2). These variables were included in a weighted
scoring system to estimate 3- and 5-year OS.
TABLE 1 | Patients’ demographics and clinicopathologic characteristics.

All patients Training
cohort

Validation
cohort

N=4,593 (%) N=2,296 (%) N=2,297 (%)

Median follow-up months
(IQR)

37 (22–58)

Age (years)
≤ 35 1158 (25.2) 571 (24.9) 587 (25.6)
35–40 1331 (29.0) 670 (29.2) 661 (28.8)
40–45 2104 (45.8) 1055 (45.9) 1049 (45.7)
Race
White 3188 (69.4) 1571 (68.4) 1617 (70.4)
Black 915 (19.9) 471 (20.5) 444 (19.3)
Others# 490 (10.7) 254 (11.1) 236 (10.3)
Marital status$

Married 1892 (41.2) 952 (41.5) 940 (40.9)
Unmarried 2701 (58.8) 1344 (58.5) 1357 (59.1)
Laterality
Left 2355 (51.3) 1179 (51.4) 1176 (51.2)
Right 2238 (48.7) 1117 (48.6) 1121 (48.8)
Grade
I 24 (0.5) 14 (0.6) 10 (0.4)
II 426 (9.3) 211 (9.2) 215 (9.4)
III 4143 (90.2) 2071 (90.2) 2072 (90.2)
Location*
Central 95 (2.1) 50 (2.2) 45 (2.0)
Inner 910 (19.8) 439 (19.1) 471 (20.5)
Outer 2167 (47.2) 1111 (48.4) 1056 (46.0)
Tail 41 (0.9) 21 (0.9) 20 (0.9)
Overlap 1380 (30.0) 675 (29.4) 705 (30.7)
Tumor Size (cm)
≤ 2 1510 (32.9) 746 (32.5) 764 (33.3)
2–5 2455 (53.5) 1222 (53.2) 1233 (53.7)
> 5 628 (13.7) 328 (14.3) 300 (13.1)
Positive lymph nodes
0 2752 (59.9) 1370 (59.7) 1382 (60.2)
1–3 1017 (22.1) 526 (22.9) 491 (21.4)
> 3 824 (17.9) 400 (17.4) 424 (18.5)
Breast Surgery
BCS 1924 (41.9) 934 (40.7) 990 (43.1)
Mastectomy 2669 (58.1) 1362 (59.3) 1307 (56.9)
Radiation
Yes 2144 (46.7) 1062 (46.3) 1082 (47.1)
No 2449 (53.3) 1234 (53.7) 1215 (52.9)
Chemotherapy
Yes 4183 (91.1) 2091 (91.1) 2092 (91.1)
No/Unknown 410 (8.9) 205 (8.9) 205 (8.9)
February 20
21 | Volume 10
#American Indian/AK Native, Asian/Pacific Islander.
$Unmarried included single (never married), widowed, separated, divorced, and unmarried
or domestic partner.
*Central, codes C50.0 and C50.1; Inner, codes C50.2 and C50.3; Outer, codes C50.4
and C50.5; Tail, code C50.6; Overlap, codes C50.8 and C50.9. From SEER Coding
Guidelines Breast 2018 manual, coding guideline breast C500–C509.
BCS, breast conservation surgery; IQR, interquartile range.
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Factors Associated With Breast Cancer-
Specific Survival in the Training Cohort
To identify prognostic factors associated with BCSS, we
determined CIBCSD and cumulative incidence of non-breast
cancer specific death (CINBCSD) based on the developed
competing-risk models. At 3 and 5 years after diagnosis,
CIBCSD rates in the training cohort were 0.144 and 0.195,
respectively, while CINBCSD rates were 0.011 and 0.020,
respectively. Estimates of CIBCSD and other causes according
Frontiers in Oncology | www.frontiersin.org 433
to the clinicopathological variables are shown in Table 3. Black
patients had the highest CIBCSD (0.192 and 0.246 for 3 and 5
years, respectively), while white and patients of other race had
lower CIBCSD (white, 0.133 and 0.187 for 3 and 5 years,
respectively; other race, 0.122 and 0.142 for 3 and 5 years,
respectively; P = 0.006). Other factors significantly associated
with CIBCSD are marital status, tumor size, tumor location,
lymph node status, and surgery type (all P < 0.001). All these
TABLE 2 | Univariate and multivariate analyses of overall survival in the training
cohort.

Training cohort

Univariate Multivariate P value
P value HR (95% CI)

Age (years) 0.762
≤ 35
35–40
40–45
Race 0.009
White Ref. -
Black 1.06 (0.83–1.37) 0.621
Others# 0.73 (0.50–1.08) 0.114
Marital status$ <0.001
Married Ref. -
Unmarried 1.49 (1.19–1.85) <0.001
Laterality 0.637
Left
Right
Grade 0.134
I
II
III
Location* <0.001
Central 1.51 (0.90–2.55) 0.190
Inner 0.92 (0.67–1.26) 0.594
Outer Ref. -
Tail 0.62 (0.15–2.55) 0.503
Overlap 1.22 (1.03–1.81) 0.045
Tumor Size (cm) <0.001
≤ 2 0.62 (0.46–0.82) 0.001
2–5 Ref. –

>5 2.02 (1.59–2.57) <0.001
Positive lymph nodes <0.001
0 Ref. –

1–3 2.54 (1.94–3.32) <0.001
> 3 4.47 (3.44–5.82) <0.001
Breast Surgery 0.003
BCS Ref. –

Mastectomy 1.20 (0.96–1.51) 0.111
Radiation 0.169
Yes
No
Chemotherapy 0.782
Yes
No/Unknown
#American Indian/AK Native, Asian/Pacific Islander.
$Unmarried included single (never married), widowed, separated, divorced, and unmarried
or domestic partner.
*Central, codes C50.0 and C50.1; Inner, codes C50.2 and C50.3; Outer, codes C50.4
and C50.5; Tail, code C50.6; Overlap, code C50.8. From SEER Coding Guidelines Breast
2018 manual, coding guideline breast C500–C509.
BCS, breast conservation surgery; CI, confidence interval; HR, hazard ratio; Ref.,
Reference.
TABLE 3 | Three- and 5-year cumulative incidence rates of death among
patients in the training cohort.

Cumulative incidence of
breast cancer-specific

death

Cumulative incidence of
non-breast cancer-

specific death

3-year 5-year P value 3-year 5-year P value

Age (years) 0.586 0.627
≤ 35 0.147 0.173 0.013 0.016
35–40 0.162 0.216 0.009 0.016
40–45 0.131 0.192 0.010 0.024
Race 0.006 0.383
White 0.133 0.187 0.001 0.023
Black 0.192 0.246 0.011 0.015
Others# 0.122 0.142 0.004 0.004
Marital status$ <0.001 0.210
Married 0.113 0.153 0.009 0.017
Unmarried 0.188 0.253 0.014 0.023
Laterality 0.688 0.813
Left 0.137 0.200 0.014 0.019
Right 0.152 0.190 0.007 0.021
Grade 0.368 0.643
I 0.000 0.000 0.000 0.000
II 0.123 0.190 0.014 0.034
III 0.147 0.197 0.010 0.018
Location* <0.001 0.958
Central 0.293 0.378 0.021 0.021
Inner 0.099 0.148 0.005 0.019
Outer 0.134 0.187 0.011 0.022
Tail 0.056 0.134 0.000 0.000
Overlap 0.182 0.227 0.012 0.015
Tumor Size (cm) <0.001 0.665
≤ 2 0.065 0.093 0.009 0.017
2–5 0.133 0.191 0.011 0.020
>5 0.356 0.432 0.015 0.024
Positive lymph nodes <0.001 0.356
0 0.059 0.099 0.006 0.019
1–3 0.203 0.265 0.013 0.016
> 3 0.359 0.428 0.022 0.026
Breast Surgery <0.001 0.474
BCS 0.111 0.146 0.010 0.015
Mastectomy 0.166 0.227 0.011 0.022
Radiation 0.088 0.395 0.395
Yes 0.166 0.216 0.009 0.016
No 0.125 0.176 0.012 0.023
Chemotherapy 0.444 0.001
Yes 0.146 0.199 0.009 0.015
No/Unknown 0.125 0.162 0.024 0.058
All Patients 0.144 0.195 0.011 0.020
February 2021 | V
olume 10
 | Article
#American Indian/AK Native, Asian/Pacific Islander.
$Unmarried included single (never married), widowed, separated, divorced, and unmarried
or domestic partner.
*Central, codes C50.0 and C50.1; Inner, codes C50.2 and C50.3; Outer, codes C50.4
and C50.5; Tail, code C50.6; Overlap, code C50.8. From SEER Coding Guidelines Breast
2018 manual, coding guideline breast C500–C509.
BCS, breast conservation surgery.
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factors were used to construct a nomogram to predict 3- and 5-
year BCSS.

Nomograms
Based on the prognostic factors identified in the training cohort,
nomograms were formulated to predict 3- and 5-year OS and
BCSS (Figure 1). To clarify the applications of these nomograms,
two representative TNBC patients were assessed. Both patients
were married, underwent surgery, and diagnosed with grade III,
invasive ductal carcinoma with outer location. The first patient
was a 36-year-old white patient diagnosed with a tumor of 1.5 cm
in diameter and without positive lymph node, while the second
was a 37-year-old patient of other race (American Indian/AK
Native, Asian/Pacific Islander) diagnosed with a tumor of 5.5 cm
in diameter and with 5 positive lymph nodes. According to the
nomograms, the first patient scored 59.1 and 47.9 in the OS and
BCSS nomograms, respectively, which indicated that her odds of
3- and 5-year OS were greater than 0.85, and those of 3- and 5-
year BCSS were greater than 0.95. Scores of the second patient in
OS and BCSS nomograms were 214.3 and 205.1, respectively,
Frontiers in Oncology | www.frontiersin.org 534
which indicated that the odds of both 3- and 5-year OS and BCSS
were less than 0.7. These results can help to guide individualized
treatment for these two patients.

Model Validation
Nomogram validation was processed in both the training and
validation cohorts. In the training cohort, the Harrell’s C-indexes
for the nomograms for predicting OS and BCSS were 0.766 and
0.776, respectively. In the validation cohort, the C-indexes were
slightly lower, i.e., 0.763 and 0.765, respectively (Table S1). The
external and internal calibration curves were shown in Figure 2
and Figure S1, which demonstrated an excellent agreement
between the actual and nomogram-predicted survival rates.
The time-dependent ROC curves for predicting 3- and 5-year
OS and BCSS in the training and validation cohorts were
presented in Figure 3. With the risk score as a continuous
variable, the AUCs for 3- and 5-year OS and BCSS predictions
were all above 0.74. These results demonstrated that the
nomograms were useful tools for the prediction of survival in
TNBC patients of childbearing age.
A

B

FIGURE 1 | Nomograms predicting 3- and 5-year (A) overall survival (OS) and (B) breast cancer-specific survival (BCSS) in TNBC patients of childbearing age.
Instructions for nomogram use were as follows. First, assign points to each characteristic for a given patient by drawing a vertical line from that variable to the points
scale. Then, sum all the points and draw a vertical line from the total points scale to the 3- and 5-year OS or BCSS to obtain the likelihood of 3- or 5-year survival.
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DISCUSSION

In the light of the relatively high mobility and invasiveness of
tumor, strong desire to preserve and restore physiological and
social functions, high requirements for quality of life, and unique
clinicopathological features of TNBC patients of childbearing
Frontiers in Oncology | www.frontiersin.org 635
age, a brief nomogram based on follow-up data of a large cohort
for predicting OS and BCSS should be quite practical in clinic.
Although nomograms predicting survival of patients with TNBC
or of a specific age group have been reported (20, 22, 31–33,
35), there is no nomogram for TNBC patients of childbearing
age, a period of highly active physiological and social function.
A

B

FIGURE 2 | Calibration curves for external validation. (A) Nomogram calibration curves for 3- and 5-year overall survival (OS). (B) Nomogram calibration curves for
3- and 5-year breast cancer-specific survival (BCSS). X-axis, nomogram-predicted survival; Y-axis, actual survival.
A B

FIGURE 3 | Time-dependent receiver operating characteristic (ROC) curves for predicting 3- and 5-year OS and BCSS. (A) Internal validation in the training cohort.
(B) External validation in the validation cohort. AUC, area under curve; OS, overall survival; BCSS, breast cancer-specific survival.
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Using data from the SEER program, we established reliable
nomograms to predict the 3- and 5-year OS and BCSS of these
patients based on Cox regression and competing-risk models.
The calibration curves, time-dependent ROC analysis and
Harrell’s C-indexes demonstrated satisfactory performances of
our nomograms. Therefore, our nomograms can be used for
personalized risk prediction and to guide treatment for TNBC
patients of childbearing age.

In the current study, several demographics and
clinicopathologic characteristics were shown to be prognosis
factors of 3- and 5-year OS and BCSS, including marital status,
tumor location, tumor size, number of positive lymph nodes, race
and surgery, corroborating previous studies of TNBC patients (42–
46). The primary tumor site is considered as an important
independent prognostic factor of breast cancer, and several
studies have shown that tumor location in lower inner zone
suggests a poor prognosis (47, 48). In the univariate analysis of
OS in the training cohort, OS was significantly different among the
five groups of tumor location. In multivariate analysis, though only
the “overlap” site was significantly associated with poor prognosis,
the hazard ratios of various groups confirmed the impact of tumor
location on OS. Therefore, this factor was incorporated in the
nomogram for predicting OS. As for BCSS, different groups of
location were significantly different in CIBCSD and showed no
differences in CINBCSD, indicating that tumor location is a
significant prognosis factor of breast cancer-specific death.
According to the CIBCSD of each group, we developed a scoring
system to qualify the risk caused by tumor location. Previous studies
have shown higher incidence of TNBC among black women
compared with other races, which is determined by biological
differences and socioeconomic factors (45, 49). In addition,
African ethnicity is a significant and independent predictor of
poor outcome (50). In this study, race was a significant but not
independent prognosis factor of OS. However, regarding BCSS,
black women had higher CIBCSD compared with white and
“other” patients. Therefore, race was included in our scoring
system for BCSS prediction but not for OS prediction.

Despite the above strengths, there were some limitations in this
study. First, the undetailed data of adjuvant chemotherapy and
radiotherapy in the SEER database cannot distinguish “no
treatment” and “unknown if patients received treatment”, which
were combined into a group in our study. Moreover, the lack of
information on neoadjuvant therapy in SEER database made it
impossible to evaluate the relationship between neoadjuvant
therapy and survival in this paper. Some other proven prognostic
factors of breast cancer in childbearing age, including breastfeeding,
adiposity, and oral contraceptive use (51), were also not available in
the SEER database. Although more detailed treatment information
is available in other databases, i.e., the National Cancer Database
(NCDB) database, we chose SEER as our data source because
NCDB is a hospital-based rather than population-based database
without available BCSS data (52–54). Second, breast cancer that
occurs in patients before the age of 45 has a higher potential to
result from hereditary causes. Patients with hereditary breast cancer
have a higher risk of recurrence and death. However, because of the
lack of genetic data in SEER datasets, we cannot incorporate this
important factor into our nomograms, whichmay lead to predictive
Frontiers in Oncology | www.frontiersin.org 736
bias. Third, patients with incomplete clinical information or
survival data were excluded from this study, which could result in
selection bias. Further, limited by its single data source and
retrospective nature, the nomograms should be further validated
in other cohorts, and a prospective research should be performed
before its clinical application.
CONCLUSION

We developed nomograms to predict OS and BCSS in TNBC
patients of childbearing age based on a relatively large cohort
with detailed follow-up. The nomograms had excellent
performances in both training and validation cohorts. It may
serve as an efficient tool for clinicians to predict the prognosis of
these patients and to guide individualized treatment.
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Breast cancer is one of the most common types of malignancy worldwide; however, its
underlying mechanisms remain unclear. In the present study, we investigated the roles of
G-protein-coupled receptor family C, member 5, group A (GPRC5A) in cell apoptosis in
triple-negative breast cancer (TNBC). The expression of GPRC5A in breast cancer cell
lines was detected by real time PCR and western blot. And the results suggested that
GPRC5A was downregulated in breast cancer cell lines compared to normal breast
epithelial cell lines. Additionally, the expression of GPRC5A in TCGA database was
analyzed in silico. GPRC5A exhibited the lowest expression levels in TNBC compared
to ER+ and HER2+ breast cancer. Overexpression of GPRC5A in MDA-MB-231 and
MDA-MB-468 cells promoted apoptosis, whereas depletion of GPRC5A in T47D and
MCF7 cells inhibited cell apoptosis via the intrinsic apoptotic pathway. We performed
RNA-sequencing in GPRC5A overexpressed MDA-MB-231 and the control cells. The
results facilitated the identification of a number of signaling pathways involved in this
process, and the PI3K/Akt signaling pathway was found to be one the most important. A
specific activator of the PI3K/Akt signaling pathway inhibited apoptosis of breast cancer
cells, whereas cotreatment of this activator with a GPRC5A-expressing plasmid reduced
this effect. Similarly, a specific inhibitor of the PI3K/Akt signaling pathway increased cell
apoptosis by activating caspase-3 and caspase-9, whereas co-incubation of the inhibitor
with a short hairpin RNA targeting GPRC5A significantly reduced the cell apoptotic rate.
Additionally, the overexpression of GPRC5A suppressed tumor growth by inducing cell
apoptosis in vivo. Taken together, the present study identified GPRC5A as a protective
factor against the progression of human triple-negative breast cancer by increasing cell
apoptosis via the regulation of the PI3K/Akt signaling pathway.

Keywords: G-protein-coupled receptor family C, member 5, group A (Gprc5a), cell apoptosis, PI3K/Akt, breast
cancer, triple-negative breast cancer (TNBC)
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INTRODUCTION

Breast cancer is one of the most common diseases among
females, with ~200,000 new cases diagnosed every year
worldwide, and is a major cause of mortality in females despite
age or ethnicity. Triple-negative breast cancer (TNBC) is the
most challenging subtype of breast cancer to treat. TNBC refers
to breast cancer where the genes encoding estrogen receptor
(ER), progesterone receptor and human epidermal growth factor
receptor 2 are not upregulated (1). TNBC is poorly differentiated
and can migrate and proliferate in distant locations faster
compared with other types of breast cancer, which leads to a
worse prognosis and a short 5-year survival rate (2, 3). The lack
of targetable receptors in TNBC makes targeted therapy an
important topic of research and a number of studies are trying
to identify novel markers for the treatment and diagnosis of
breast cancer.

G-protein-coupled receptor family C, member 5, group A
(GPRC5A), also termed retinoic acid-inducible 3, belongs to the
largest protein superfamily containing >700 genes within the
human genome (4, 5). GPRC5A was first identified in 1998 in
numerous types of human cancer, including colon cancer (6),
colorectal cancer (7), and pancreatic cancer (8). A high
prevalence of GPRC5A germline mutations have been
identified in BRCA1-mutant breast cancer (9). Furthermore,
GPRC5A has been demonstrated to be a potential therapeutic
target (10), and can inhibit epidermal growth factor receptor and
its downstream pathway (11). However, the detailed mechanisms
underlying the regulatory roles of GPRC5A remain unclear.

Cell apoptosis is a form of programmed cell death that occurs
in multicellular organisms (12) and serves significant roles in
various types of cancer (13). Our previous researches implicate
GPRC5A as a tumor suppressor in breast cancer cells, and
GPRC5A exerts its tumor-suppressive function by inhibiting
EGFR related cell proliferation. Meanwhile, we found GPRC5A
as a tumor suppressor has effect on breast cancer cell apoptosis
(11). Thus, the present study aimed to examine whether the role
of GPRC5A is associated with cell apoptosis. Cultured breast
cancer cells were used in the present study to detect the
expression of GPRC5A. RNA-sequencing (RNA-seq) analysis
was performed to investigate the detailed mechanism underlying
the protective role of GPRC5A. A specific activator and an
inhibitor of the PI3K/Akt signaling pathway were also used in
the presence or absence of a GPRC5A expressing plasmid or
short hairpin RNA (shRNA) targeting GPRC5A (shGPRC5A).
The present results suggested a protective role of GPRC5A in
human breast cancer and investigated its underlying mechanism,
facilitating the development of novel clinical treatments for
patients with TNBC.
MATERIALS AND METHODS

Cell Culture and Transfection. The human breast cancer cell lines
T47D, MDA-MB-231, MDA-MB-468, MCF7, and SK-BR-3 were
purchased from the Cell Bank of Shanghai Biological Institute,
Frontiers in Oncology | www.frontiersin.org 240
Chinese Academy of Science. The breast epithelial cell line
MCF10A was obtained from the American Type Culture
Collection and was used as control cell line to assess the
expression level of GPRC5A. All cell lines were cultured in
DMEM (Gibco; Thermo Fisher Scientific, Inc.) supplemented
with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.) and
maintained at 37˚C with 5% CO2.

Specific shRNAs against GPRC5A were designed and
synthesized by Shanghai GenePharm Co., Ltd. and dissolved in
20 µM. The GPRC5A-expressing plasmid was cloned by PCR
with XhoI and HindIII restriction enzymes into pcDNA3.1 and
validated by DNA sequencing. Cell transfection was performed
with Lipofectamine® 3000 (Invitrogen; Thermo Fisher Scientific,
Inc.), according to the manufacturer’s protocol. Cells transfected
with empty vector or a non-targeting shRNA were used
as controls.

SF1670, a specific PTEN inhibitor, and deguelin were used as
the activator and inhibitor of the PI3K/Akt signaling pathway,
respectively, and both were obtained from Selleck Chemicals and
used at a final concentration of 10 µM.

Reverse Transcription-Quantitative PCR. Total RNA from
cultured breast cancer cells was extracted using TRIzol®

reagent (Invitrogen; Thermo Fisher Scientific, Inc.) and
quantified with Nanodrop 2000 by measuring the absorbance
at 260 and 280 nm. A total of 1 µg RNA was reverse transcribed
into cDNA by Prime Script Master mix (Takara Biotechnology
Co., Ltd.) according to the manufacturer’s protocol. qPCR was
performed with SYBR Premix EX Taq TM II (Takara
Biotechnology Co., Ltd.) on an ABI 7900 qPCR detection
system (Thermo Fisher Scientific, Inc.) with the following
conditions: Initial denaturation at 95˚C for 5 min, followed by
45 cycles of 10 s at 95˚C (denaturation), 10 s at 60˚C (primer
annealing), and 10 s at 72˚C (elongation), and a final extension
step for 10 min at 72˚C. GAPDH was used as the internal
reference. Relative mRNA expression levels were calculated using
the 2-DDCq method. The following primer sequences were used
for the qPCR analysis: GPRC5A forward, 5’-ATGGCTACA
ACAGTCCCTGAT-3’ and reverse, 5’-CCACCGTTTCTAG
GACGATGC-3’; PI3K forward, 5’-GTCCTATTGTCGTG
CATGTGG-3 ’ and reverse, 5 ’-TGGGTTCTCCCAAT
TCAACC-3 ’ ; Akt forward, 5 ’-TTCTATGGCGCTGA
GATTGTGT-3’ and reverse, 5’-GCCGTAGTCATTGTC
CTCCAG-3’; mTOR forward, 5’-ATGCTTGGAACCGG
ACCTG-3’ and reverse, 5’-TCTTGACTCATCTCTCGGAGTT-
3’; and GAPDH forward, 5’-GTGGACATCCGCAAAGAC-3’
and reverse, 5’-AAAGGGTGTAACGCAACTA-3’.

Vector Construction, Virus Production, and the Construction
of Stable Cell Lines. The GPRC5A plasmid was purchased in
HANHENG Co. (China). Then GPRC5A were amplified by
reverse transcription PCR and then inserted into pLV-cDNA-
MCS-bsd cloning vector (Biosettia). Lentivirus stocks were
produced by transfecting a 4-plasmid system from 293T in
accordance with the manufacturer’s instruction (Biosettia). The
lentivirus stocks were added to MDA-MB-231 cell line for 16h.
After 48h, 10 mg/ml blasticidin S was added for 3 days to
obtained MDA-MB-231-GPRC5A cell lines.
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Cell Apoptosis Assays. The annexin V/propidium iodide (PI)
assay was performed according to the manufacturer’s protocol
(Invitrogen; Thermo Fisher Scientific, Inc.). Briefly, MDA-MB-
231 and MDA-MB-468 cells were transfected with GPRC5A-
expressing plasmid and treated with or without SF1670. In
addition, T47D and MCF7 cells were transfected with
shGPRC5A in the presence or absence of deguelin. Subsequently,
cells were washed twice with pre-cold PBS, trypsinized and re-
suspended in 100 ml binding buffer with 2.5 ml FITC-conjugated
annexin-V and 1 ml PI (100 mg/ml). Cells were then incubated at
room temperature for 15 min in the dark. A total of ~10,000 cells
were collected and analyzed with a flow cytometer.

Relative Caspase Activities. The relative activities of caspase-3,
caspase-8, and caspase-9 were determined using caspase activity
kits (cat. nos. C1115, C1151, and C1157, respectively; Beyotime
Institute of Biotechnology), according to the manufacturer’s
protocols. Briefly, MDA-MB-231 and MDA-MB-468 cells were
transfected with GPRC5A expressing plasmid with or without
SF1670, and T47D and MCF7 cells were treated with shGPRC5A
in the presence or absence of deguelin. Subsequently, cell lysates
were collected by low speed centrifugation at 1,000 x g for 5 min
at 4°C. An equal amount of protein (10 µl) was added into 96-
well plates in triplicate and mixed with 80 ml reaction buffer
supplemented with caspase substrates (2 mM). Following
incubation at 37°C for 4 h, caspase activities were determined
at an absorbance of 450 nm.

Western Blot Assays. Cells were transfected with shGPRC5A
or GPRC5A-expressing plasmid for 48 h and then lysed with
RIPA lysis buffer (Beyotime Institute of Biotechnology) and fresh
protease inhibitor cocktail (Thermo Fisher Scientific, Inc.). The
protein concentration was assessed using a bicinchoninic assay
kit (Thermo Fisher Scientific, Inc.), according to the
manufacturer’s protocol. A total of 40 µg protein extract was
loaded into each well of a 12% SDS-PAGE gel and transferred to
a nitrocellulose membrane (EMDMillipore). Following blocking
with 5% milk, the membranes were incubated with primary
antibodies against GPRC5A (cat. no. CSB-PA818781DSR1HU;
Cusabio Biotech Co., Ltd.), caspase-3 (cat. no. ab13585; Abcam),
caspase-9 (cat. no. ab2324; Abcam), cytochrome C (cat. no.
ab13575; Abcam) and GAPDH (cat. no. sc-32233; Santa Cruz
Biotechnology, Inc.) overnight. The secondary antibodies were
purchased from Santa Cruz Biotechnology, Inc. All antibodies
were diluted at a ratio of 1:1,000. Subsequently, proteins were
detected using an enhanced chemiluminescence kit (EMD
Millipore). The immunoreactive bands were quantified by
densitometry with ImageJ software (National Institutes
of Health).

RNA-Seq Analysis. MDA-MB-231 cells were transfected with
or without GPRC5A expressing plasmid for 48 h and total RNA
was then extracted for RNA-seq in triplicate. RNA-seq was
performed and analyzed by AnNuoNeng Co. Different
signaling pathways were investigated and the significant
differentially expressed genes (P<0.05) were classified into
corresponding signaling pathways.

Tumor Xenograft. The female NOD/SCID mice at 6–8 weeks
were chosen and randomly separated into two groups (n=5
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each). 2 × 106 cells (MDA-MB-231-MCS and -GPRC5A) were
injected subcutaneously into each mouse at the fourth mammary
fat pad.

Tumor volume was measured once every 3 days and
calculated by the formula: length × width2/2. All animal
experiments were conducted according to the standard
operating procedures approved by the Institute Research Ethics
Committee of Tianjin Medical University Cancer Hospital.

Immunohistochemistry and TUNEL Assay. Immunohistochemistry
and TUNEL staining were performed using standard protocols
with paraffin-embedded mouse xenograft tumors. These tissues
were stained using GPRC5A antibody (YT3995, immunoway,
1:1000). TUNEL staining was performed according to the
manufacturer’s protocol (12156792910, invitrogen).

Statistical Analysis. GraphPad Prism 5.0 software (GraphPad
Software, Inc.) was used for statistical analysis. Data are
presented as the mean ± SD. Two-tailed Student’s t-test was
used for comparisons between groups, while differences between
tumor and adjacent normal control samples were analyzed using
a paired Student’s t-test. For comparisons among multiple
groups (≥3 groups), one-way ANOVA was used followed by
Fisher’s least significant difference post-hoc test. P<0.05 was
considered to indicate a statistically significant difference. All
experiments were performed in triplicate.
RESULTS

GPRC5A Expression Is Downregulated in Human Breast Cancer
Cells. First, the expression of GPRC5A in breast cancer cells was
examined. The mRNA expression levels of GPRC5A were
significantly lower in breast cancer cells compared with
MCF10A control cells (Figure 1). Similarly, the protein
expression levels of GPRC5A were significantly lower in
breast cancer cells compared with the MCF10A (Figure 1B).
Notably, MDA-MB-231 and MDA-MB-468 cells exhibited the
lowest expression levels of GPRC5A, while T47D and MCF7
cells exhibited the highest mRNA expression levels of GPRC5A
among the breast cancer cell lines investigated. Therefore,
MDA-MB-231 and MDA-MB-468 cells were selected for
subsequent overexpression experiments, and T47D and
MCF7 cells were selected for knockdown experiments.
Additionally, GPRC5A is significantly downregulated
in TNBC breast cancer compared to ER+ and HER2+

breast cancer from TCGA database. (Figure 1). And
Immunohistochemistry staining assay showed the similar
results (Figure S1). In summary, the present data suggested
that GPRC5A was downregulated in human breast cancer,
especially in triple negative breast cancer.

Overexpression of GPRC5A Promotes Cell Apoptosis by
Increasing the Activity of the Intrinsic Apoptotic Pathway. The
detailed role of GPRC5A in human breast cancer was then
investigated. GPRC5A-expressing plasmid was transfected into
MDA-MB-231 and MDA-MB-468 cells. The relative mRNA
level of GPRC5A was significantly increased in transfected cells
compared with the control cells for both cell lines (Figure 2). In
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addition, the cell apoptotic rates were increased by 3.5- and 3-
fold following transfection in MDA-MB-231 and MDA-MB-468
cells, respectively (Figure 2, Figure S1). Cell apoptosis includes
two distinct pathways; the intrinsic pathway, where caspase-3
and 9 are the major factors involved in the process, and the
extrinsic pathway, where caspase-8 serves a crucial role (14).
Following overexpression of GPRC5A in MDA-MB-231 and
MDA-MB-468 cells, the relative activities of caspase-3 (Figure
2) and caspase-9 (Figure 2) were significantly increased
compared with the control cells; however, no significant
difference was identified in the relative activity of caspase-8
(Figure 2). Furthermore, protein expression levels were
detected using western blot analysis. The protein expression
levels of cleaved-caspase-3, cleaved-caspase-9 and cytochrome
C, key molecules involved in the intrinsic pathway of cell
apoptosis, were higher in MDA-MB-231 and MDA-MB-468
cells transfected with GPRC5A-expressing plasmid compared
with the control cells (Figure 2). The present results suggested
that overexpression of GPRC5A increased cell apoptosis in
MDA-MB-231 and MDA-MB-468 cells.

Knockdown of GPRC5A Inhibits Cell Apoptosis by Suppressing
the Activity of the Intrinsic Apoptotic Pathway. In addition, the
present study performed knockdown of GPRC5A using a specific
shRNA and investigated its effects on cell apoptosis. The relative
mRNA levels of GPRC5A were significantly decreased in
Frontiers in Oncology | www.frontiersin.org 442
transfected cells compared with control cells (Figure 3). In
addition, cell apoptosis was significantly suppressed by
GPRC5A shRNA in both cell lines (Figure 3, Figure S1). The
relative activities of different caspases were also detected, and the
activity of caspase-3 (Figure 3) and caspase-9 (Figure 3)
significantly decreased in the transfected cells compared with
the control cells; however, no significant difference in the activity
of capase-8 was detected in T47D and MCF7 cells (Figure 3).
Similarly, the protein expression levels of cleaved-caspase-3,
cleaved-caspase-9 and cytochrome C were markedly decreased
when T47D and MCF7 cells were transfected with shGPRC5A
for 48 h (Figure 3). The present data suggested that GPRC5A
promoted cell apoptosis via the intrinsic apoptotic pathway in
human breast cancer cells in vitro.

Overexpression of GPRC5A Inhibits the PI3K/Akt Signaling
Pathway in MDA-MB-231 Cells. The detailed mechanisms
underlying the regulatory role of GPRC5A in cell apoptosis
were then investigated using RNA-seq techniques. Among all
genes that were identified to be differentially expressed in MDA-
MB-231 cells transfected with GPRC5A expressing plasmid,
those with significant differential expression (P<0.05) were
selected and their associated signaling pathways were
determined. Notably, 18 genes differentially expressed in
MDA-MB-231 cells following GPRC5A overexpression were
identified to be associated with the PI3K/Akt signaling
A B

C D

FIGURE 1 | Expression of GPRC5A is downregulated in human breast cancer. (A) Relative mRNA expression levels of GPRC5A were examined in breast cancer
cell lines and a control normal breast epithelial cell line using reverse transcription-quantitative PCR. (B) Protein expression levels of GPRC5A were examined in
cultured human breast cancer cell lines and the control normal breast epithelial cell line MCF10A by western blot analysis. (C) Quantification of the western blot
analysis results. *P < 0.05 vs. MCF10A. GPRC5A, G-protein-coupled receptor family C, member 5, group A. (D) The expression of GPRC5A in TNBC was
compared to ER+ and HER2+ breast cancer from TCGA database. ***P < 0.05.
February 2021 | Volume 10 | Article 624493

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Yang et al. GPRC5A on Triple Negative Breast Cancer
pathway (Figure 4). These 18 genes were presented in a heat map
and it was identified that the expression levels of a number of
genes, including B-cell adaptor for phosphoinositide 3-kinase,
PI3K and Akt, were downregulated, while numerous genes
associated with the PI3K/Akt signaling pathway, including Bad
and Bax, were upregulated following overexpression of GPRC5A
(Figure 4).

Pharmacologic Interference of the PI3K/Akt Signaling
Pathway Reduces the Effects of GPRC5A on Cell Apoptosis in
Breast Cancer Cells. To elucidate the importance of the PI3K/Akt
signaling pathway in the regulatory role of GPRC5A, the PTEN
inhibitor SF1670 and deguelin were used to activate and inhibit,
respectively, the PI3K/Akt signaling pathway. The present results
suggested that MDA-MB-231 cells treated with SF1670 exhibited
significantly increased mRNA expression levels of PI3K, Akt and
mTOR, while cotreatment with SF1670 and GPRC5A-
overexpressing plasmid significantly reduced this effect (Figure 5).
Furthermore, when MCF7 cells were treated with deguelin, the
mRNA expression levels of PI3K, Akt and mTOR were
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significantly decreased, while cotreatment with deguelin and
shGPRC5A significantly restored the expression levels of these
factors (Figure 5). Subsequently, cell apoptosis was examined,
and MDA-MB-231 and MDA-MB-468 cells treated with SF1670
presented significantly reduced cell apoptosis (Figure 5, Figure
S2), and decreased activities of caspase-3 (Figure 5) and caspase-
9 (Figure 5). Notably, overexpression of GPRC5A significantly
reversed these effects. Similarly, treatment of T47D and MCF7
cells with deguelin significantly increased cell apoptosis (Figure
5, Figure S2), as well as the activities of caspase-3 (Figure 5) and
caspase-9 (Figure 5), while knockdown of GPRC5A significantly
reversed these effects. In summary, the present results suggested
that GPRC5A promoted cell apoptosis by regulating the PI3K/
Akt signaling pathway in breast cancer cells.

GPRC5A Inhibited TNBC Tumor Progression In Vivo. To
investigate the role of GPRC5A on TNBC tumor progression,
the MDA-MB-231 mouse xenograft was established. Stable
MDA-MB-231-MCS and MDA-MB-231-GPRC5A cells were
injected subcutaneously. As shown in Figure 6A, GPRC5A
A B

C D

E F

FIGURE 2 | Overexpression of GPRC5A promotes cell apoptosis by increasing the activity of the intrinsic pathway. (A) Relative mRNA expression levels of GPRC5A
in MDA-MB-231 and MDA-MB-468 cells transfected with a GPRC5A-overexpressing plasmid. (B) Cell apoptotic rates were assessed in MDA-MB-231 and MDA-
MB-468 cells transfected with GPRC5A expressing plasmid. (C) Relative caspase-3 activity levels were examined in MDA-MB-231 and MDA-MB-468 cells
transfected with GPRC5A-expressing plasmid. (D) Relative caspase-8 activity levels were evaluated in MDA-MB-231 and MDA-MB-468 cells transfected with
GPRC5A expressing plasmid. (E) Relative caspase-9 activity levels were examined in MDA-MB-231 and MDA-MB-468 cells transfected with GPRC5A expressing
plasmid. (F) Western blot analysis was performed to examine the levels of factors associated with the intrinsic pathway of cell apoptosis. *P<0.05 vs. control in MDA-
MB-231 cells. #P<0.05 vs. control in MDA-MB-468 cells. GPRC5A, G-protein-coupled receptor family C, member 5, group A; cyto.C, cytochrome C; cl, cleaved.
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significantly inhibited MDA-MB-231 xenograft tumor growth.
The western blot assay showed that upregulated GPRC5A
promotes the expression of cleavage-caspase 3, cleavage-
caspase 9 and cytochrome C, the markers of apoptosis, via
suppressing the activity of PI3K/Akt signaling pathway
(Figure 6). Immunohistochemistry staining and TUNEL assay
showed that the upregulation of GPRC5A promoted the
apoptosis in mouse xenograft model (Figure 6). These results
collectively demonstrated that GPRC5A leads to TNBC tumor
progression via PI3K/Akt pathway in vivo.
DISCUSSION

Breast cancer is one of the most common types of malignancy in
females worldwide and affects ~12% of females (15). Breast
cancer cases contribute to 22.9% of invasive cancer cases and
16% of all cases of cancer in females (16). According to a
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European study, 523,000 new cases were diagnosed in 2018
and 138,000 breast cancer-associated mortalities occurred,
making the incidence rate of breast cancer one of the highest
of all cancer types, with a morbidity rate that ranked third among
all cancer types (17). TNBC accounts for 15–25% of all breast
cancer cases and the incidence rate is very similar among all age
groups (18). Despite significant efforts in the past decades, the 5-
year survival rate remains low. Therefore, there is an urgent
requirement to identify novel therapeutic methods for the
diagnosis and treatment of breast cancer. In the present study,
GPRC5A was identified to be downregulated in breast cancer
cells. Using an in silico assay, a previous study has suggested that
GPRC5A is highly expressed in breast cancer, particularly in ER-
positive breast cancer compared with the normal breast cancer
cell line MCF-10A (19). However, the present results suggested
that the expression of GPRC5A was decreased in cultured breast
cancer cells, in line with a previous study (11). Other studies have
reported that GPRC5A is an orphan G-protein coupled receptor
A B
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FIGURE 3 | Knockdown of GPRC5A inhibits cell apoptosis by suppressing the activity of the intrinsic pathway. (A) Relative mRNA expression levels of GPRC5A in
MDA-MB-231 and MDA-MB-468 cells transfected with shGPRC5A. (B) Cell apoptotic rates were assessed in MDA-MB-231 and MDA-MB-468 cells transfected
with shRNA against GPRC5A. (C) Relative caspase-3 activity levels were examined in MDA-MB-231 and MDA-MB-468 cells transfected with shRNA against
GPRC5A. (D) Relative caspase-8 activity levels were investigated in MDA-MB-231 and MDA-MB-468 cells transfected with shRNA against GPRC5A. (E) Relative
caspase-9 activity levels were evaluated in MDA-MB-231 and MDA-MB-468 cells transfected with shRNA against GPRC5A. (F) Western blot analysis was performed
to examine the levels of proteins associated with the intrinsic pathway of cell apoptosis. *P < 0.05 vs. control in MDA-MB-231 cells. #P < 0.05 vs. control in MDA-
MB-468 cells. GPRC5A, G-protein-coupled receptor family C, member 5, group A; cyto.C, cytochrome C; cl, cleaved; shCon, small hairpin RNA control;
shGPRC5A, GPRC5A small hairpin RNA.
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with an intriguing dual behavior, acting as an oncogene in
certain cancer types and as a tumor suppressor in other cancer
types (20). GPRC5A-KO mice was highly associated with lung
metastasis and poor prognosis (21, 22). In breast cancer,
GPRC5A has been reported to be downregulated and was
identified to act as a tumor suppressor by RhoA/C (23) and
EGFR related signaling pathway (11). GPRC5A could be a
malignant biomarker in breast cancer progression. Thus, the
role and mechanism of GPRC5A in breast cancer, especially in
different breast cancer subtypes, still need elucidated for further
application of GPRC5A as a prospective clinical target.

Since cell apoptosis is an irreversible process, it is highly
regulated (24). Apoptosis can be divided into two pathways; in
the intrinsic pathway, apoptosis occurs following intracellular
stresses, while in the extrinsic pathway, apoptosis occurs
following extrinsic signals (25). In the intrinsic pathway,
cytochrome C is released from the mitochondria and binds to
apoptotic protease activating factor-1 and ATP, forming a
complex that binds to pro-caspase-9 and forms an
apoptosome, which cleaves pro-caspase-9 to its active form
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caspase-9, which activates the effector caspase-3 (26). In total,
two theories of the extrinsic pathway have been suggested; the
tumor necrosis factor-induced model and the Fas-Fas ligand-
mediated model, the former of which involves the activation of
caspase-8 (27). The present study identified that overexpression
of GPRC5A promoted apoptosis and the activities of caspase-3
and caspase-9, while knockdown of GPRC5A inhibited these
processes. These results suggested that GPRC5A affected cell
apoptosis via the intrinsic pathway.

The PI3K/Akt signaling pathway is an intracellular signaling
pathway that is directly associated with cell proliferation,
tumorigenesis, cellular quiescence, longevity and apoptosis (28).
Briefly, PI3K activation phosphorylates and activates Akt, leading
to its translocation to the plasma membrane and the subsequent
activation of its downstream genes, including CAMP responsive
element binding protein, forkhead box O and mTOR (29). Using
RNA-seq analysis, the expression levels of 18 genes associated with
the PI3K/Akt signaling pathway were identified to be significantly
altered following GPRC5A overexpression in MDA-MB-231 cells.
Therefore, the PI3K/Akt signaling pathway was selected for
A

B C

FIGURE 4 | Overexpression of GPRC5A inhibits the PI3K/Akt signaling pathway in MDA-MB-231 cells. (A) RNA-sequencing analysis revealed the top nine signaling
pathways associated with the GPRC5A regulatory network in MDA-MB-231 cells transfected with GPRC5A expressing plasmid. (B) Heatmap of the 18 differentially
expressed proteins that are associated with the PI3K/Akt signaling pathway. Red indicates downregulated and blue indicates upregulated genes. GPRC5A, G-
protein-coupled receptor family C, member 5, group A; p-, phosphorylated; MAPK, mitogen-activated protein kinase; BCAP, B-cell adaptor for phosphoinositide 3-
kinase; PDK1, phosphoinositide-dependent kinase-1; CREB, CAMP responsive element binding protein; AR, androgen receptor; eNOs, endothelial nitric oxide
synthase; PIP5K, phosphatidylinositol-4-phosphate 5-kinase; 4EBP1, eukaryotic translation initiation factor 4E-binding protein 1; ATG13, autophagy-related protein
13; MDM2, mouse double minute 2 homolog; FOXO1, forkhead box protein O1; BIM, Bcl-2-like protein 11. (C) Western blot analysis was performed to examine the
levels of proteins associated with PI3K/Akt signaling pathway.
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further investigation. A number of factors can enhance PI3K/Akt
signaling, including epidermal growth factor, insulin-like growth
factor 1 and insulin (30). In addition, numerous factors can inhibit
the PI3K/Akt signaling pathway, PTEN, glycogen synthase kinase
3 b and homeobox protein 9 (31). Therefore, the PTEN inhibitor
SF1670 was selected as an activator of the PI3K/Akt signaling
pathway and deguelin was selected as an inhibitor of PI3K/Akt
signaling in the present study. The activation of PI3K/Akt pathway
has been a focus of interest in breast cancer due to its role in cell
growth, cell migration and deregulated apoptosis (32). The
Frontiers in Oncology | www.frontiersin.org 846
inactivation of PI3K/Akt pathway is an important approach in
triple negative breast cancer (33). The present results suggested
that the effects of SF1670 and deguelin were reversed by GPRC5A
overexpression and knockdown, respectively. The present results
supported the aforementioned hypothesis that GPRC5A can act as
an upstream regulator of the PI3K/Akt signaling pathway.

In conclusion, the present study suggested that GPRC5A was
downregulated in human breast cancer cell lines. Overexpression
of GPRC5A promoted cell apoptosis by increasing the activity of
the intrinsic pathway and inhibition of GPRC5A exhibited the
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FIGURE 5 | Interference of the PI3K/Akt signaling pathway reverses the effects of GPRC5A on cell apoptosis in breast cancer cells. (A) Relative mRNA expression
levels of PI3K, Akt and mTOR in MDA-MB-231 cells treated with SF1670 in presence or absence of GPRC5A. (B) Relative mRNA expression levels of PI3K, Akt and
mTOR in MCF7 cells treated with deguelin in the presence or absence of shGPRC5A. (C) Cell apoptosis was assessed in MDA-MB-231 and MDA-MB-468 cells
following treatment with SF1670 with or without GPRC5A overexpression. (D) Cell apoptosis was assessed in T47D and MCF7 cells following treatment with
deguelin with or without shGPRC5A. (E) Relative activity levels of caspase-3 were examined following treatment with SF1670 and GPRC5A-overexpressing plasmid
in MDA-MB-231 and MDA-MB-468 cells. (F) Relative activity levels of caspase-3 were examined following treatment with deguelin and shGPRC5A in T47D and
MCF7 cells. (G) Relative activity levels of caspase-9 were examined following treatment with SF1670 and GPRC5A-overexpressing plasmid in MDA-MB-231 and
MDA-MB-468 cells. (H) Relative activity levels of caspase-9 were examined following treatment with deguelin and shGPRC5A in T47D and MCF7 cells. *P<0.05 vs.
corresponding control; #P<0.05 vs. deguelin; ^P<0.5 vs. SF1670. GPRC5A, G-protein-coupled receptor family C, member 5, group A; sh, small hairpin.
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opposite effect. GPRC5A was identified to regulate cell apoptosis
via the PI3K/Akt signaling pathway. In summary, the present
study identified GPRC5A as a potential protective factor against
breast cancer progression and provided novel insights on the
mechanism of GPRC5A on TNBC cell apoptosis.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.
ETHICS STATEMENT

The animal study was reviewed and approved by Institute
Research Ethics Committee of Tianjin Medical University
Cancer Hospital.
Frontiers in Oncology | www.frontiersin.org 947
AUTHOR CONTRIBUTIONS

LY designed the study, performed the analysis, and wrote the
paper. JZ supervised the work. TZ edited the paper. SZ made
contribution to the revised manuscript. All authors contributed
to the article and approved the submitted version.
FUNDING

This study was supported by the National Natural Science Fund
(No. 81672623) and Key Projects in Tianjin Science &
Technology Pillar Program (No. 19YFZCSY00030).
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2020.
624493/full#supplementary-material
REFERENCES

1. Siegel RL, Miller KD, Jemal A. 2018, Cancer statistics. CA Cancer J Clin (2018)
68(1):7–30. doi: 10.3322/caac.21442

2. Katayama A, Handa T, Komatsu K, Togo M, Horiguchi J, Nishiyama M, et al.
Expression patterns of claudins in patients with triple-negative breast cancer
are associated with nodal metastasis and worse outcome. Pathol Int (2017) 67
(8):404–13. doi: 10.1111/pin.12560
3. Dent R, Trudeau M, Pritchard KI, Hanna WM, Kahn HK, Sawka CA, et al.
Triple-negative breast cancer: clinical features and patterns of recurrence. Clin
Cancer Res (2007) 13(15 Pt 1):4429–34. doi: 10.1158/1078-0432.CCR-06-3045

4. Langer I, Robberecht P. Molecular mechanisms involved in vasoactive
intestinal peptide receptor activation and regulation: current knowledge,
similarities to and differences from the A family of G-protein-coupled
receptors. Biochem Soc Trans (2007) 35(Pt 4):724–8. doi: 10.1042/
BST0350724
A B C

D

FIGURE 6 | GPRC5A inhibited TNBC tumor growth in vivo. (A) The tumor volume were measured. ***P<0.05 vs. control. (B) Tumors from MDA-MB-231-MCS and
MDA-MB-231-GPRC5A xenograft mouse model. (C) Western blot analysis was performed to examine the levels of proteins associated with cell apoptosis. (D) The
expression of GPRC5A was examined by immunohistochemistry. The cell apoptosis was measured by TUNEL staining. *P<0.5, ***P<0.05 vs. control. GPRC5A, G-
protein-coupled receptor family C, member 5, group A; cyto.C, cytochrome C; cl, cleaved.
February 2021 | Volume 10 | Article 624493

https://www.frontiersin.org/articles/10.3389/fonc.2020.624493/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2020.624493/full#supplementary-material
https://doi.org/10.3322/caac.21442
https://doi.org/10.1111/pin.12560
https://doi.org/10.1158/1078-0432.CCR-06-3045
https://doi.org/10.1042/BST0350724
https://doi.org/10.1042/BST0350724
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Yang et al. GPRC5A on Triple Negative Breast Cancer
5. Venkatakrishnan AJ, Deupi X, Lebon G, Tate CG, Schertler GF, Babu MM.
Molecular signatures of G-protein-coupled receptors. Nature (2013) 494
(7436):185–94. doi: 10.1038/nature11896

6. Cheng Y, Lotan R. Molecular cloning and characterization of a novel retinoic
acid-inducible gene that encodes a putative G protein-coupled receptor. J Biol
Chem (1998) 273(52):35008–15. doi: 10.1074/jbc.273.52.35008

7. Zhang L, Li L, Gao G, Wei G, Zheng Y, Wang C, et al. Elevation of GPRC5A
expression in colorectal cancer promotes tumor progression through VNN-1
induced oxidative stress. Int J Cancer (2017) 140(12):2734–47. doi: 10.1002/
ijc.30698

8. Liu B, Yang H, Pilarsky C, Weber GF. The Effect of GPRC5a on the
Proliferation, Migration Ability, Chemotherapy Resistance, and
Phosphorylation of GSK-3beta in Pancreatic Cancer. Int J Mol Sci (2018)
19(7):1–14. doi: 10.3390/ijms19071870

9. Sokolenko AP, Bulanova DR, Iyevleva AG, Aleksakhina SN,
Preobrazhenskaya EV, Ivantsov AO, et al. High prevalence of GPRC5A
germline mutations in BRCA1-mutant breast cancer patients. Int J Cancer
(2014) 134(10):2352–8. doi: 10.1002/ijc.28569

10. Nagahata T, Sato T, Tomura A, Onda M, Nishikawa K, Emi M. Identification
of RAI3 as a therapeutic target for breast cancer. Endocr Relat Cancer (2005)
12(1):65–73. doi: 10.1677/erc.1.00890

11. Yang L, Ma L, Zhang J. GPRC5A exerts its tumor-suppressive effects in breast
cancer cells by inhibiting EGFR and its downstream pathway. Oncol Rep
(2016) 36(5):2983–90. doi: 10.3892/or.2016.5062

12. Bohm I, Schild H. Apoptosis: the complex scenario for a silent cell death. Mol
Imaging Biol (2003) 5(1):2–14. doi: 10.1016/S1536-1632(03)00024-6

13. El-Metwally SA, Khalil AK, El-Naggar AM, El-Sayed WM. Novel
Tetrahydrobenzo Thiophene Compounds Exhibit Anticancer Activity through
Enhancing Apoptosis and Inhibiting Tyrosine Kinase. Anticancer Agents Med
Chem (2018) 18(12):1761–9. doi: 10.2174/1871520618666180813120558

14. Zhang TG, Wang YM, Zhao J, Xia MY, Peng SQ, Ikejima T. Induction of
protective autophagy against apoptosis in HepG2 cells by isoniazid
independent of the p38 signaling pathway. Toxicol Res (Camb) (2016) 5
(3):963–72. doi: 10.1039/C5TX00470E

15. McGuire A, Brown JA, Malone C, McLaughlin R, Kerin MJ. Effects of age on
the detection and management of breast cancer. Cancers (Basel) (2015) 7
(2):908–29. doi: 10.3390/cancers7020815

16. Bray F, Soerjomataram I. The Changing Global Burden of Cancer: Transitions
in Human Development and Implications for Cancer Prevention and Control.
Cancer Disease Control Priorities (2015) 3. doi: 10.1596/978-1-4648-0349-9_ch2

17. Ferlay J, Colombet M, Soerjomataram I, Dyba T, Randi G, Bettio M, et al.
Cancer incidence and mortality patterns in Europe: Estimates for 40 countries
and 25 major cancers in 2018. Eur J Cancer (2018) 103:356–87. doi: 10.1016/
j.ejca.2018.07.005

18. Hudis CA, Gianni L. Triple-negative breast cancer: an unmet medical need.
Oncologist (2011) 16(Suppl 1):1–11. doi: 10.1634/theoncologist.2011-S1-01

19. Wu Q, Ding W, Mirza A, Van Arsdale T, Wei I, Bishop WR, et al. Integrative
genomics revealed RAI3 is a cell growth-promoting gene and a novel P53
transcriptional target. J Biol Chem (2005) 280(13):12935–43. doi: 10.1074/
jbc.M409901200

20. Zhou H, Telonis AG, Jing Y, Xia NL, Biederman L, Jimbo M, et al. GPRC5A is
a potential oncogene in pancreatic ductal adenocarcinoma cells that is
upregulated by gemcitabine with help from HuR. Cell Death Dis (2016) 7:
e2294. doi: 10.1038/cddis.2016.169
Frontiers in Oncology | www.frontiersin.org 1048
21. Wang T, Jing B, Xu D, Liao Y, Song H, Sun B, et al. PTGES/PGE2 signaling
links immunosuppression and lung metastasis in Gprc5a-knockout mouse
model. Oncogene (2020) 39:3179–94. doi: 10.1038/s41388-020-1207-6

22. Guo W, Hu M, Wu J, Zhou A, Liao Y, Song H, et al. Gprc5a depletion
enhances the risk of smoking-induced lung tumorigenesis and mortality.
Biomed Pharmacother Biomed Pharmacother (2019) 114:108791. doi:
10.1016/j.biopha.2019.108791

23. Richter L, Oberlander V, Schmidt G. RhoA/C inhibits proliferation by
inducing the synthesis of GPRC5A. Sci Rep (2020) 10:12532. doi: 10.1038/
s41598-020-69481-2

24. Kerr JF. A histochemical study of hypertrophy and ischaemic injury of rat
liver with special reference to changes in lysosomes. J Pathol Bacteriol (1965)
90(2):419–35. doi: 10.1002/path.1700900210

25. Raychaudhuri S. A minimal model of signaling network elucidates cell-to-cell
stochastic variability in apoptosis. PloS One (2010) 5(8):e11930. doi: 10.1371/
journal.pone.0011930

26. Hardy S, El-Assaad W, Przybytkowski E, Joly E, Prentki M, Langelier Y.
Saturated fatty acid-induced apoptosis in MDA-MB-231 breast cancer cells. A
role for cardiolipin. J Biol Chem (2003) 278(34):31861–70. doi: 10.1074/
jbc.M300190200

27. Thomas MP, Liu X, Whangbo J, McCrossan G, Sanborn KB, Basar E, et al.
Apoptosis Triggers Specific, Rapid, and Global mRNA Decay with 3’
Uridylated Intermediates Degraded by DIS3L2. Cell Rep (2015) 11(7):1079–
89. doi: 10.1016/j.celrep.2015.04.026

28. King D, Yeomanson D, Bryant HE, Yeomanson, Bryant HE. PI3King the lock:
targeting the PI3K/Akt/mTOR pathway as a novel therapeutic strategy in
neuroblastoma. J Pediatr Hematol Oncol (2015) 37(4):245–51. doi: 10.1097/
MPH.0000000000000329

29. Rafalski VA, Brunet A. Energy metabolism in adult neural stem cell fate. Prog
Neurobiol (2011) 93(2):182–203. doi: 10.1016/j.pneurobio.2010.10.007

30. Ojeda L, Gao J, Hooten KG, Wang E, Thonhoff JR, Dunn TJ, et al. Critical role
of PI3K/Akt/GSK3beta in motoneuron specification from human neural stem
cells in response to FGF2 and EGF. PloS One (2011) 6(8):e23414. doi: 10.1371/
journal.pone.0023414

31. Wyatt LA, Filbin MT, Keirstead HS. PTEN inhibition enhances neurite
outgrowth in human embryonic stem cell-derived neuronal progenitor cells.
J Comp Neurol (2014) 522(12):2741–55. doi: 10.1002/cne.23580

32. Verret B, Cortes J, Bachelot T, Andre F, Arnedos M. Efficacy of PI3K
inhibitors in advanced breast cancer. Ann Oncol (2019) 30(Suppl 10):x12–
20. doi: 10.1093/annonc/mdz381

33. Delaloge S, DeForceville L. Targeting PI3K/AKT pathway in triple-negative
breast cancer. Lancet Oncol (2017) 18:1293–4. doi: 10.1016/S1470-2045(17)
30514-4

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Yang, Zhao, Zhu and Zhang. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
February 2021 | Volume 10 | Article 624493

https://doi.org/10.1038/nature11896
https://doi.org/10.1074/jbc.273.52.35008
https://doi.org/10.1002/ijc.30698
https://doi.org/10.1002/ijc.30698
https://doi.org/10.3390/ijms19071870
https://doi.org/10.1002/ijc.28569
https://doi.org/10.1677/erc.1.00890
https://doi.org/10.3892/or.2016.5062
https://doi.org/10.1016/S1536-1632(03)00024-6
https://doi.org/10.2174/1871520618666180813120558
https://doi.org/10.1039/C5TX00470E
https://doi.org/10.3390/cancers7020815
https://doi.org/10.1596/978-1-4648-0349-9_ch2
https://doi.org/10.1016/j.ejca.2018.07.005
https://doi.org/10.1016/j.ejca.2018.07.005
https://doi.org/10.1634/theoncologist.2011-S1-01
https://doi.org/10.1074/jbc.M409901200
https://doi.org/10.1074/jbc.M409901200
https://doi.org/10.1038/cddis.2016.169
https://doi.org/10.1038/s41388-020-1207-6
https://doi.org/10.1016/j.biopha.2019.108791
https://doi.org/10.1038/s41598-020-69481-2
https://doi.org/10.1038/s41598-020-69481-2
https://doi.org/10.1002/path.1700900210
https://doi.org/10.1371/journal.pone.0011930
https://doi.org/10.1371/journal.pone.0011930
https://doi.org/10.1074/jbc.M300190200
https://doi.org/10.1074/jbc.M300190200
https://doi.org/10.1016/j.celrep.2015.04.026
https://doi.org/10.1097/MPH.0000000000000329
https://doi.org/10.1097/MPH.0000000000000329
https://doi.org/10.1016/j.pneurobio.2010.10.007
https://doi.org/10.1371/journal.pone.0023414
https://doi.org/10.1371/journal.pone.0023414
https://doi.org/10.1002/cne.23580
https://doi.org/10.1093/annonc/mdz381
https://doi.org/10.1016/S1470-2045(17)30514-4
https://doi.org/10.1016/S1470-2045(17)30514-4
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Frontiers in Oncology | www.frontiersin.org

Edited by:
Shengtao Zhou,

Sichuan University, China

Reviewed by:
Giuseppina Roscigno,

University of Naples Federico II, Italy
Yuba Raj Pokharel,

South Asian University, India
Kui Wang,

Sichuan University, China

*Correspondence:
Chang-Yuan Wei

weichangyuan@gxmu.edu.cn
Hong-Mian Li

lihongmian@gxmu.edu.cn

†These authors have contributed equal
to this work

Specialty section:
This article was submitted to

Women’s Cancer,
a section of the journal
Frontiers in Oncology

Received: 03 June 2020
Accepted: 12 January 2021

Published: 25 February 2021

Citation:
Liang Z-J, Wan Y, Zhu D-D,

Wang M-X, Jiang H-M, Huang D-L,
Luo L-F, Chen M-J, Yang W-P, Li H-M

and Wei C-Y (2021) Resveratrol
Mediates the Apoptosis of Triple
Negative Breast Cancer Cells by

Reducing POLD1 Expression.
Front. Oncol. 11:569295.

doi: 10.3389/fonc.2021.569295

ORIGINAL RESEARCH
published: 25 February 2021

doi: 10.3389/fonc.2021.569295
Resveratrol Mediates the Apoptosis
of Triple Negative Breast Cancer
Cells by Reducing POLD1 Expression
Zhi-Jie Liang1,2†, Yan Wan1†, Dan-Dan Zhu2, Meng-Xin Wang1, Hong-Mian Jiang3,
Dong-Lin Huang4, Li-Feng Luo3, Mao-Jian Chen1, Wei-Ping Yang5, Hong-Mian Li4*
and Chang-Yuan Wei1*

1 Department of Breast Surgery, Guangxi Medical University Cancer Hospital, Nanning, China, 2 Department of Wound
Repair Surgery, The Fifth Affiliated Hospital of Guangxi Medical University & The First People’s Hospital of Nanning, Nanning,
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Nanning, Nanning, China, 4 Department of Plastic and Aesthetic Surgery, The Fifth Affiliated Hospital of Guangxi Medical
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Resveratrol (RSV) is known to possess anticancer properties in many types of cancers like
breast cancer, in which POLD1 may serve as a potential target. However, the anticancer
mechanism of RSV on triple negative breast cancer (TNBC) remains unclear. In the
present study, the antitumor effects and mechanism of RSV on TNBC cells were analyzed
by RNA sequencing (RNA-seq), which was then verified via cell counting kit-8 (CCK8),
immunofluorescence, immunohistochemistry, Western Blot (WB), flow cytometry, and
hematoxylin-eosin (HE) staining. According to the corresponding findings, the survival rate
of MDA-MB-231 cells gradually decreased as RSV treatment concentration increased.
The RNA-seq analysis results demonstrated that genes affected by RSV treatment were
mainly involved in apoptosis and the p53 signaling pathway. Moreover, apoptosis of MDA-
MB-231 cells induced by RSV was observed to be mainly mediated by POLD1. When
treated with RSV, the expression levels of full length PARP1, PCNA, and BCL-2 were
found to be significantly reduced, and the expression level of Cleaved-PARP1 as well as
Cleaved-Caspase3 increased significantly. Additionally, the mRNA expression of POLD1
was significantly reduced after treatment with RSV, and the protein expression level was
also inhibited by RSV in a concentration-dependent manner. The prediction of domain
interaction suggested that RSV may bind to at least five functional domains of the POLD1
protein (6s1m, 6s1n, 6s1o, 6tny and 6tnz). Furthermore, after RSV treatment, the anti-
apoptotic index (PCNA, BCL-2) of MDA-MB-231 cells was found to decrease while the
apoptosis index (caspase3) increased. Moreover, the overexpression of POLD1 reduced
the extent of apoptosis observed in MDA-MB-231 cells following RSV treatment.
Moreover, animal experimental results showed that RSV had a significant inhibitory
effect on the growth of live tumors, while POLD1 overexpression was shown to
antagonize this inhibitory effect. Accordingly, this study’s findings reveal that RSV may
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promote the apoptosis of TNBC cells by reducing the expression of POLD1 to activate the
apoptotic pathway, which may serve as a potential therapy for the treatment of TNBC.
Keywords: resveratrol, triple negative breast cancer, apoptosis, RNA-seq, POLD1
INTRODUCTION

In 2018, there were about 2.1 million newly diagnosed female
breast cancer cases globally, accounting for nearly a quarter of all
female cancer cases (1). According to the expression levels of
estrogen receptor [ER], progesterone receptor [PR], and human
epidermal growth factor receptor 2 [HER2] protein, breast
cancer can be divided into four subtypes: luminal -A, luminal-
B, HER-2 positive, and triple negative breast cancer (TNBC) (2,
3). Among them, TNBC accounts for about 15% - 20% of breast
cancer (4), and compared to hormonal receptor positive or
HER2 positive diseases, TNBC is characterized by its highly
aggressive clinical progression due to its earlier onset age, greater
metastatic potential and worse clinical results (5, 6). TNBC
progresses very rapidly, and due to the lack of common
therapeutic targets, current methods in controlling disease
development are very limited (7). TNBC patients usually
receive anthracycline and cyclophosphamide chemotherapy,
and subsequently take taxane (anthracycline/taxane [ACT]) as
standard care. However, only about one-third of patients attain a
pathological complete response (PCR), while remaining patients
relapse and eventually succumb to the disease (8). Several studies
have shown that resveratrol (RSV) possesses anticancer
properties (9) in breast cancer (10) and may serve as a
potential therapeutic candidate for TNBC.

RSV is a non-flavonoid polyphenolic compound produced by
plants when treated. It is a bioactive component in wine and grape
juice and can be synthesized in grape leaves and grape skins (11,
12). Research has shown that RSV has functions in anti-oxidation,
anti-inflammatory, anti-cancer, and cardiovascular protection
(11, 13–15). Moreover, RSV has a significant inhibitory effect
on a variety of tumor cells, such as liver cancer, breast cancer,
colon cancer, gastric cancer, and leukemia (9, 16). RSV can
enhance cancer radiotherapy and effectively inhibit the role of
cancer stem cells (17). For TNBC cells such as MDA-MB-231,
RSV can inhibit its metastasis by reversing TGF-b1-induced
epithelial matrix transformation (18). However, due to the
complex anti-tumor mechanism of RSV, researchers have yet to
reach a consensus on its mechanism of action, hence, the anti-
cancer mechanism of RSV on TNBC remains unclear. In
addition, the DNA polymerase delta catalytic subunit gene
(POLD1) is one of the subunits of pold in DNA polymerases
(19). High expression or point mutations may lead to DNA
replication and cell cycle abnormality of common cells, which
may then progress to cancer cells. POLD has been confirmed to be
regulated by a variety of upstream factors, such as p53 and SIRT1
(20, 21), which are the direct regulatory targets of RSV. However,
no studies have discussed the regulation of POLD1 by RSV.
Additionally, the role of POLD1 within RSV-mediated apoptosis
of cancer cells is also unclear.
250
Therefore, this study aims to explore the specific mechanism
surrounding RSV-mediated apoptosis of TNBC cells. The
corresponding flow chart of this research is shown in Figure 1.
RNA sequencing was used to observe the changes of POLD1,
other apoptosis-related pathways and factors in MDA-MB-231
under RSV treatment. Additionally, genes and pathways related
to POLD1’s potential role were analyzed, and changes in the
transcription and translation levels of POLD1 and its related
genes were verified. Subsequently, via ectopic expression of
POLD1, the role of POLD1 in RSV-mediated breast cancer cell
apoptosis in vivo and in vitro were further explored. The
obtained results suggested that RSV may promote apoptosis of
TNBC cells by reducing the expression of POLD1 to activate the
apoptotic pathway, which may be a potential mechanism
pertaining to its anticancer effects on TNBC.
MATERIALS AND METHODS

Materials and Ethical Approval
In the Cancer Genome Atlas (TCGA, https://www.cancer.gov/)
database, the transcriptome data of breast cancer (BRCA)
samples and control samples were downloaded. Moreover, the
TNBC cell lines MDA-MB-231 and common breast epithelial
cell lines MCF10A were derived from the Shanghai Cell Bank of
the Shanghai Academy of Sciences. BALB/c nude female mice
(weight 18-22g, 4–6 weeks old) were obtained from the Animal
Experiment Center of Guangxi Medical University. All
experiments were approved by the Animal Ethics Approval
Committee of Guangxi Medical University.

Effect of RSV on MCF-10A and MDA-MB-
231 Cell Survival
Cell Counting Kit-8 (CCK8) (Dojindo, Japan) was used to detect
the effect of RSV (Solarbio, China) on the survival of MCF-10A
andMDA-MB-231 cells. The cells in the logarithmic growth phase
were adjusted to a concentration of 5 × 104/ml and were
inoculated in 96-well plates (100 µl per well). The experiment
was divided into eight groups, and each group was set up with five
duplicate wells that were incubated in a 37 °C, 5% CO2 incubator
overnight. After the cells were adhered, the medium was removed,
and 100 µl of DMEM (Gibco, USA) containing RSV at
concentrations of 0, 3.125, 6.25, 12.5, 25, 50, 100, and 200 mM
were added in groups. The control group had 100 µl of 0.1%
DMSO inDMEM added, which was then incubated for 24 h under
the same conditions. Next, 10 µl of CCK8 solution was added to
each well and incubation continued for 3 h. A microplate reader
was used to measure absorbance (A) at 450 nm. The survival
rates of the eight groups of MCF-10A and MDA-MB-231 cells
were then compared, and the experiment was repeated six times.
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The concentration of RSV that produced significant differences
in survival rates between the two cell lines was chosen as the
optimum concentration for further experiments.

The Treatment of MDA-MB-231 Cells With
Resveratrol
Here, 5 × 104 cells/well of MDA-MB-231 cells in the logarithmic
growth phase were taken and inoculated into 6-well plates, after
which 10% FBS serum DMEM medium was added and
incubated in a 37°C, 5% CO2 incubator. When MDA-MB-231
cells were observed to reach 80% confluence, PBS was used to
wash the cells three times, and the serum-containing DMEMwas
replaced with serum-free DMEM. The cells were starved
overnight and were then divided into the control group and
RSV treatment group. On the next day, after removing the
DMEM medium, a new serum-free DMEM medium was
added to the control group, and an optimum concentration
RSV containing DMEM medium was added to the RSV
treatment group, which was then cultured in a 37°C, 5% CO2

incubator for 24 h. Subsequently, the culture medium was
removed, and 1 ml of PBS was added to each well, followed by
gentle washing and removal. After this operation was repeated
twice, 1 ml of trypsin was added to each well and digested in a 5%
Frontiers in Oncology | www.frontiersin.org 351
CO2 incubator at 37°C for 1 to 1.5 min, and 2 ml of 10% FBS
complete medium was added. Then, digestion was stopped, and
all cells and liquid were collected into 15 ml centrifuge tubes.

RNA Extraction and Sequencing
After treatment of MDA-MB-231 cells with resveratrol, RNA
fromMDA-MB-231 cells treated by the optimal concentration of
resveratrol were extracted using Trizol. In order to ensure that
the samples were qualified and appropriate for sequencing,
Nanodrop, Qubit 2.0 and Aglient 2100 were used to detect the
purity, concentration, and integrity of RNA samples,
respectively. The optical density (OD) 260/280 of the sample
must be greater than 1.8, and it must be free of protein, or visible
impurities. Library construction and RNA sequences were
performed according to the manufacturer’s instructions. RNA
sequencing was performed on MDA-MB-231 cells using
NovaSeq. After RNA-seq, the clean data was first filtered to
remove low-quality data and joints to obtain high-quality clean
data. The results were then stored in a FASTQ file format. Then,
fastqc software (22) was used to perform a quality inspection of
the FASTQ file format. BWA software (23) was used to compare
the sequencing results of each sample with the reference genome
and generated Sam files. Samtools (24) was used to convert Sam
FIGURE 1 | Flow chart of present study.
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files to BAM files and sort them. The featurecounts tool (25) was
used to convert BAM files to counts files, which were then used
for the construction of expression profiles.

Differentially Expressed Genes Analysis
and Functional Enrichment Analysis
The sequencing data and TCGA data were standardized using
rlogTransformation and varianceStabilizingTransformation of
the DESeq2 package (26), respectively. DESeq of the DESeq2
package was used for differentially expressed genes’ analysis.
Genes with P value adjusted by the false discovery rate (FDR)
<0.01 were considered significant, and differentially expressed
genes (DEGs) with opposite expressions in sequencing data and
TCGA data were defined to be the genes affected by RSV in the
treatment of breast cancer. In terms of genes affecting RSV in the
treatment of breast cancer, an enrichment analysis was
performed using enrichGO and enrichKEGG of the
clusterProfiler package (27). The pathway with a P Value <0.05
was considered to be significant.

Gene Set Variation Analysis (GSVA) and
Correlation Analysis
In regard to the enrichment results of the KEGG pathway, the
expression spectra of the KEGG pathway were made using gsva
of the GSVA package (28), which were used to visualize heat
maps. In addition, ggcor of the ggcor package was used to
visualize the correlation pathway map.

Predicting the Docking Model of
Resveratrol and POLD1 and the
Construction of a Comprehensive
Regulation Network
The PDB files for the five POLD1 domains (6s1m, 6s1n, 6s1o,
6tny, 6tnz) (29) were downloaded from the Protein data bank
database (PDB, http://www.rcsb.org/pdb/results/results.do?
tabtoshow=Current&qrid=9D5B948E) (30). The sdf file of RSV
was downloaded from the PubChem database (https://pubchem.
ncbi.nlm.nih.gov/) and converted to pdb using Open Babel (31).
Then, AutoDockTools (32) was used to predict the docking
model of resveratrol and POLD1, eventually attaining the pdbqt
file. Open Babel was used to convert pdbqt files into pdb files and
visualize the molecular docking results using PyMOL (33). In
addition, based on the String database (34), a comprehensive
regulation network of the POLD1-targets-pathway was
constructed, which was visualized using Cytoscape (35).

Effect of RSV on POLD1 Expression
Gradient
The MDA-MB-231 cells in logarithmic growth phase were
adjusted to a concentration of 5 × 104 cells/well into 6-well
plates and were inoculated in 6-well plates containing 10% FBS
serum DMEM. Subsequently, the MDA-MB-231 cells were
placed in a 37 °C, 5% CO2 incubator and incubated until 80%
confluence, and the blank DMEM medium was used to starve
overnight. RSV was divided according to different treatment
concentrations into 0, DMSO, 12.5, 25, 50, 100, and 200µM
Frontiers in Oncology | www.frontiersin.org 452
groups, and the MDA-MB-231 cells were treated for 24 h. The
cells of each group were collected in a 1.5 ml EP tube, lysed with
RIPA cell lysate, and the protein concentration was measured by
BCA. The experimental protein samples were then adjusted to
the same concentration with RIPA. The protein samples were
loaded for 1.5 h following electrophoresis and transferred to a
membrane blocked with a 5% skim milk powder blocking
solution for 2 h. The primary antibody was incubated
overnight (4 °C), and on the next day, it was dipped in TBST
for 1 h, which was then incubated with the corresponding
secondary antibody for 2 h. Subsequently, it was immersed in
TBST fo r 45 m in , and deve l oped w i th an ECL
chemiluminescence developer (Beyotime Biotechnology, China).

POLD1 Overexpression Transfects
Verification
MDA-MB-231 cells in logarithmic growth phase were inoculated
into 6-well plates at 5 × 104 cells/well. After 12 h of culturing,
POLD1 over-expressing recombinant lentivirus (pCMV-EGFP-
POLD1) was added. In addition, a control group and no-load
negative control group without viruses were established, and 2
ug/L virus enhancement solution was added at the same time.
After 12 h, the medium was changed to a fresh complete
medium, and following 72 h, puromycin (2 mg/L) was added
for screening. After 1 week, the concentration of puromycin was
observed to be reduced by half, and the screening was continued
for 1 week. MDA-MB-231/POLD1- Overexpression (OE) and
MDA-MB-231/POLD1- Normal control (NC) cell lines were
obtained for the subsequent experiments. Transfection efficiency
was determined by fluorescence, WB and qPT-PCR.

Detection of Apoptotic Protein in POLD1
Overexpressing MDA-MB-231 Cells Under
RSV Treatment
This experiment was divided into the control group, RSV group
and RSV + POLD1-OE group. The protein was extracted 24 h
following RSV treatment of the MDA-MB-231 cells. The protein
expression levels of POLD1, PARP1, Cleaved-PARP1, PCNA,
BCLl-2, and Cleaved-caspase 3 were detected via WB. The
POLD1 antibody was acquired from Abcam (USA), and
GAPDH, Bcl-2, PCNA, PARP1, and cleared Caspase3 antibody
were obtained from CST (United States).

Detection of Apoptotic in POLD1
Overexpressing MDA-MB-231 Cells Under
RSV Treatment
The cells in logarithmic growth phase were taken and adjusted to
a cell concentration of 5 × 104/ml, after which they were
inoculated in 96-well plates (200 µl per well). Next, they were
divided into 5 groups with 5 replicates in each group and
incubated overnight in a 37 °C, 5% CO2 incubator. After the
cells adhered, the medium was removed, and the experiment was
divided into a control group, a virus no-load control group NC, a
no-load control group NC + RSV group, a POLD1
overexpression + RSV group, and a POLD1 overexpression
group. Incubation continued under the same conditions for
February 2021 | Volume 11 | Article 569295
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36 h, after which 10 µl of CCK8 solution was added to each well,
and incubation was continued for 3 h. A microplate reader was
then used to measure absorbance (A) at 450 nm, and the survival
rates of the four groups of cells were compared. The experiment
was repeated three times, and the experiment was divided into
control group, a virus no-load control group NC, a POLD1-OE
group, a POLD1-OE + RSV group, and a no-load control group
NC + RSV group. After 36 h of processing, detection was
performed using flow cytometry using the AnnexinV APC-
7AAD kit (Becton, Dickinson and Company, USA) double
standard method.

Animal Experiments
Nine nude mice were divided into three groups (n = 3) by
random grouping into the blank control (Ctrl), RSV, and RSV +
POLD1-OE groups. MDA-MB-231 and MDA-MB-231/POLD-
OE cells in logarithmic growth-phase were prepared as a
suspension of 1 × 107 cells per ml, and 0.1 ml was inoculated
subcutaneously into the right lateral axillae of the nude mice.
After pinching, the pinholes were clamped with tweezers to
prevent cell fluid from leaking. The injection site was observed
for ulceration and swelling daily and was ready for use after
about 1 week of subcutaneous inoculation. The solvent in the
control group was intraperitoneally injected with a 100 µl
mixture of PEG400: DMSO: sterile deionized water [1: 1: 3].
The RSV group and the RSV + POLD1-OE group were then
injected intraperitoneally with 25 mg/kg RSV containing
PEG400: DMSO: sterile deionized water [1: 1: 3] mixed
solution (36, 37). After subcutaneous tumorigenesis (generally
on the 7th day), the drug was given every other day 8 times.

Xenograft Assessment, Histopathology,
and Immunohistochemistry Assay
During the administration period, the body weight of the nude
mice was measured every 4 days, and the longest diameter (a)
and shortest diameter (b) of the tumor were measured with a
Vernier caliper. Accordingly, 48 h after the last administration,
the experimental animals were euthanized, the tumor was
weighed, and the tumor inhibition rate was calculated. The
tumor tissues were fixed in a 10% formaldehyde solution for
24h and were subsequently fixed in formalin and embedded in
paraffin. Sections of the dissected biopsies were stained with
hematoxylin and eosin (H&E) using standard procedure and
were examined under light microscopy. Paraffin-embedded
sections were stained with anti-PCNA (Abcam, USA), anti-Ki-
67 (Maixin, China), and anti-Cleaved-Caspase3 monoclonal
antibody (CST, USA). HRP-conjugated anti-mouse secondary
antibody was added and detected according to the
manufacturer’s protocol (Maixin, China). Moreover, the imageJ
software was used for image analysis.

Statistical Analysis
The data was displayed as mean ± standard deviation (x ± s).
One-way analysis of variance (One-Way ANOVA) was used for
comparison between groups, least significant difference (LSD)
test was used for pairwise comparison when variance was
uniform, and Dunnett’s T3 test was used for uneven variance.
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The two groups of data were analyzed by paired T test, and
P<0.05 was considered as statistically significant. All data were
analyzed using SPSS for Windows 17.0 (Chicago, Illinois, USA).
RESULTS

Resveratrol’s Therapeutic Potential in
Triple Negative Breast Cancer
Assessment of the RSV target demonstrated that the target
mutation rate of RSV was low (Figure 2A), suggesting fewer
mutations at the site of action of RSV are present. Circplot of
RSV multiomics suggested that the target proteins of RSV may
serve as potential drivers for TNBC (Figure 2B). CCK8 showed
(Table S1) that different concentrations of RSV could reduce the
survival rate of MDA-MB-231 and MCF-10A. Moreover, with
the increase in RSV concentration, the cell viability decreased
gradually with increased concentrations of RSV. By comparing
cells treated with different concentrations of RSV at 24 h, 36 h,
and 48 h, a significant difference was found between the relative
survival rate of TNBC cells (Figure 2C). When the RSV
concentration was 25µM, 50µM, and 100µM, the survival rate
of MDA-MB-231 cells and MCF-10A cells had the largest
difference. However, at 25 µM concentration (36h), MDA-MB-
231 cells had a higher survival rate and slower killing effect. At
100 µM concentration (36 h), the survival rate of MCF-10A cells
was lower. The relative survival rate of MDA-MB-231 cells was
52.24% ± 7.03% after 36 h of treatment with 50 µM, suggesting
50 µM was the optimal treating concentration of RSV.

Effects of Resveratrol on MDA-MB-231
Cells
To further identify genes affected by RSV in the treatment of
breast cancer, the RNA of MDA-MB-231 cells treated with an
optimal concentration for RNA sequencing were extracted. The
results of the differentially expressed genes analysis (Figure 3A)
showed that compared to MDA-MB-231 cells without RSV
treatment, 8,527 DEGs in MDA-MB-231 cells treated with
RSV were present. Additionally, compared to control samples,
the BRCA samples had 16,241 DEGs. After comparison, 6,487
DEGs were identified as TNBC genes affected by RSV (Figure
3B). Figure 3C showed that RSV-treated MDA-MB-231 cells
possessed distinct hierarchical clustering from control MDA-
MB-231 cells (Figure 3C). In addition, the Circplot of RSV
targets showed that the expression of some RSV targets changed
little after treatment (Figure 3D). The heat map of gene
expression in the apoptotic pathway illustrates that apoptotic
genes were generally elevated in TNBC cells treated with RSV
(Figures 3E, F). Furthermore, apoptosis-related proteins
(PARP1, PCNA, and BCL-2) were detected, and POLD1 and
PARP1 expression of MDA-MB-231 cells treated with the
optimal concentration of RSV verified the mechanism of
TNBC cell apoptosis. Western Blot (Figure 3G, Table S2)
demonstrated that after 24 h of RSV (50uM) treatment, the
protein expressions of PARP1 (P<0.05), PCNA (P<0.05), and
BCL-2 (P<0.05) were significantly lower than those of the control
February 2021 | Volume 11 | Article 569295

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


rol target domain protein in protein data bank (TCGA download breast cancer data).
nload breast cancer data). (C) Resveratrol inhibited the survival of MDA-MB-231 and

Liang
et

al.
R
esveratrolM

ediates
B
reast

C
ancer

C
ells

Frontiers
in

O
ncology

|
w
w
w
.frontiersin.org

February
2021

|
Volum

e
11

|
A
rticle

569295
A B

C
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FIGURE 3 | Genes affecting resveratrol in the treatment of MDA-MB-231 cells. (A) Manhattan map. The differential expression analysis of the sequencing data of 50
mM resveratrol-treated MDA-MB-231 cell samples -control samples and the differential expression analysis of breast cancer samples - control samples of the TCGA
database are respectively displayed. (B) Venn diagram. The intersection in the figure is the gene with the opposite differential expression, which is defined as the
gene affected by resveratrol in the treatment of breast cancer. (C) Expression heat map of genes affected by resveratrol in breast cancer treatment. (D) Circplot of
resveratrol target in drugbank and resveratrol target domain protein in protein data bank (RNA sequencing data). (E) Apoptotic pathway-differential gene expression
heat map (RNA sequencing data). (F) Apoptotic pathway-differential gene expression heat map (TCGA download breast cancer data). (G) Expression of apoptosis-
related proteins in MDA-MB-231 cells after optimal resveratrol treatment (PARP1: *P=0.03, PCNA: **P=0.008, BCL-2: **P=0.006, Cleaved Caspased 3: **P=0.001).
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group, and levels of both Cleaved-PARP1 and Cleaved-Caspase3
(P<0.05) were found to be increased.

Biological Processes and Pathways of
Resveratrol in Treating TNBC
In order to further explore the biological process and KEGG
pathway affected by RSV in the treatment of TNBC, a functional
enrichment analysis was conducted for genes affected by RSV in
the treatment of TNBC. The results showed (Figure 4A) that
genes affected by RSV in TNBC cells were mainly involved in
biological processes such as the regulation of mitotic cell cycle
phase transition, regulation of cell cycle phase transition,
chromosome segregation, DNA replication, and cell cycle DNA
replication. Moreover, these genes were mainly involved in the
KEGG pathways such as autophagy − animal, MAPK signaling
pathway, apoptosis, p53 signaling pathway, and the cell cycle
(Figure 4B). Most genes affected by resveratrol were found to be
Frontiers in Oncology | www.frontiersin.org 856
enriched in apoptosis related pathways, suggesting that
resveratrol can promote the apoptosis of TNBC cells.

POLD1 Acts as an Intermediary Mediator
of MDA-MB-231 Cell Apoptosis
Previous studies have suggested that POLD1 may be associated
with the malignant survival of tumor cells and that POLD1 is
generally highly expressed in BRCA tissues (38). In this study,
this result was verified in BRCA data of TCGA database [Figure
5A(a)] . Moreover, we also found that POLD1 was
downregulated in MDA-MB-231 cells treated with RSV
[Figure 5A(b)], suggesting it may serve as an intermediary for
RSV in the treatment of TNBC. As shown in Figure 5B (Table
S3), after RSV treatment, protein and mRNA expression of
POLD1 gradually decreased with the increase in treatment
concentration. The molecular docking results of RSV and
POLD1 indicated (Figure 5C) that the docking energy with
A

B

FIGURE 4 | Functional enrichment analysis and GSEA analysis. (A) Biological processes involved in resveratrol affected genes. (B) KEGG pathways involved in
resveratrol affected genes.
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FIGURE 5 | Comprehensive regulatory network for resveratrol in treating MDA-MB-231 cells. (A) (a) POLD1 expression in BRCA samples of TCGA database.
(b) POLD1 expression in MDA-MB-231 cells samples after resveratrol treatment. (B) Protein expression of POLD1 after treatment with different concentrations of
resveratrol (*P=0.043, **P=0.004, ***P<0.001). (C) Combined prediction model of resveratrol and POLD1 domain. (D) POLD1-differential apoptotic pathway gene-
apoptotic pathway correlation pathway map. (E) Comprehensive regulatory network diagram. Red represents POLD1, yellow represents genes that interact with
POLD1, blue represents genes that are affected by other resveratrol treatments for TNBC, and green represents pathways.
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five domains of POLD1 (6s1m, 6s1n, 6s1o, 6tny and 6tnz) was
generally less than 0 kcal/mol, suggesting that POLD1 may serve
as a potential target of RSV. In addition, the results of the
correlation pathway map (Figure 5D) showed that POLD1 was
related to most genes in the apoptotic pathway, suggesting that
RSV may inhibit TNBC by reducing the expression of POLD1
and mediating TNBC’s potential mechanisms of apoptosis.
Finally, a comprehensive regulatory map of TNBC cell genes
treated by RSV was constructed (Figure 5E). The network
diagram illustrates that TNBC cells treated by RSV mainly
affect the protein encoded by other genes through POLD1,
which then affect different pathways.

Overexpression of POLD1 Reduces
Apoptosis of MDA-MB-231 Cell Induced by
Resveratrol
To further verify whether POLD1 is an intermediary for RSV in
the treatment of TNBC, a rescue experiment of POLD1
overexpression (OE) was performed. The results of the POLD1
lentivirus-transfected cells showed that the transfection efficiency
was over 90% (×100-fold) (Figure 6A). WB and qRT-PCR
showed that the expression of POLD1 protein (nearly 2 times)
and mRNA (about 25 times) in POLD1-OE group were highly
expressed (Figures 6B, C, Table S4). In addition, the proteins
after RSV treated MDA-MB-231 cells for 24 h were extracted,
and protein was detected in expression levels of POLD1, PARP1,
Cleaved-PARP1, PCNA, BCL-2, Cleaved-Caspase3, and other
proteins using WB. Accordingly, the results demonstrated that
the protein expression level of POLD1 in the RSV + POLD1-OE
group was significantly higher than that in the RSV group
(P<0.01), and the expression level of BCL-2 (P<0.05) was also
significantly higher than that in the RSV group (Figure 6D,
Table S5). However, the expression of Cleaved-PARP1 (P<0.01)
and Cleaved-Caspase3 (P<0.05) was significantly lower.
Although the expression of full length PARP1 decreased, the
ratio of Cleaved-PARP1/full length PARP1 (P<0.01) decreased
significantly. Overexpression of POLD1 and RSV treatment can
synergistically lead to a further reduction in PARP1 expression,
however, POLD1 overexpression can reduce the ratio of Cleaved-
PARP1/full length PARP1, indicating apoptosis. CCK8 showed
(Figure 6E, Table S6) that RSV could significantly promote
MDA-MB-231 cell apoptosis, while POLD1 overexpression
could slightly increase the proliferation ability of MDA-MB-
231 cells. Moreover, overexpression of POLD1 could
significantly reduce RSV’s pro-apoptotic effect on MDA-MB-
231 cells. At the same time, flow cytometry demonstrated
(Figure 6F) that RSV could significantly promote MB-231 cell
apoptosis, while overexpression of POLD1 could reduce the
apoptotic effect of RSV on MB-231 cells.

Resveratrol Mediates MDA-MB-231 Cell
Apoptosis Through a POLD1-Driven
Apoptosis Pathway
Animal experiments showed that RSV has a direct inhibitory effect
on TNBC in nude mouse models, while overexpression of the
POLD1 gene was found to reduce the inhibitory effect of RSV on
Frontiers in Oncology | www.frontiersin.org 1058
tumors. Compared to the control group (Figure 7A,Table S7), the
RSV and RSV + POLD1-OE groups had a smaller final tumor
volume (493.66 ± 138.30mm3 vs. 222.70 ± 102.55mm3 and 313.48
± 140.93mm3, P <0.01 P >0.05) and lower wet weight (0.54 ±
0.10 g vs. 0.26 ± 0.13 g and 0.34 ± 0.14 g, P <0.01, P <0.05). HE
staining showed that the tumor tissue of the RSV group had
obvious necrosis, while the RSV + POLD1-OE group had less
fibrous tissue than the RSV group (Figure 7B). In addition,
immunohistochemistry illustrated (Figure 7C, Table S8) that
RSV can reduce the expression of PCNA (P<0.001) and Ki-67
(P<0.01) and increase the expression of Cleaved-Caspase3
(P<0.001). However, the POLD1 overexpression group
antagonized these inhibitory or promotive effects (× 200-fold),
signifying that POLD1 was an intermediary for RSV in treating
MDA-MB-231 cells. Mechanistically, RSVmay drive the apoptosis
gene by reducing the expression of POLD1, activating the
apoptosis pathway in the apoptosis of TNBC cells (Figure S1).
DISCUSSION

RSV has previously been found to inhibit breast cancer cells by
hindering the proliferation of breast cancer cells through its cell
cycle and inducing apoptosis (39). Moreover, RSV possesses
abrogate stemness properties and can reduce the expression of
self-renewal signaling molecules in stem-like breast cancer cells
(40). However, its anti-cancer mechanism on TNBC has not
been clarified. In this study, via CCK8 experiments, the survival
rates of MDA-MB-231 and MCF-10A were observed to
gradually decrease following treatment with different
concentrations of RSV, indicating that RSV can inhibit the
survival of TNBC cells. By comparing the survival rates of
MDA-MB-231 and MCF-10A treated by di ff e rent
concentrations of RSV, 50 mM was identified to be the optimal
concentration of RSV, and MDA-MB-231 cells treated with this
concentration were extracted for RNA sequencing.

According to the results of the differentially expressed gene
analysis, the results of the two DEG groups were compared, and
DEGs were defined with opposite expressions in the two groups
as genes affected by RSV treatment in TNBC cells. Moreover, WB
showed that apoptosis related proteins like Cleaved-Caspase 3
and BCL-2 were detected in MDA-MB-231 treated by RSV. In
tumor therapy, apoptosis is a well-known mechanism of cell
death, involving the activation of caspases (41). Caspases are key
mediators in programmed cell death or apoptosis, where caspase
3 catalyzes the specific cleavage of many key cellular proteins
(42). Additionally, BCL2 is originally characterized with respect
to their roles in controlling outer mitochondrial membrane
integrity and apoptosis (43, 44). The high expression of BCL2
is closely related to tumorigenesis, and the overexpression of
BCL2 family proteins promotes the occurrence and development
of tumors, while its inhibition is related to anti-tumor
characteristics (45, 46). These results indicate that RSV can
reduce the survival rate of TNBC cells by promoting apoptosis.
To this effect, a functional enrichment analysis showed that
genes affected by the corresponding RSV in the treatment of
February 2021 | Volume 11 | Article 569295
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TNBC were significantly involved in both the apoptotic signal
pathway and P53 signal pathway. P53 is a tumor suppressor
protein that regulates the expression of various genes including
apoptosis, growth inhibition, inhibition of cell cycle progression,
Frontiers in Oncology | www.frontiersin.org 1159
differentiation, and accelerated DNA repair (47, 48). In general,
p53 can regulate cell growth by promoting apoptosis and DNA
repair under stress. However, when p53 mutates, it loses its
regulatory function, leading to abnormal cell proliferation and
A
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C

FIGURE 6 | POLD1 rescue experiment (A) Immunofluorescence of POLD1 transfected with lentivirus. (B) POLD1 protein expression after transfection (control and
POLD1-NC: *P=0.035, POLD1-NC and POLD1-OE: *P=0.048). (C) Gene expression of POLD1 after transfection (control and POLD1-NC: **P=0.007, POLD1-NC
and POLD1-OE: **P=0.007). (D) Apoptosis indicators of breast cancer cells after transfection (POLD1:***P<0.001, PARP1: control and RSV+POLD1-OE: **P=0.004,
RSV and RSV+POLD1-OE: **P=0.001, Cleaved PARP1/Full Length PARP1: ***P<0.001, PCNA: **P=0.004, BCL-2:control and RSV: **P=0.001, RSV and RSV
+POLD1-OE: **P=0.006, Cleaved Caspased 3: **P=0.003),. (E) CCK8 detection of resveratrol treated breast cancer cell survival after transfection (**P=0.001,
***P<0.001). (F) Flow cytometry detection of resveratrol-treated apoptosis of breast cancer cells after transfection (on the two-parameter scatter diagram of flow
cytometry, the lower left quadrant represents living cells; the upper left quadrant represents necrotic cells; the lower right quadrant represents apoptotic cells (late
apoptotic cells), and the upper right quadrant represents early apoptotic cells).
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tumor progression (49). Apoptosis refers to programmed cell
death, resulting in the orderly and effective removal of damaged
cells, such as DNA damage or cell damage caused during
development (50, 51). Apoptosis may be triggered via
intracellular signals (such as genotoxic stress) or external
signals (such as the binding of ligands to cell surface death
receptors) (52, 53). Deregulation of apoptotic cell death
mechanisms is a feature of cancer. Here, the genes of TNBC
cells treated by RSV were found to be significantly involved in
signal pathways like apoptosis and P53, suggesting that RSV can
activate apoptosis of TNBC cells.

Previous studies have shown that POLD1 may be associated
with the malignant proliferation of tumor cells and that a high
expression of POLD1 is associated with the poor prognosis of breast
cancer (38). The present study found that the low expression of
POLD1 in TNBC cells treated by RSV may be related to the
treatment of RSV. Further experimentation demonstrated that as
the RSV treatment concentration rose, the protein expression of
Frontiers in Oncology | www.frontiersin.org 1260
POLD1 in TNBC cells gradually decreased. Molecular docking
suggested that RSV may bind to POLD1, and POLD1 possesses a
strong correlation with DEGs in the apoptotic pathway. Hence, a
comprehensive regulatory landscape of RSV-treated TNBC cells
was constructed. According to the network, POLD1 was observed
to interact with ATM, which is a DNA damage response gene
commonlymutated in cancer. ATM activation serves as a key factor
in balancing between aging and apoptosis as well as autophagy (54).
In this study, ATM was found to be highly expressed in RSV
affected MDA-MB-231 cells, which may be related to its apoptosis
promoting mechanism. A rescue experiment was then performed
with POLD1 overexpression, demonstrating that the expression
levels of POLD1, PCNA, and BCL-2 in MDA-MB-231 cells treated
with RSV after the overexpression of POLD1 were higher than
those in the RSV treated group, while the levels of Cleaved-
Caspase3 and Cleaved-PARP1 reduced. Among them, PCNA was
considered to be a molecular marker of proliferation due to its role
in replication (55). Here, the expression of PCNA treated with RSV
A B

C

FIGURE 7 | Identification of RSV induced apoptosis in MDA-MB-231 cells in vitro and in vivo. (A) Breast cancer proliferation after resveratrol and resveratrol +
POLD1-OE treatment in mouse model. (B) Apoptosis was detected by hematoxylin-eosin (HE) staining after Resveratrol and Resveratrol + POLD1-OE treatment in
mice. (C) Immunohistochemistry of related apoptotic proteins after resveratrol and resveratrol + POLD1-OE treatment in mice. *p<0.05, **p<0.01, ***p<0.001.
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decreased, while the proliferation ability of POLD1 overexpression
treatment was relatively high, indicating that POLD1 has an effect
on the proliferation of TNBC cells. In addition, PARP1 was
discovered to be a molecular target of anti-tumor drugs. In
melanoma, breast cancer, lung cancer, and other neoplastic
diseases, the expression of PARP1 is often increased (56).
Therefore, the corresponding results demonstrate that POLD1
overexpression could reduce the apoptosis effect of RSV on
MDA-MB-231 cells. Moreover, CCK8 and flow cytometry
revealed that RSV can promote TNBC cell apoptosis, while the
overexpression of POLD1 can reduce the apoptosis effect of RSV on
MDA-MB-231 cells, further suggesting that RSV can mediate
TNBC cell apoptosis by reducing the expression of POLD1.

Further animal experiments showed that compared to the
control group, the final tumor volume and wet weight of the RSV
and RSV + POLD1-OE groups were smaller. HE staining
illustrated that the distribution of cancer cells was sparse, and
the proportion of fiber components was observed to be
significantly higher. Immunohistochemistry of the animal
models showed that RSV could reduce the expression of
PCNA and Ki-67 while increasing the expression of Cleaved-
Caspase3. However, the POLD1 overexpression group
antagonized these inhibitory or promoting effects. Ki-67 is a
human nuclear antigen and forms an integral part of cell division
in both normal and malignant tissue (57). High expression of Ki-
67 serves as a marker for poor prognosis in breast cancer (58, 59),
and the obtained results demonstrated that RSV can inhibit the
growth of TNBC cells and promote necrosis in cancer cells in
vivo but was limited in the overexpression of POLD1. This
suggested that the overexpression of POLD1 can antagonize
the inhibitory effect of RSV on TNBC in vivo and serves as an
important regulatory target of RSV in the treatment of TNBC.

Although this study explored and identified a potential
mechanism for the anticancer effect of RSV on TNBC cells,
various limitations exist. First, relatively few samples were used
in this experiment, and the results should be verified in larger
sample studies. Second, this study used only one triple negative cell
line and verified the proliferation and apoptosis of MDA-MB-231
cells treated by RSV at the gene level, protein level and individual
animal level. However, the relationship between RSV and POLD1
requires further elucidation. More importantly, although the anti-
TNBC effect of RSV has been clarified, due to poor solubility and
bioavailability of RSV, as well as adverse reactions, its clinical use
has been restricted. Therefore, making RSV into a drug to better
treat breast cancer remains to be studied.
CONCLUSION

In conclusion, this study determined a potential anticancer
mechanism of RSV aga ins t TNBC by conduct ing
bioinformatics and experimental studies. Accordingly, RSV was
found to promote the apoptosis of TNBC cells by reducing
POLD1 expression, thereby activating the respective apoptosis
pathways. However, since this study is a basic mechanism study,
this method has not yet been applied to human patients.
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Supplementary Table 1 | The result of CCK8 detection of cell viability after RSV
treatment.

Supplementary Table 2 | Protein expression of PCNA, BCL-2, Cleaved-PARP1
and Cleaved-Caspase3 after RSV treated.

Supplementary Table 3 | WB and qRT-PCR of POLD1 after RSV treated.

Supplementary Table 4 | Protein expression and mRNA expression of POLD
overexpression.
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Supplementary Table 5 | Rescue experiment of POLD1 overexpression.

Supplementary Table 6 | The result of CCK8 detection of cell viability after
rescue experiment.

Supplementary Table 7 | Weight and volume of nude mouse models after RSV
treated.

Supplementary Table 8 | PCNA, Cleaved-Caspase3 and Ki67 of
immunohistochemistry after RSV treated.
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Purpose: MicroRNAs can influence many biological processes and have shown promise
as cancer biomarkers. Few studies have focused on the expression of microRNA-223
(miR-223) and its precise role in breast cancer (BC). We aimed to examine the expression
level of miR-223 and its prognostic value in BC.

Methods: Tissue microarray (TMA)-based miRNA detection in situ hybridization (ISH) with
a locked nucleic acid (LNA) probe was used to detect miR-223 expression in 450 BC
tissue samples. Overall survival (OS) and disease-free survival (DFS) were compared
between two groups using the Kaplan-Meier method and Cox regression model.

Results: OS and DFS were prolonged in the high miR-223 expression group compared
to the low miR-223 expression group (p < 0.0001 and p = 0.017, respectively), especially
in patients with the triple-negative breast cancer (TNBC) subtype (p = 0.046 and p <
0.001, respectively). Univariate and multivariate Cox regression analyses revealed that
TNM stage (p = 0.008), the molecular subtype (p = 0.049), and miR-223 (p < 0.001) were
independently associated with OS and DFS. External validation was performed with the
METABRIC and The Cancer Genome Atlas (TCGA) databases via online webtools and
was consistent with the data described above.

Conclusions: This study provides evidence that high miR-223 expression at diagnosis is
associated with improved DFS and OS for BC patients, especially those with the TNBC
subtype. miR-223 is a valid and independent prognostic biomarker in BC.

Keywords: microRNA-223, breast cancer, triple-negative, in situ hybridization, prognostic factor
Abbreviations: miR-223, microRNA-223; BC, breast cancer; TMA, tissue microarray; ISH, in situ hybridization; LNA, locked
nucleic acid; OS, overall survival; DFS, disease-free survival; TNBC, triple-negative breast cancer; TCGA, The Cancer Genome
Atlas; ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor 2; FFPE, formalin-
fixed and paraffin-embedded; FUSCC, Fudan University Shanghai Cancer Center; SSC, saline sodium citrate; SI, staining
index; HRs, hazard ratios.
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INTRODUCTION

Breast cancer (BC) has overtook lung cancer as leading cause of
cancer worldwide (https://www.iarc.who.int/wp-content/
uploads/2021/02/pr294_E.pdf). In 2020, BC made up 11.7% of
all new cancer cases globally, followed by lung cancer (11.4%) and
colorectal cancer (10.0%). Due to the molecular heterogeneity of
BC, individual biomarkers for BC are necessary (1). Since the
groundbreaking work of Sørlie T and colleagues (2, 3) at the
beginning of the 21st century, BC has been believed to consist of
at least four different clinically relevant molecular subtypes,
Luminal A, Luminal B, HER2 enriched, and triple-negative,
classified according to the expression of estrogen receptor (ER),
progesterone receptor (PR), human epidermal growth factor
receptor 2 (HER2), and Ki-67. Although the PAM50 test,
MammaPrint test, Oncotype DX test, and others have been
used for clinical treatment and prognosis prediction (4), there
are still no recognized clinically relevant biomarkers or effective
therapeutic targets for BC except for ER, PR, and HER2 (5).
Meanwhile, numerous new biomarkers are still being researched
to help optimize personalized treatment in the management of
BC, especially triple-negative breast cancer (TNBC), which has a
high risk of recurrence and no effective targeted therapy (6, 7).

MicroRNAs (miRNAs) are a series of single-stranded, non-
coding RNAs usually 21–25 nt in length (8). MiRNA expression
profiling is gaining popularity because miRNAs, as key regulators
in posttranscriptional gene expression networks, can influence
many biological processes and have shown promise as biomarkers
for cancer (9–11). In addition, miRNAs can generally be well
preserved in body fluids, formalin-fixed and paraffin-embedded
(FFPE) tissues, and other types of specimens for easy preservation
and evaluation (9). Functional studies have confirmed that
miRNA dysregulation is causal in many cancers, with miRNAs
acting as tumor suppressors or oncogenes (12). The role of
miRNAs in BC has been widely studied. Several oncogenic
miRNAs are correlated with tumor aggressiveness and a poor
prognosis, such as miR-221 (13), miR-301a (14), miR-493 (15),
miR-200c, and miR-141 (16). Other tumor suppressor miRNAs,
such as miR-34 (17, 18), miR-361-5p (19), miR-548p (20), and
miR-205 (21, 22), can reduce migration and invasion capabilities
upon their stably high expression.

MicroRNA-223 (miR-223), located at q12 of chromosome X,
has been observed primarily in the myeloid lineage, especially
neutrophils (23–27). To date, no consensus between the level of
miR-223 and the type of disease or disease progression has been
reached (28). In cancers, the role of miR-223 is conflicting. For
example, the elevated expression of miR-223 is associated with a
poor prognosis and drug resistance in non-small cell lung cancer
(29) and gastric cancer (30, 31). In contrast, miR-223 plays a tumor
suppressor role in human prostate cancer (32), bladder cancer
(33), cervical cancer (34), and hepatocellular carcinoma (35, 36).

Until now, few studies have focused on the expression of miR-
223 and its precise role in BC. Previous studies suggested that
miR-223 improved treatment response in BC, including
increasing the sensitivity to CDK4/6 inhibition (37) and
suggesting a good response to radiotherapy (38). But none of
them specifically focused on TNBC research. Xu Sun et al.
Frontiers in Oncology | www.frontiersin.org 265
demonstrated that miR-223 increased the sensitivity of TNBCs
to apoptosis by targeting HAX-1 (39), but their study lacked
clinical cohorts and specimens to validation. Therefore, we aimed
to examine the expression level of miR-223 in our center’s well-
developed tissue microarray (TMA) and its specific function and
potential prognostic value in BC, especially TNBC.
MATERIALS AND METHODS

Study Cohort
A total of 150 female patients diagnosed with stage I-III TNBC
from August 2003 to November 2007 at Fudan University
Shanghai Cancer Center (FUSCC; Shanghai, China) were
consecutively recruited. According to the ratio approximately
equal to 1.5 (ratio = TNBCs/other subtypes), 300 patients with
other BC subtypes (Luminal A, Luminal B, and HER2-enriched)
in the same period were randomly selected to avoid selection bias.
All participants were diagnosed with invasive ductal carcinoma
BC as the only primary tumor and underwent surgery, and their
miR-223 expression levels were available. Overall survival (OS)
was calculated as the time from the initial pathological diagnosis
to death from any cause. Disease-free survival (DFS) was defined
as the period from the initial pathological diagnosis to recurrence
or metastasis or BC-specific death. The last follow-up time was
March 2018, and the median follow-up time was 96.02 months.

Written permission was obtained for the collection of data
from the FUSCC database. This study was ethically approved by
the Ethical Committee and Institutional Review Board of
FUSCC, and all the methods were performed in accordance
with the approved guidelines.

Tissue Microarrays (TMAs)
FFPE samples were obtained from the above BC patients before
cancer treatment. The TMAs were constructed from FFPE samples
by the Department of Pathology at FUSCC. Details on the
development of the TMAs have been described in our previous
studies (15, 19, 40–43). Briefly, an instrument was built for creating
holes in the recipient array blocks and for acquiring tissue cores
from the donor blocks (43). Stereotactic microscope was used to
best select the areas of interest, with an additional bright light
source under each block. After the block construction was
completed, 8-mm sections of the resulting tumor tissue
microarray block were cut with a microtome. An adhesive-coated
tape system was a useful method for sectioning the tumor array
blocks. The microtome knife cuts underneath a piece of tape that is
placed over the block surface. The thin tissue section adheres to the
tape, which is then rolled on an adhesive-coated microscope slide to
transfer the section to the slide. Nearly all of the malignant tumors
retain their histological pattern through the entire 3-mm-deep
block. To reduce errors and improve accuracy, the TMAs were
designed in duplicate cores in different areas of the same tumor.

In Situ Hybridization (ISH)
ISHwas performed on the TMAs using digoxigenin (DIG)-labeled
miRCURY LNA robes from Exiqon (Vedbeak, Denmark) and
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anEnhanced Sensitive ISH Detection Kit I from Boster
(Wuhan, China). The miR-223 probe sequence was 5′-
TGGGGTATTTGACAAACTGAC-3′. Detailed ISH procedures
have been described previously (15, 41). Briefly, TMAs were
rewarmed at 65°C for 4 h, deparaffinized in xylene, and
sequentially hydrated in gradient ethanol solutions (three times
in 100%, once in 95%, once in 85%, and once in 75%). Then,
TMAs were washed with PBS three times and incubated with 3%
hydrogen peroxide for 10 min at room temperature. Next, TMAs
were washed with 0.1% DEPC-H2O for 5 min, and then incubated
with pepsin diluted 10-fold by citrate at 37°C for 20 min. After the
digestion procedure exposing the nucleic acid fraction of RNA,
TMAs were washed with PBS three times for 5 min each and with
0.1% DEPC-H2O once for 5 min. After incubation with
prehybridization solution for 3 h at 37°C, the TMAs were
incubated with 200 ml miRNA probe (20 nmol/L) that had been
preheated for 10 min at 80°C and quickly transferred to an ice/
water mixture for 5 min, in a hybridization box at 60°C overnight.
The next day, TMAs were subjected to a stringent washing
procedure with 2× saline sodium citrate (SSC), 0.5× SSC, and
0.2× SSC. After a 30-min wash in blocking solution, TMAs were
sequentially incubated with biotinylated digoxin (60 min),
streptavidin–biotin complex (20 min), and peroxidase (20 min)
with a 5-min wash in 0.5 mol/L PBS between each. The results
were visualized after staining with 3, 3-diaminobenzidine and
counterstained with Gill hematoxylin.

Staining Evaluation
ISH staining was evaluated by two experienced pathologists
independently in a blinded fashion. The staining index (SI) was
used to incorporate the intensity and percentage of positive cells (15,
41). The intensity of staining was graded as follows: 0, no staining; 1,
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weak; 2, moderate; and 3, strong. The percentage of cells stained was
graded as follows: 0, no staining; 1, <10%; 2, 10–50%; and 3, >50%
tumor cells. The SI was calculated by multiplying the two scores.
Samples with SIs >4 were defined as miR-223 high expression,
whereas samples with SIs ≤4 were defined as miR-223 low
expression. A third pathologist was consulted if there was a
disagreement between the two observers. Examples of high and
low expression stains are shown in Figure 1.

miR-223 Expression in the METABRIC and
TCGA Databases
The public data of miR-223 expression in the METABRIC and
TCGA databases can be accessed online at Kaplan-Meier plotter
https://kmplot.com/, which is a validation of survival biomarkers
and capable of assessing the effect of 54k genes (mRNA, miRNA,
and protein) on survival in 21 cancer types. A total of 1,262 BC
patients from the METABRIC database and 1,078 BC patients
from the TCGA database had complete follow-up data,
pathological information, and miR-223 expression levels. All
the details concerning how to use the online webtools have
been described in the paper published by Lanczky et al. (44).

Statistical Analysis
The relationships between miR-223 expression and
clinicopathological parameters were based on Pearson’s c2 tests
or Fisher’s exact tests when necessary. OS and DFS were compared
between the two groups using the Kaplan-Meier method and a Cox
regression model. All p values were two-tailed, and a p value <0.05
was considered statistically significant. SPSS version 22.0 software
(SPSS, Chicago, IL, USA) and R software version 3.5.3. (The R
Project for Statistical Computing, https://www.r-project.org/) were
used for the calculations and analyses. The R packages “survminer”,
A B

FIGURE 1 | Identification of miR-223 in breast tumors by in situ hybridization (ISH). (A) Representative staining of negative miR-223 staining (staining index ≤4);
(B) Representative staining of positive miR-223 staining (staining index >4) (scale bar of low-magnification = 125 mm and scale bar of high-magnification = 20 mm).
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“readr”, and “survival” with the appropriate libraries were used.
“Kaplan-Meier plotter” was utilized to test miR-223 as a biomarker
of BC patient survival.
RESULTS

Patient Characteristics and miR-223
Expression Patterns
For the 450 patients with invasive BC enrolled in this study, the
median age was 51.31 years, and 49.1% of patients weremenopausal.
Among all patients, 55.11% were grade II and 26%were grade III. In
addition, 56% (252/450) of patients had no lymph node metastasis,
and 46.67% (210/450) had a tumor size ≤2 cm. Based on TNM
stage, the proportions of patients in stage I, II, and III were 30.89,
54.67, and 11.11%, respectively. In the overall cohort, the four
molecular subtypes (Luminal A, Luminal B, HER2-enriched, and
triple-negative, definitions described in Table 1) accounted for 22,
24, 20.67, and 33.33%, respectively. In the staining evaluation, high
staining for miR-223 was observed in 36.66% (165/450) of tumors.
No significant associations were observed between miR-223
expression and clinicopathologic characteristics. Other related and
detailed characteristics of the patients are shown in Table 1.

Elevated miR-223 Expression Is
Associated With Good Clinical Outcomes
in BC Patients
By the end of the study, a total of 20.22% (91/450) of patients
experienced disease recurrence or metastasis, and 9.78% (44/450)
died of BC. Among the 91 patients, 85.71% (78/91) had low miR-
223 expression; among the 44 patients who died of BC, 79.55%
(35/44) had low miR-223 expression. Kaplan-Meier analysis
showed that the OS and DFS of the high miR-223 expression
group were significantly better than those of the low miR-223
expression group (p < 0.001 and p = 0.017, respectively, Figures
2A, B). The 5-year DFS and OS rates of the low miR-223
expression group (76.24 and 90.43%, respectively) were
significantly lower than those of the high miR-223 expression
group (94.35 and 95.79%, respectively). Notably, both OS and DFS
were significantly better in the high miR-223 TNBC group
(p = 0.046 and p < 0.001, respectively, Figures 2C, D) and
HER2-enriched group (p = 0.099 and p = 0.014, respectively,
Figures S1E, F) than in the low miR-223 TNBC group, although
the same trend was not observed in the other subtypes (Figure S1).
In conclusion, high miR-223 expression indicates a better clinical
outcome in BC patients, especially TNBC patients.

Univariate and Multivariate Analyses of
Prognostic Factors in BC Patients
Univariate and multivariate Cox regression analyses revealed that
TNM stage (p = 0.008), the molecular subtype (p = 0.049), andmiR-
223 (p < 0.001) were independently associated with DFS (Table 2).
The same factors were also determined to affect OS independently
(Table S1). Since TNM stage overlapped with tumor size and lymph
node status and the molecular subtype overlapped with ER, PR, and
HER2 status, we did not incorporate TNM stage and the molecular
subtype into the multivariate analyses to avoid study bias.
Frontiers in Oncology | www.frontiersin.org 467
The hazard ratios (HRs) of the low miR-223 expression group
were 2.373 (95% CI: 1.140–4.937) for OS and 3.960 (95% CI: 2.201–
7.126) for DFS, with the high miR-223 expression group used as a
reference. All the results from the univariate analysis and
multivariate Cox regressionmodel are presented in Tables 2 and S1.

In addition to the Cox prognosis, we explored the competing-
risk nomogram. All of the validated factors in Table 2 were
incorporated to develop the competing-risks nomogram for
predicting the 3-, 5-, and 10-year probability of DFS and OS
by calculating the sum of the point values corresponding to each
patient’s characteristics. Figure S2 showed that expression of
miR-223 was the strongest contributor to DFS, while TNM stage
TABLE 1 | Characteristics of the study cohort.

Variable Number miR-223 expression, number
(%)

Pa value

Low High

Total 450 285 165
Age (years) 0.399
≤40 52 (11.56%) 36 (8.00%) 16 (3.56%)
40–60 330 (73.33%) 210 (46.67%) 120 (26.67%)
>60 68 (15.11%) 39 (8.67%) 29 (6.44%)

Menopausal status 0.438
pre 229 (50.89%) 149 (33.11%) 80 (17.78%)
post 221 (49.11%) 136 (30.22%) 85 (18.89%)

Differentiation 0.811
II 248 (55.11%) 155 (34.44%) 93 (20.67%)
III 117 (26.00%) 77 (17.11%) 40 (8.89%)
Missing 85 (18.89%) 53 (11.78%) 32 (7.11%)

Tumor size (cm) 0.369
≤2 210 (46.67%) 131 (29.11%) 79 (17.56%)
2–5 211 (46.89%) 133 (29.56%) 78 (17.33%)
>5 20 (4.44%) 13 (2.89%) 7 (1.56%)
Missing 9 (2.00%) 8 (1.78%) 1 (0.22%)

Lymph node status 0.539
Negative 252 (56.00%) 153 (34.00%) 99 (22.00%)
Positive 198 (44.00%) 132 (29.33%) 66 (14.67%)

ER 0.622
Negative 255 (56.67%) 164 (36.44%) 91 (20.22%)
Positive 195 (43.33%) 121 (26.89%) 74 (16.44%)

PR 0.195
Negative 298 (66.22%) 195 (43.33%) 103 (22.89%)
Positive 152 (33.78%) 90 (20.00%) 62 (13.78%)

HER2 0.233
Negative 248 (55.11%) 151 (33.56%) 97 (21.56%)
Positive 202 (44.89%) 134 (29.78%) 68 (15.11%)

TNM stage 0.784
I 139 (30.89%) 84 (18.67%) 55 (12.22%)
II 246 (54.67%) 157 (34.89%) 89 (19.78%)
III 50 (11.11%) 34 (7.56%) 16 (3.56%)
Missing 15 (3.33%) 10 (2.22%) 5 (1.11%)

Molecular subtypeb 0.635
Luminal A 99 (22.00%) 58 (12.89%) 41 (9.11%)
Luminal B 108 (24.00%) 72 (16.00%) 36 (8.00%)
HER2-enriched 93 (20.67%) 61 (13.56%) 32 (7.11%)
Triple-negative 150 (33.33%) 94 (20.89%) 56 (12.44%)
April 2021 | Volume 11 | Articl
ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor
receptor 2.
aBased on Pearson’s c2 test; Fisher’s exact test was used when needed.
bDefinitions of subtypes: Luminal A (ER- and/or PR-positive, HER2-negative, PR high
expression, and Ki-67 low expression), Luminal B (ER- and/or PR-positive, HER2-positive;
ER-and/or PR-positive, HER2-negative, and Ki-67 high expression or PR low expression),
HER2-enriched (ER- and PR-negative, HER2-positive), and triple-negative (ER-negative,
PR-negative, and HER2-negative).
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was the strongest contributor to OS. But unfortunately, we did
not have external calibrations to verify it.

Subgroup Analysis: miR-223 Is an Effective
Predictive Factor of Clinical Outcomes
in TNBC
In the subgroup analysis, miR-223 expression exhibited predictive
potential for DFS and OS only in the TNBC subgroup (HR = 5.997,
95% CI 2.128–16.903, p = 0.001 for DFS; HR = 3.142, 95% CI
1.063–9.283, p = 0.038 for OS; Table 3) but not in the Luminal A
(p = 0.217 for DFS, p = 0.277 for OS), Luminal B (p = 0.127 for DFS,
p = 0.528 for OS), or HER2-enriched (p = 0.081 for DFS, p = 0.958
for OS) subgroup. Interestingly, among the 93 patients with HER2-
enriched BC, five patients, all in the low miR-223 expression group,
Frontiers in Oncology | www.frontiersin.org 568
died, and no patient in the high expression group died. In addition,
of the 15 patients who experienced relapse, 14 were in the low
expression group, and only one was in the high expression group.
This finding may explain why the statistics were slightly skewed. In
summary, miR-223 is an effective predictor of clinical outcomes in
TNBC, but it is worthy of further study in HER2-enriched BC.

External Validation in the METABRIC and
TCGA Databases via Online Webtools
To test the correlation between miR-223 expression and clinical
prognosis, we performed survival analysis on data from publicly
available datasets. As a survival biomarker discovery and validation
tool based on a meta-analysis, Kaplan-Meier plotter is capable of
assessing the effect of a miRNA on survival in BC patients.
A B

C D

FIGURE 2 | Kaplan-Meier curve of miR-223 expression in breast cancer patients. (A) Overall survival in breast cancer patients; (B) disease-free survival in breast
cancer patients; (C) overall survival in triple-negative breast cancer patients; (D) disease-free survival in triple-negative breast cancer patients.
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Data from Kaplan-Meier plotter showed that patients with high
expression levels of miR-223 experienced a significantly longer OS
time than those with low expression levels of miR-223 in both the
METABRIC and TCGA databases (p < 0.001 and p = 0.0045,
Figures 3A, B, respectively). In the detailed subtype analysis, we
found that high miR-223 expression levels were associated with
prolonged OS in patients with TNBC but not in those with the
other subtypes based on data from the METABRIC database (p =
0.0054; Figure 3C), consistent with the results described above. The
same trend was observed in the TCGA database, but there was no
statistical significance (p = 0.067), which may be related to the
deficiency of TNBC data (n = 98, Figure 3D).

The same results were also confirmed in patients with rectal
adenocarcinoma (n = 160, p = 0.025), stomach adenocarcinoma
(n = 436, p = 0.031), thymoma (n = 124, p = 0.03), and kidney
renal papillary cell carcinoma (n = 291, p = 0.049); high
expression levels of miR-223 were associated with prolonged
OS (data not shown, available online at https://kmplot.com/).
DISCUSSION

Insights into the roles of miRNAs in disease development,
particularly cancer, have made miRNAs attractive tools for novel
Frontiers in Oncology | www.frontiersin.org 669
biomarkers as well as therapeutic approaches (12). There is
considerable evidence to indicate that miRNAs and their
biogenesis machinery are involved in cancer development. The
dysregulation of miRNA in tumors can be roughly divided into
three parts. First, the dysregulation of miRNA biogenesis enzymes,
such as downregulation of the miRNA biogenesis proteins Drosha
and Dicer, is associated with poor patient outcomes (45–48). The
other two points are the dysregulation of miRNAs with oncogenic
function and the dysregulation of tumor suppressor miRNAs
(described above). A mimic of the tumor suppressor miR-34
reached a phase I clinical trial (NCT01829971) for treating
cancer. Currently, there is no universally recognized miRNA as a
clinical prognostic biomarker or even as a clinical therapeutic
target in BC. The search for effective biomarkers to guide treatment
and predict prognosis is particularly important in TNBC, which is
associated with high recurrence and lacks targeted therapy (49).

Our study is the first to evaluate the relationship between the
expression ofmiR-223 and clinical outcomes in BC specimens.We
found that the OS and DFS of the high miR-223 expression group
were significantly better than those of the low miR-223 expression
group, which was consistent with the results of some previous
basic researches (37–39). The same results were also confirmed in
the METABRIC and TCGA databases via online webtools.
However, there was a study that differed from our results (50),
TABLE 2 | Univariate and multivariate analyses for disease-free survival.

Univariate Multivariate

Variable HR 95% CI P value HR 95% CI P value
Age 0.594
≤40 vs >60 1.351 0.626–2.914 0.444
40–60 vs >60 0.994 0.548–1.803 0.984

Menopausal status
pre vs post 0.737 0.487–1.113 0.147

Differentiation
II vs III 0.730 0.457–1.164 0.186

TNM stage 0.008 0.008
II vs I 1.421 0.860–2.346 0.170 1.485 0.887–2.485 0.132
III vs I 2.758 1.446–5.259 0.002 2.858 1.469–5.563 0.002

Molecular subtype 0.194 0.049
Luminal B vs Luminal A 1.106 0.580–2.107 0.760 0.813 0.415–1.593 0.546

HER2-enriched vs Luminal A 0.986 0.497–1.956 0.967 0.701 0.337–1.458 0.342
Triple-negative vs Luminal A 1.626 0.930–2.843 0.088 1.493 0.849–2.626 0.164
miR-223
low vs high 3.960 2.201–7.126 <0.001 3.789 2.098–6.843 <0.001
April 2
021 | Volume 11 | Article
CI, confidence interval; HR, hazard ratio.
The covariates in the Cox model were all categorical variables, and the adjusted p value and HR were derived from the model.
The p value of the univariate analysis is marked bold.
TABLE 3 | Multivariate Cox regression analysis for miR-223 as a prognostic marker for DFS and OS.

DFS OS

Variable HR 95% CI P value HR 95% CI P value
Molecular subtype

Luminal A 1.924 0.681–5.433 0.217 2.452 0.487–12.341 0.277
Luminal B 2.681 0.756–9.512 0.127 0.597 0.120–2.960 0.528

HER2-enriched 6.421 0.793–51.969 0.081 100402 0.000–6.4E+191 0.958
Triple-negative 5.997 2.128–16.903 0.001 3.142 1.063–9.283 0.038
CI, confidence interval; HR, hazard ratio; DFS, disease-free survival; OS, overall survival. The covariates in the Cox model included miR-223 and TNM stage. The adjusted p value and HR
were derived from the Cox model; miR-223 = 1 was used as a reference.
The p value of multivariate cox regression analysis for miR-223 in TNBC subtype is marked bold.
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which may be caused by different race, follow-up time, cohort size,
as well as miR-223 detection methods. So far, no consensus has
been reached between the expression level of miR-223 and the
progression of the disease. This is also worthy of further study in
the future. Surprisingly, no significant associations were observed
between miR-223 expression and clinicopathologic characteristics.
To a certain extent, miR-223 might be an important biomarker
which was independent of these clinicopathological features, and
needed to be paid attention to by clinical practice. The subsequent
univariate and multivariate analyses confirmed that miR-223 is an
independent prognostic factor for OS and DFS. Therefore, we
speculate that miR-223 may be a protective factor in the prognosis
of BC and can be detected to guide clinical practice in the future.
Whether miR-223 is a tumor suppressor miRNA in BC requires
further mechanistic research. In previous studies, miR-223 has
been found to affect the cell cycle in acute myeloid leukemia by
targeting the transcription factor E2F1 (51). Xu and coworkers
found that miR-223 targets the tumor suppressor Fbxw7/Cdc4
(52). The latest research proved that miR-223 plays a key role in
Frontiers in Oncology | www.frontiersin.org 770
controlling steatosis-to-NASH progression by inhibiting two
downstream targets, Cxcl10 and Taz (36).

In the subgroup analysis, the expression of miR-223 showed
predictive potential for DFS and OS only in patients with TNBC
but not in those with Luminal A, Luminal B, or HER2-enriched
BC. According to the results from the METABRIC and TCGA
database, miR-223 was also an effective predictive factor of
clinical outcomes in TNBC. Regarding patients with HER2-
enriched BC, DFS was better in the high miR-223 expression
group, while statistical significance was not obtained for OS
based on the small sample size. Unfortunately, miR-223
expression data on patients with HER2-enriched BC in the
METABRIC and TCGA databases are less than our data.
Interestingly, we analyzed miR-223 expression in the pan-
cancer species via Kaplan-Meier plotter and found that high
miR-223 expression was associated with a good prognosis in
patients with rectal adenocarcinoma, stomach adenocarcinoma,
thymoma, and kidney renal papillary cell carcinoma. Of course,
this speculation needs further research and additional evidence.
A B

C D

FIGURE 3 | Kaplan-Meier curve of miR-223 expression in the METABRIC and TCGA databases. (A) overall survival in the METABRIC database; (B) overall survival
in the TCGA database; (C) overall survival of triple-negative breast cancer patients in the METABRIC database; (D) overall survival of triple-negative breast cancer
patients in the TCGA database.
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In addition, several limitations to this study should be noted.
First, our cohort is not representative of the composition of BC,
and there were more patients with TNBC than with any of the
other subtypes. Second, this was a retrospective analysis in a
relatively small patient cohort. The use of the METABRIC and
TCGA databases in the validation of the results might help
attenuate these limitations. Third, we cannot explain the
association between miR-223 and prognosis or why a high level
of miR-223 indicates a good prognosis in adenocarcinoma but a
poor prognosis in squamous cell carcinoma.

In conclusion, by using one of the largest BC TMAs available
combined with a large public RNA sequencing database, this
study provides evidence that high miR-223 expression at
diagnosis is associated with prolonged DFS and OS in BC
patients, especially those with the TNBC subtype. MiR-223 is a
valid and independent prognostic biomarker in BC.
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Long non-coding RNAs (LncRNA) as the key regulators in all stages of tumorigenesis and
metastasis. However, the underlying mechanisms are largely unknown. Here, we report a
lncRNA RP11-214F16.8, which renamed Lnc-PCIR, is upregulated and higher RNA level
of Lnc-PCIR was positively correlated to the poor survival of patients with triple negative
breast cancer (TNBC) tissues. Lnc-PCIR overexpression significantly promoted cell
proliferation, migration, and invasion in vitro and in vivo. RNA pulldown, RNA
immunoprecipitation (RIP) and RNA transcriptome sequencing technology (RNA-seq)
was performed to identify the associated proteins and related signaling pathways.
Mechanistically, higher Lnc-PCIR level of blocks PABPC4 proteasome-dependent
ubiquitination degradation; stable and highly expressed PABPC4 can further increase
the stability of TAB3 mRNA, meanwhile, overexpression of Lnc-PCIR can disrupt the
binding status of TAB3 and TAB2 which lead to activate the TNF-a/NF-kB pathway in
TNBC cells. Our findings suggest that Lnc-PCIR promotes tumor growth and metastasis
via up-regulating the mRNA/protein level of TAB3 and PABPC4, activating TNF-a/NF-kB
signaling pathway in TNBC.

Keywords: long non-coding RNA, RP11-214F16.8/Lnc-PCIR, TNF-a/NF-kB signaling pathway, TGF-beta activated
kinase 1 (MAP3K7) binding protein 3, poly(A) binding protein cytoplasmic 4
BACKGROUND

Breast cancer is the most frequently diagnosed malignancy in women worldwide and is the second
leading cause of cancer-related death in the United States (1, 2). Expression of the estrogen receptor
(ER), progesterone receptor (PR), and amplification of the HER2 gene define the main breast cancer
subtypes in terms of prognostic and therapeutic intervention (3). Triple negative breast cancer
(TNBC) is the breast cancer subtype characterized by the absence of expression of the ER, PR and
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HER2 (4).Therapies commonly used in other breast cancer
subtypes are therefore not suitable for TNBC, and treatment
options are largely limited to conventional genotoxic
chemotherapy (5, 6). Most of TNBC patients present high
rates of metastatic recurrence and very poor long-term
prognosis after chemotherapy. Consequently, to explore the
underlying mechanisms and identification of molecular targets
and the development of new therapeutic avenues remain
critically important.

Long non-coding RNAs (lncRNAs) are a class of transcripts
longer than 200 nucleotides lacking the open reading frame with
no protein-coding ability (7). With advancements in cancer
transcriptome profiling, large number of lncRNAs has been
demonstrated closely associated with cancer (8, 9). Besides,
lncRNAs have also been implicated to regulate a range of
biological functions, such as genomic imprinting and
transcriptional regulation, plays a critical role in tumorigenesis
and metastasis (10–12). During the past decade, numerous
studies have showed the important role of NF-kB pathway as a
link between inflammation and tumorigenesis (13). NF-kB was
first identified as part of the immune system, and become widely
accepted as a crucial transcription factor that regulates
inflammation, innate and adaptive immunity, cell proliferation,
cell differentiation and apoptosis (14, 15). The hyper-activate of
NF-kB pathway has been linked to cancer which is regarded as a
potential therapeutic target in human cancers (16, 17). TGF-beta
activated kinase 1 (MAP3K7) binding protein 3 (TAB3), as a
newly identified Transforming growth factor-b-activated
kinase 1 (TAK1) binding partner, has been implicated in the
immune response, signal transduction, inflammation and
autophagy (18–21). Several reports showed TAB3 is markedly
overexpressed in various tumor tissues, such as the testis, skin,
non-small cell lung cancer (NSCLC), hepatocellular carcinoma
(HCC) and small intestinal cancers (19, 22–24). However,
the mechanism of overexpressed TAB3 in the process of
TNBC remains unclear.

In this study, we sought to identify clinically relevant lncRNAs
deregulated specifically in TNBC patients and aim to reveal the
functional role and regulatory mechanism of lncRNA in the
progress of TNBC. We identified and characterized the lncRNA
RP11-214F16.8, renamed Lnc-PCIR (LncRNA Positively
Correlated with Inflammatory Responses). Our results showed
Lnc-PCIR was upregulated in TNBC tissues, and overexpressed of
Lnc-PCIR could accelerated cell growth and metastasis in vitro
and in vivo. For mechanistic investigations, Lnc-PCIR could
Abbreviations: LncRNA, Long non-coding RNA; TNBC, Triple Negative Breast
Cancer; Lnc-PCIR, LncRNA Positively Correlated with Inflammatory Responses;
CCK-8, Cell Counting Kit-8; RIP, RNA Immunoprecipitation; TCGA, The Cancer
Genome Atlas; TAB3, TGF-beta activated kinase 1 (MAP3K7) binding protein 3;
PABPC4, poly(A) binding protein cytoplasmic 4; TAB2, TGF-beta activated
kinase 1 (MAP3K7) binding protein 2; UCSC, University of California, Santa
Cruz; qPCR, quantitative real-time PCR; RACE, rapid amplification of cDNA
ends; MS, mass spectrometry; ER, estrogen receptor; PR, progesterone receptor;
TAK1, Transforming growth factor-b-activated kinase 1; NSCLC, non-small cell
lung cancer; HCC, hepatocellular carcinoma; GSEA, Gene Set Enrichment
Analysis; GO analysis, Gene Ontology Analysis; EMT, Epithelial-Mesenchymal
Transition; CHX, cycloheximide.
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directly binding with TAB3 and PABPC4. The stability of
PABPC4 protein was increased by inhibiting ubiquitin
proteasome degradation and overexpressed PABPC4 can
enhance the stability of TAB3 mRNA, which known as a key
molecular involved in TNF-a/NF-kB signaling pathway. Taken
together, these results suggest that Lnc-PCIR may be as the
promising therapeutic target for TNBC patients.
METHODS

Cell Culture
Human TNBC cell lines used in this study were purchased from
Cell Bank of the Chinese Academy of Science (Shanghai,
China), the Health Science Research Resources Bank (Osaka,
Japan) and American Type Culture Collection (ATCC,
Manassas, Virginia, USA). The cell lines were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, Gibco BRL)
contained with 10% fetal calf serum (FBS, HyClone) as
well as 100 U/ml penicillin and 100 mg/ml streptomycin
(Invitrogen). Cells were maintained in a humidified incubator
at 37°C in the presence of 5% CO2. Cell lines confirmed to be
mycoplasma-free by short tandem repeats (STR) profiling. All
the cell lines were used within 15 passages and subjected to
routine cell line quality examinations (e.g., morphology,
mycoplasma), and thawed fresh every 2 months.

Patients and Samples
Cohort 1: One hundred and ten paired TNBC and neighboring
noncancerous tissues from TCGA database (https://
cancergenome.nih.gov/); Cohort 2: Five hundred and fifty
paired patients TNBC and neighboring noncancerous tissues
were also from TCGA database; Cohort 3: One hundred and ten
paired TNBC and neighboring noncancerous tissues obtained
from the surgical specimen archives of the Shanghai cancer
center of Fudan university, Shanghai, China (collected
postoperatively from August 2010 to September 2018); Each
sample was snap-frozen in liquid nitrogen and stored at −80°C
prior to RNA isolation and qRT-PCR analysis. All patients
recruited to this study did not receive any pre-operative
treatments. The data do not contain any information that
could identify the patients. All patients provided written
informed consent. The use of human clinical specimens in the
present study was approved by the Institutional Review Board of
the Shanghai Medical College of Fudan University. A summary
of the clinical information for the 110 patients is available online
in Supplementary Table 1.

RNA Isolation and Quantitative PCR
(Real-Time RT-PCR)
Total RNA was extracted from tissues or cultured cells using
TRIzol reagent (Invitrogen). Total RNA (500 ng) was reverse
transcribed to cDNA in a final volume of 10 ml using random
primers under standard conditions with the PrimeScript RT
Reagent Kit (Takara, Dalian, China). We performed real-time
PCR analyses using SYBR Premix Ex Taq (Takara) according to
May 2021 | Volume 11 | Article 630300
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the manufacturer’s instructions. Results were normalized to the
expression of glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) or b-actin, and data were collected based on the
comparative cycle threshold (CT) (2−DDCT) method. Specific
primer sequences are listed in Supplementary Table 2.

Plasmid Generation and
Transfection/Infection
We obtained the full-length Lnc-PCIR, PABPC4 and TAB3
sequence and ligated into the pcDNA3.0 (+) vector (Invitrogen).
Additionally, we also cloned the sequence of PABPC4 and TAB3
into the pCMV-Flag or pCMV-HA. Plasmid were transfected into
TNBC cells cultured in six-well plates using the Lipofectamine
3000 DNA transfection reagent (life, USA). For lentivirus
packaging, 2 × 106 293 T cells were co-transfected with
packaging plasmid pA2 and pMD2G. After 8 h, the transfection
medium was replaced with fresh DMEM supplemented with
10% FBS. Subsequently, cell supernatants containing lentiviruses
were collected. For infection, cells were treated with polybrene
(8 mg/mL, Sigma) for 0.5 h before incubated with lentiviral,
after incubation for 8 to 12 h at 37°C, stable cell lines were
selected by puromycin (2 mg/mL, Sigma). Cells were harvested for
qRT-PCR or western blot analysis 48 h after transfection. The
sequences for the gene-specific primers used are listed in
Supplementary Table 2.

Northern Blot Assay
Total RNA (10–15 mg) from samples were separated on 15%
denaturing polyacrylamide gels, transferred onto GeneScreen
Plus membranes (PerkinElmer), and hybridized using
UltraHyb-Oligo buffer (Ambion). Following hybridization at
42°C overnight, the membranes washed twice in 0.1×SSPE and
0.1% SDS at 42°C for 15 min each. Membranes were then
exposed to a storage phosphor screen (GE Healthcare Bio-
Sciences) for 8 h and imaged using a Typhoon 9410 Variable
Mode Imager (GE Healthcare Bio-Sciences). The sequences for
probe primers used are listed in Supplementary Table 2.

Western Blotting
Cells were lysed in lysis buffer in the presence of protease
inhibitor cocktail (Roche) and phosphatase inhibitor cocktails I
and II (Sigma). Equal amounts of protein, as determined by the
Bradford assay, were resolved by electrophoresis in a SDS 10%
polyacrylamide gel and then transferred to a PVDF membrane
(Millipore). The membrane was incubated with the primary
antibodies and secondary antibodies, then was detected using
an enhanced chemiluminescence kit (ECL, Invitrogen). The
details of antibodies used are listed in Supplementary Table 3.

Cell Growth Assay
For cell growth assays, 2000 cells per well were seeded into 96-
well plates, with three wells used for each group. Cell numbers
were evaluated for 5 days using a cell counting kit-8 (CCK-8)
(Dojindo, Japan). 10 ml of CCK-8 reagent was added to each well
and the plate was incubated at 37°C for 2 h. Next, the absorbance
at 450 nm was measured in each well by using a
spectrophotometer (Molecular Devices, CA, USA). For the
Frontiers in Oncology | www.frontiersin.org 375
colony formation assay, 1500 cells well were seed into 6-well
plates and routinely cultured for 14 days. The cells were
subsequently fixed with 30% formaldehyde for 10 min and
stained with 0.1% crystal violet for 10 min. The number of
colonies was determined under an optical microscope.

Cell Migration and Invasion Assays
The migration and invasive ability of the cells was performed
using a transwell assay. For Invasion assays, we using the 8-mm
pore inserts Millicell chambers which were coated with 30 mg of
Matrigel (BD Biosciences, USA). And the Millicell chambers
without coating the Matrigel was conducted in the migration
assay. Cells (5×10 (4) for migration and 1×10 (5) for invasion)
were seeded onto a transwell plate with 8-mm pores, and DMEM
supplemented with 20% FBS was used as a chemoattractant.
Following a 24-h incubation, non-invading cells were manually
removed using a cotton swab. Subsequently, the cells were fixed
in 4% paraformaldehyde for 20 min, stained with hematoxylin
and then counted under a microscope.

RNA Pull-Down and Mass
Spectrometry Assay
A full-length of sense and antisense Lnc-PCIR sequence were
transcribed and biotin-labeled using T7 RNA polymerase
(Roche, Basel, Switzerland) and purified using the RNA Clean
Kit (ZYMO research, USA) in vitro. 1 mg protein lysis of 231 cell
extracts was then mixed with 2 mg of biotinylated RNA at 4°C for
1 h, and then incubated with 50 ml of M-280 streptavidin dyna-
beads (Thermo Scientific, USA) over night at 4°C. After washing
with the beads for six times with DEPC-PBS buffer. The RNA–
protein complex was boiled in 1×SDS buffer for 5 min. The
retrieved protein was detected using standard western blotting
techniques and silver staining.

For mass spectrometry process, in brief, which include protein
digestion, MS, database retrieval and protein identification.
Firstly, protein digestion, each sample was allowed to proceed
at 56°C for 1 h in 10 Mm dithiotreitol and add 55 mM
iodoacetamide incubated in the dark for 45 min at room
temperature. The gel pieces were washed with 100 ml of 25 mm
NH4HCO3 for 10 min and dehydrated with 100 ml of 25 mm
NH4HCO3 in 50% acetonitrile for 5 min for two times. Following
drying in a SpeedVac, the gel pieces were mixed with 12.5 ng/ml of
trypsin and incubated on ice for 40 min and 25 mm NH4HCO3
was added as needed to cover the gel pieces. Digestion was then
carried out at 37°C overnight. Using 60% acetonitrile, 0.2% TFA
to extract the tryptic peptides from the gel pieces. Following
20 min of vortex and 5 min of sonication, the supernatant was
taken and saved. Following the evaporation of acetonitrile in a
SpeedVac, the sample was desalted with a C18 ZipTip (Millipore),
and half of the eluate was analyzed with nanoLC-MS/MS.
Secondly, the samples were resuspended with 30 ml solvent C
respectively (C: water with 0.1% formic acid), separated by nanoLC
and analyzed by on-line electrospray tandem mass spectrometry.
10 ml peptide sample was loaded onto the trap column
(Thermo Scientific Acclaim PepMap C18, 100 mm × 2 cm), with
a flow of 10 ml/min for 3 min and subsequently separated on
the analytical column (Acclaim PepMap C18, 75 mm × 15 cm)
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with a 90-min linear gradient, from 5% D (D: ACN with 0.1%
formic acid) to 55% D. The column was re-equilibrated at initial
conditions for 10 min. The column flow rate was maintained at 300
nl/min. The electrospray voltage of 2 kV versus the inlet of themass
spectrometer was used. Thirdly, tandem mass spectra were
processed by PEAKS Studio version 8.5 (Bioinformatics Solutions
Inc., Waterloo, Canada). PEAKS DB was set up to search the
UniProt-homo sapiens database (version 201712, 72029 entries)
assuming trypsin as the digestion enzyme. Peptides were filter by
1% FDR and 1 unique peptide.

RNA Immunoprecipitation (RIP) Assay
RIP was performed using the EZ-Magna RIP kit (Millipore,
Billerica, MA) following the manufacturer’s protocol. 231 cells at
80–90% confluency was scraped off the tissue culture plate, then
lysed in complete RIP lysis buffer. A total of 200 ml of whole cell
extract was incubated with RIP buffer containing magnetic beads
conjugated with antibodies against PABPC4 and TAB3 or
control IgG (Millipore) overnight at 4°C. The beads were
washed with wash buffer, then the complexes were incubated
with 0.1% SDS and 0.5 mg/ml Proteinase K (30 min at 55°C) to
remove proteins. The RNA concentration was measured using a
NanoDrop spectrophotometer (Thermo Scientific, USA) and its
quality was assessed using a bioanalyzer (Agilent, Santa Clara,
CA). Finally, immunoprecipitated RNA was purified and
analyzed by qRT-PCR.

Subcellular Fractionation
The separation of nuclear and cytosolic fractions was performed
using the NE-PER Nuclear and Cytoplasmic Extraction Reagents
Kit (Thermo, USA) following the manufacturer’s instructions. In
brief, for adherent cells, harvest with trypsin-EDTA and then
centrifuge at 500 × g for 5 min; Wash cells by suspending the cell
pellet with PBS and centrifuge at 500 × g for 2 min for two times;
Add ice-cold 200 ml CER I to the cell pellet, and vortex the tube
vigorously on the highest setting for 15 s to fully suspend the cell
pellet. Incubate the tube on ice for 10 min, add ice-cold 11 ml
CER II, vortex the tube for 5 s on the highest setting. Incubate
tube on ice for 1 min; Centrifuge the tube for 5 min at 16,000g,
transfer the supernatant (cytoplasmic extract) to a tube; suspend
the pellet with 200 ml ice-cold NER, vortex on the highest setting
for 15 s every 10 min, for a total of 40 min; Centrifuge the tube at
16,000 × g for 10 min; Immediately transfer the supernatant
(nuclear extract) fraction to a clean pre-chilled tube, store
extracts at −80°C until use. RNA isolation using TRIzol
reagent (Invitrogen) and using PrimeScript RT Reagent Kit
(Takara, Dalian, China) for cDNA production. b-Actin was
used as the cytoplasmic endogenous control. U6 small nuclear
RNA was used as the nuclear endogenous control for qPCR.

RACE Assay
We used a SMARTer RACE cDNA Amplification kit (Clontech,
California, USA) to determine the transcriptional initiation and
termination sites of Lnc-PCIR, according to manufacturer’s
instructions. The sequences for the gene-specific PCR primers
used for 5’ and 3’ RACE analysis was given in Supplementary
Table 2.
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RNA Scope Assay
RNA in situ hybridization was performed using RNAScope®

Multiplex Reagent Kit for Tissues (ACD, Life technologies,
USA) to analysis the RNA level of Lnc-PCIR in human TNBC
tissues and adjacent normal tissues. In brief, deparaffinized tissue
sections were hybridized with the Lnc-PCIR probe and negative
control probe at 40°C for 2 h. After hybridizations, sections were
subjected to signal amplification, Gill ’s hematoxylin
counterstaining, and scanning (Aperio ScanScope CS, Leica
Biosystems, Nussloch, Germany) at 40× magnification. Fast
Red semiquantitative image analysis was performed using the
Aperio RNA ISH algorithm, which automatically quantifies the
staining across whole slides and counts individual molecular
signals and clusters in the cells. The obtained results are divided
into three ranges: 1, which includes cells containing two to five
dots per cell; 2, which includes cells containing 6-20 dots per cell;
and 3, which includes cells containing more than 20 dots per cell.

Tumor Xenograft Experiments
Female NOD/SCID nude mice (4 weeks old) were obtained from
the Shanghai Model Organisms Center (Shanghai, China). And
housed and maintained in laminar airflow cabinets under specific
pathogen-free conditions. Subsequently, the stable lenti-P-Lnc-
PCIR or control 231 cells (1 × 107 cells/mice in 200 ml sterile PBS)
were injected subcutaneously into NOD/SCID nude mice. Tumor
growth was measured after 1 week, and tumor volumes were
calculated by the formula: volume (cm3) = (length × width2)/2.
After 4 weeks, the mice were sacrificed and the tumors were
collected and weighed. For in vivo metastasis assay, 1 × 106 lenti-
P-Lnc-PCIR or control 231 cells (in 50 ml of sterile PBS) were
orthotopically injected directly into the inguinal mammary fat
pads of mice in (n = 10 in each group). All procedures were
conducted in accordance with the Guidelines for the Care and
Use of Laboratory Animals with the approval of the Ethics
Committee of the Fujian Medical University.

Statistical Analysis
All experiments were performed in triplicate. Statistical analyses
were performed using SPSS (version 23.0, SPSS Inc.) or GraphPad
Prism software (version 7.0, USA). Clinicopathological
characteristics were analyzed by chi-square tests. Survival curves
were generated using the Kaplan-Meier method and log-rank
tests. Univariate and multivariate Cox regression analyses were
conducted to identify the independent factors. Student’s t-test or
the Mann–Whitney U test was used for comparison between two
groups depending on distribution. P (two-sided) less than 0.05
was considered to indicate statistical significance. All data were
presented as the mean ± standard error of the mean (SEM).
RESULTS

Identification of Clinically Relevant
lncRNAs Overexpressed in TNBC
In order to identify lncRNAs that play a role in TNBC, we used
RNA-sequencing (RNA-seq) data from 1084 patients available in
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the TCGA database (The Cancer Genome Atlas). We classified the
tumors with available PAM50 (Prediction Analysis of Microarray
50) molecular subtype annotation (25), obtaining a final cohort of
110 TNBC patients (cohort 1) (26). Using differentially expressed
gene analysis, we identified a subset of lncRNAs overexpressed with
clinically relevant in the TNBC subtype (fold change>4) compared
to normal tissue (Figures 1A, B and Supplementary Excel 1).
Subsequently, the top four upregulated lncRNAs are selected: RP11-
214F16.8 (Lnc-PCIR), LOC645249, SNHG3, and LINC00160. The
RNA level of Lnc-PCIR was confirmed in 550 paired TNBC tissues
Frontiers in Oncology | www.frontiersin.org 577
and paired tumor-adjacent non-tumor tissues (Cohort2) (Figure
1C). The univariate Cox proportional hazards regression method
revealed that Lnc-PCIR showed the significantly prognostic value in
TNBC tissue (Figure 1C). So, we choose the Lnc-PCIR for further
study. Moreover, the RNA levels of Lnc-PCIR were confirmed by
quantitative real-time polymerase chain reaction (q-PCR) analysis
in 110 paired TNBC tissues and paired tumor-adjacent non-tumor
tissues (Cohort3). Compared with matched normal tissues, Lnc-
PCIR was significantly up-regulated in TNBC tissues (Figure 1D).
We also employed the RNA Scope assay to analyze Lnc-PCIR RNA
A B

D E F

C

FIGURE 1 | Lnc-PCIR upregulated and predicted the worse survival in triple negative breast cancer. (A, B) Volcano plot and Manhattan plot analysis of RNA-

sequencing data of TNBC and normal tissues from TCGA. Red represents up-regulated long non-coding RNAs with log(fold change)
2 >4; (C) Relative expression level

and overall survival of screened lncRNAs in TCGA data of TNBC samples; (D) qRT-PCR results showed that Lnc-PCIR expression was significantly upregulated in
110 pairs of TNBC tissues and non-tumor tissues (NTs); (E) RNA Scope assay to detect the Lnc-PCIR RNA level in TNBC and adjacent normal tissues. Left panel:
representative images; right panel: statistical analysis of the staining; (F) Kaplan-Meier survival analysis of Lnc-PCIR expression in TNBC patients (n = 110). All
p-values calculated by independent sample t-test (***significant values of <0.001).
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level, results confirmed Lnc-PCIR has significantly higher level in
TNBC tissues (Figure 1E). Patients with higher levels of the Lnc-
PCIR exhibited poor survival outcomes (P=0.0036) (Figure 1F).
These data together indicated that Lnc-PCIR was significantly
upregulated and related to the overall survival in TNBC tissues,
and might be involved in the progression of TNBC.

Overexpressed Lnc-PCIR Promoted Cell
Migration, Invasion, and Proliferation
In Vitro and In Vivo
We first analyzed the basic characteristic of Lnc-PCIR in breast
cancer cells. Lnc-PCIR (ENSG00000280710.2) located on
13q32.3 and has only one transcript with three exons
(Supplementary Figure 1A). Lnc-PCIR is widely expressed in
different breast cancer cell lines, and the RNA level was
significantly up-regulated in TNBC cell lines (Supplementary
Figure 1B). Next, we examined the subcellular localization of
Lnc-PCIR, finding that Lnc-PCIR predominately resides in the
nucleus in 231 and BT549 cells by qRT-PCR (Supplementary
Figure 1C). By Coding Potential Calculator (27) (http://cpc.cbi.
pku.edu.cn/) and the PhyloCSF codon substitution frequency
analysis (28), Lnc-PCIR has low protein-coding ability
(Supplementary Figures 1D, E). Moreover, we performed
the RACE assay (rapid amplification of cDNA ends) and
Northern blot assay to confirm the Lnc-PCIR is a 987-bp-
long intergenic non-protein-coding RNA in breast cancer cells
(Supplementary Figures 1F, G).

To assess the effect of Lnc-PCIR on TNBC cell migration and
invasion, we performed transwell assay and wound-healing
assay. Two independent small interfering RNAs (siRNAs) for
Lnc-PCIR significantly decreased the migration and invasion of
the 231 and BT549 cells (Figures 2A–D and Supplementary
Figure 2A), and vice-versa, Lnc-PCIR overexpression by a
lentivirus vector (pCDH- Lnc-PCIR, shorted in P-Lnc-PCIR)
promoted 231 and BT549 cells the migration and invasion of the
231 and BT549 cells (Figures 2E–G and Supplementary Figure
2B). On the other hand, Lnc-PCIR knockdown significantly
decreased 231 and BT549 cells growth and colony formation
(Figures 3A–C), whereas, Lnc-PCIR induction increased cell
growth and colony formation (Figures 3D–F).

To further explore the growth-promoting effects of Lnc-PCIR
on TNBC cells in vivo, we evaluated the promoting effects of Lnc-
PCIR on cell metastasis. The stable P-Lnc-PCIR 231 cells were
transplanted into the fat pad of nude mice. The metastatic
nodules in the lung were significantly increased in the P-Lnc-
PCIR group (Figure 4A). Hematoxylin-eosin staining showed
that the metastatic foci derived from the P-Lnc-PCIR cells
dramatically increased in the lung (Figure 4B). We also
subcutaneously injected stable P-Lnc-PCIR 231 cells into nude
mice. Both the volumes and weights of the tumors in the P-Lnc-
PCIR group were markedly higher than those in the control
group (Figures 4C–E) with no significant change in body weight
of nude mice (Figure 4F), demonstrating that P-Lnc-PCIR
promotes the tumorigenicity of the TNBC cells in vivo. Taken
together, these findings suggest that Lnc-PCIR acts as an
oncogenic driver in the development and progression of TNBC.
Frontiers in Oncology | www.frontiersin.org 678
Identified the Lnc-PCIR Binding Proteins
To explore the molecular mechanism underlying the oncogenic
activity of Lnc-PCIR in TNBC progression, we performed RNA
pull-down assays to identify the proteins associated with Lnc-
PCIR in the 231 cells. The results from three independent Lnc-
PCIR pull-down experiments repeatedly showed specific bands
at approximately 70 KD and 90 KD via mass spectrometry
(Figure 5A and Supplementary Table 4). Nine potential
interacting proteins were obtained based on unique peptide
number>5 and peptide number>10 in the three independent
experiments and were absent in the corresponding antisense
groups (Figure 5A). After confirming in two independent
experiments, we observed that sense but not antisense Lnc-
PCIR, was specifically associated with TGF-beta activated
kinase 1 (MAP3K7) binding protein 3 (TAB3) and Poly(A)
binding protein cytoplasmic 4 (PABPC4) (Figure 5B).
Moreover, RIP assays showed that the antibodies of TAB3 or
PABPC4 could significantly enrich Lnc-PCIR (Figure 5C),
whereas the GAPDH antibody and IgG as the negative control.
In addition, unbiased transcriptome profiling was performed
using RNA-sequencing in 231 cells transfected with two
independent si-Lnc-PCIR to investigate the related signaling
pathways and biological process. GSEA (Gene Set Enrichment
Analysis) and GO analysis (Gene Ontology Analysis) showed
that top four signaling pathways Lnc-PCIR involved in which
include: TNFA signaling via NFKB pathway, Hypoxia,
Epithelial-mesenchymal Transition (EMT) and Estrogen
response early in 231 cells (Figure 5D and Supplementary
Excel 2). Moreover, we verified the top-scoring genes altered in
TNFA signaling via NFKB pathway and confirmed that Lnc-
PCIR dramatically affected the genes expression level that are
highly associated with tumorigenesis (Figure 5E). Taken
together, these findings demonstrated that Lnc-PCIR is an
oncogenic driver through activating TNF-a/NF-kB signaling
pathway by binding with TAB3 and PABPC4 in TNBC and
the molecular mechanisms between them need further explored.

Lnc-PCIR Enhances the Protein Levels of
TAB3 and PABPC4
In order to explore the regulatory mechanism among Lnc-PCIR,
TAB3 and PABPC4, we first analysis the binding fragment/
domain between them, a series of deletion was constructed based
on the secondary structure of Lnc-PCIR (http://www.lncipedia.
org/, Figure 6A). The 201–507 nt (#2) fragment of Lnc-PCIR
mediates the interaction with TAB3, while the 625–987 nt (#3)
fragment of Lnc-PCIR is required and sufficient for the
association with PABPC4. Additionally, we also construct the
FLAG-tagged full-length and truncated TAB3 or PABPC4. RIP
assays showed CUE domain (1–244 aa) of TAB3 was the vital
domain mediate the interaction with Lnc-PCIR (Figure 6B), and
PABP-1234 super family domain (11–624 aa) of PABPC4 is
required for its association with Lnc-PCIR (Figure 6C). Next, we
sought to determine the functional relevance of the association
between Lnc-PCIR and TAB3/PABPC4. Knockdown of Lnc-
PCIR significantly decreased the mRNA level of TAB3, and vice
versa (Figure 6D). But knockdown and overexpressed Lnc-PCIR
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has non-effect of mRNA level of PABPC4 (Figure 6D).
Western blot assay revealed overexpressed Lnc-PCIR increased
the expression level of TAB3 and PABPC4, knockdown of Lnc-
PCIR could significantly reduce the protein level of TAB3/PABPC4
in 231 cells (Figure 6E). Moreover, actinomycin D, which
effectively inhibits the de novo synthesis of RNA, was used to
explore the stability of TAB3 regulated by Lnc-PCIR.
Overexpression of Lnc-PCIR could increase the half-life and
steady-state level of TAB3, whereas the depletion of Lnc-PCIR
resulted in a decreased half-life and RNA level of TAB3 (Figure 6F),
revealing that Lnc-PCIR specifically regulate the stability of TAB3
in the TNBC cells. Meanwhile, we found PABPC4 could specifically
bind with TAB3 in 231 cells (Figures 6G, H). PABPC4, a Poly (A)-
binding protein, is expressed at a higher level in colon cancer and
Frontiers in Oncology | www.frontiersin.org 779
lung adenocarcinoma compared to normal tissues (29, 30).
However, the expression profile and role of PABPC4 in TNBC
remains unknown. Given this, we speculate whether PABPC4 can
directly bind to the TAB3 mRNA. RNA pulldown assay was
conducted with biotinylated TAB3 mRNA, results showed
overexpressed Lnc-PCIR strengthened the binding of PABPC4
and mRNA of TAB3 (Figure 6I). Both PABPC4 and TAB3 are
overexpressed in TNBC tissues, and a strong correlation between
them (Supplementary Figures 3A–C). Furthermore, knockdown
of PABPC4 or TAB3 reduced the cell growth and invasion abilities
of the 231 cells (Supplementary Figures 3D, E and Supplementary
Figures 4A–D). These findings suggest higher RNA level of Lnc-
PCIR could strengthening the stability of TBA3 mRNA, by
enhancing the binding state of PABPC4 to TAB3 in TNBC cells.
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FIGURE 2 | Lnc-PCIR increases TNBC cell invasion and migration in vitro.(A, B) Transwell invasion assays in the 231 (A) and BT549 (A) cells with Lnc-PCIR
knockdown; (C, D) Wound-healing assays in the 231 (A) and BT549 (A) cells with Lnc-PCIR knockdown; (E) Transwell invasion assays in the 231 (A) and BT549
(A) cells with Lnc-PCIR overexpressed; (F, G) Wound-healing assays in the 231 (A) and BT549 (A) cells with Lnc-PCIR overexpressed. All p-values calculated by
independent sample t-test (***significant values of <0.001).
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Lnc-PCIR Blocks PABPC4 Proteasome-
Dependent Ubiquitination Degradation
Although Lnc-PCIR had no significant effect on the mRNA level
of PABPC4 (Figure 6D), the protein levels of PABPC4 were
dramatically increased when overexpressing Lnc-PCIR and were
reduced when silencing Lnc-PCIR in TNBC cells (Figure 6E). To
explore the mechanisms underlying this phenomenon, we
wonder whether it affects the stability of the PABPC4 protein
level. Thus, following treatment with a protein-synthesis inhibitor
cycloheximide (CHX), Lnc-PCIR knockdown accelerate the
PABPC4 degradation, whereas Lnc-PCIR activation increased
the half-life of the PABPC4 protein in the TNBC cells (Figure
7A). Besides, we also treated cells with a proteasome inhibitor
MG132, the accumulation of endogenous PABPC4 in cells
overexpressing Lnc-PCIR was remarkable greater (Figure 7B),
indicating that higher level Lnc-PCIR might inhibit the
proteasome-dependent degradation of PABPC4 in TNBC cells.
Furthermore, the ubiquitination levels of PABPC4 significantly
increased in the sh-Lnc-PCIR cells, whereas the ubiquitination
levels of PABPC4 sharply decreased in the overexpressed Lnc-
PCIR cells (Figure 7C). Collectively, these results indicated that
Lnc-PCIR can increase the stability of PABPC4 through blocking
its ubiquitin/proteasome-dependent degradation.

TAB3 as the Functional Downstream
Mediator of Lnc-PCIR to Activating
TNF-a/NF-kB Pathway
Previous studies have shown that TAB2 which tightly associated
with TAB3 is involved in NF-kB activation (31). Considering the
Frontiers in Oncology | www.frontiersin.org 880
effect of Lnc-PCIR on TAB3 protein level, we hypothesize that
Lnc-PCIR may exert its biological effects through regulating the
association of TAB3 and TAB2. The Co-IP study showed that
endogenous TAB2, were detected in the immunoprecipitant
with TAB3 antibody, and the association of TAB2 and TAB3
was remarkable decreased due to Lnc-PCIR overexpression
(Figure 7D). Furthermore, functional recovery assay showed
deleting TAB3 in the P-Lnc-PCIR cells significantly inhibited
the invasion abilities, indicating that TAB3 is an important
downstream effector of P-Lnc-PCIR in TNBC cells (Figure 7E).
On the other hand, the activation of NF-kB signaling by
treatment with TNFa (10 ng/ml) rescued the decreased cell
invasion induced by the knockdown of TAB3. We also treated
cells with the NF-kB inhibitor caffeic acid phenethyl ester (CAPE,
10 ng/ml), the transwell assay showed that blockade of NF-kB
signaling dramatically decreased Lnc-PCIR induced cell
migration and invasion (Figure 7E). To further clarify the
mechanism by which Lnc-PCIR regulates via the NF-kB
signaling in TNBC cells, we measured the changes in
phosphorylated IkBa (p-IkBa), phosphorylated-p65 (p-p65)
and total p65 expression in Lnc-PCIR knockdown or
overexpression 231 cells. The results showed that the
knockdown of Lnc-PCIR can significantly decrease p-IkB and
p-p65 in 231 cells and vice-versa (Figure 7F). TNBC patients in
the high TAB3 expression group had a much shorter median
survival time than those in the low TAB3 expression group
(Figure 7G). And TAB3 showed a positive correlation with
Lnc-PCIR in TNBC tissues (Figure 7H). Taken together, Lnc-
PCIR as the oncogenic driver in TNBC, they make a meaningful
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FIGURE 3 | Lnc-PCIR increases TNBC cell proliferation and colony formation in vitro. (A–C). CCK-8 assays (A, B) and Colony formation assays (C) in the 231 and
BT549 cells with knockdown of Lnc-PCIR; (D–F). CCK-8 assays (D, E) and Colony formation assays (F) in the 231 and BT549 cells with overexpression of Lnc-PCIR.
All p-values calculated by independent sample t-test (***significant values of <0.001).
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contribution to tumor progression through activating the NF-kB
signaling by associated with TAB3.
DISCUSSION

Long non-coding RNAs were found to be deregulated in a variety
of diseases, especially cancer (32). Understanding the precise
molecular mechanism by which lncRNAs function is vital for
exploring new potential strategies for early diagnosis and therapy.
In this study, from RNA-sequencing data, we identified Lnc-
PCIR, is a clinically relevant lncRNA displays a remarkable trend
of increased expression in TNBC tissue. Importantly, higher Lnc-
PCIR levels predicted lower overall survival rates in TNBC
patients, supporting that Lnc-PCIR may be a promising
Frontiers in Oncology | www.frontiersin.org 981
prognostic biomarker for TNBC. Lnc-PCIR showed the strong
oncogenic activity by promoting TNBC cell tumor invasion and
metastasis, proliferation, tumorigenicity in vitro and in vivo. And
these results may suggest Lnc-PCIR involved in cancer-related
biological processes and pathways which lead to TNBC
tumorigenesis and progression.

Through the study on the mechanisms driven by Lnc-PCIR,
we performed RNA Pulldown and RNA-sequencing assay, and
found Lnc-PCIR could directly binds to TAB3 and PABPC4.
TAB3 bind to the 5′ terminus of Lnc-PCIR (210–624 nt),
whereas the 3’ terminus of Lnc-PCIR (625–987 nt) accounts
for its association with PABPC4; therefore, it was not surprising
that these two proteins could bind to each other.

TABs family which include TAB1, TAB2 and TAB3 have
been identified as the specific binding partner proteins of TAK1
A
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C

FIGURE 4 | Lnc-PCIR increases TNBC cell metastasis and cell growth in vivo.(A, B) Statistics analysis of the metastatic foci in the lung obtained from nude mice
injection with the stable P-Lnc-PCIR 231 cells detected by hematoxylin-eosin staining; (C–E). Representative image of nude mouse models bearing subcutaneous
tumor xenografts (C); Tumor volumes (D) and tumor weights (E) were measured in the P-Lnc-PCIR 231 cells and negative-control groups in the xenograft mouse
models; (F) The weight of nude mice in the P-Lnc-PCIR 231 cells group and negative-control group. All p-values calculated by independent sample t-test
(***significant values of <0.001).
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FIGURE 5 | Lnc-PCIR specific directly binding with TAB3 and PABPC4 in 231 cells. (A) Silver staining of SDS-PAGE gel of biotinylated Lnc-PCIR RNA pull-down
assays. Red arrows indicated the Lnc-PCIR-Sense-specific bands; (B) Western blot to analysis the interaction partners of Lnc-PCIR using RNA pull-down samples in
231 cell lines; (C) RIP analyses were performed using antibodies against endogenous TAB3 and PABPC4, with IgG as a negative control. The RNA level of the Lnc-
PCIR was detected using RT-PCR and normalized to the input; (D) GSEA analysis of RNA-sequencing primary data when knockdown of Lnc-PCIR by two
independent siRNAs and representative image of top four signaling pathways showed by GSEA analysis; (E) Top key genes regulated by TNF-a/NF-kB pathway
were verified by qRT-PCR when knockdown or overexpressed Lnc-PCIR in TNBC cells. All p-values calculated by independent sample t-test (*significant values
of <0.05; **significant values of <0.01).
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(TGF-b activated kinase 1) which implicated in regulating
diverse range of cellular processes that include embryonic
development, differentiation, autophagy, apoptosis and cell
survival (18, 22). TAB3, a scaffold protein of TAB2, is involved
in IL-1 and TNF-a signaling pathways (21). Several reports
demonstrated TAB3 is widely expressed and constitutively
overexpressed in certain tumor tissues, which as the oncogene
Frontiers in Oncology | www.frontiersin.org 1183
to driving the occurrence and development of tumors (24, 33).
Here, our findings showed that Lnc-PCIR have a strong impact
on TAB3 mRNA stability, and interacting with and upregulating
the TAB3 protein level which contribute to the promoting effects
on activating TNF-a/NF-kB pathway in TNBC cells. Next, we
further explored the mechanisms that stabilize TAB3 mRNA by
Lnc-PCIR.
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FIGURE 6 | Lnc-PCIR enhances the protein levels of TAB3 and PABPC4. (A) Deletion mapping of the Lnc-PCIR according to the second structure (https://
lncipedia.org/); Western blot of TAB3 or PABPC4 in pull-down samples by full-length biotinylated-Lnc-PCIR or truncated biotinylated- Lnc-PCIR RNA motifs, with
GAPDH as the negative control; (B, C) RIP analysis of deletion mapping for the domains of TAB3 (B) or PABPC4 (C) that bind to Lnc-PCIR; (D) The mRNA levels of
TAB3 or PABPC4 were quantified by qRT-PCR with Lnc-PCIR knockdown or overexpression; (E) The protein levels of TAB3 or PABPC4 after Lnc-PCIR
overexpression or knockdown. GAPDH served as the internal control; (F) The half-life of TAB3 after treatment with actinomycin D for indicated times, with Lnc-PCIR
knockdown or overexpression; (G, H) Co-IP assay to detect the association between TAB3 and PABPC4; (I) Western blot to analysis the interaction of PABPC4
with biotinylated-TAB3 mRNA using RNA pull-down samples in 231 cell lines. All p-values calculated by independent sample t-test (***significant values of <0.001).
ns, no significance.
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PABPC4, another associated protein of Lnc-PCIR, which has
been demonstrated related to the inflammatory biomarker (C-
reactive protein) and anti-hepatitis C response, is expressed at a
higher level in tumor tissues (34, 35). However, the mechanisms
underlying the upregulated protein level of PABPC4 remain
unclear. In the present study, we provided a new regulatory
mechanism for PABPC4 via Lnc-PCIR. Higher level of Lnc-
PCIR blocks PABPC4 proteasome-dependent ubiquitination
degradation to promote the oncogenic effects of PABPC4 on
carcinogenesis of TNBC. Stable and highly expressed PABPC4
can further increase the stability of TAB3 mRNA, and the
Frontiers in Oncology | www.frontiersin.org 1284
association of PABPC4 and TAB3 can disrupt the binding of
TAB3 and TAB2 to activate the TNF-a/NF-kB pathway.
CONCLUSION

This study identifies clinically relevant lncRNA Lnc-PCIR using
a large cohort of samples from TCGA and identified it have
prognostic value and may be directly implicated in the oncogenic
phenotype. Our results show that Lnc-PCIR acts as an oncogene
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FIGURE 7 | Lnc-PCIR blocks proteasome-dependent ubiquitination degradation of PABPC4. (A) Western blot to detect the protein level of PABPC4 in sh-Lnc-
PCIR, P-Lnc-PCIR or the control cells which treated with CHX for the indicated times; (B) Western blot to detect the protein level of PABPC4 in P-Lnc-PCIR or
control cells were treated with MG132 for 12 h; (C) IP assay with either control IgG or endogenous PABPC4 antibody and immunoblotted with the ubiquitin-specific
antibody, endogenous PABPC4 and GAPDH served as the loading control; (D) Co-IP assay to detect the association between TAB3 and TAB2 after Lnc-PCIR
overexpression, GAPDH served as the loading control; (E) Rescue assays of transwell invasion assay were performed after silencing TAB3 in P-Lnc-PCIR cells with
or without TNFa/CAPE treatment; (F) Protein expression levels of TAB3, IKBa, p-IKBa, P65 and p-P65 transfected with P-Lnc-PCIR and vector in 231 cells;
(G) Kaplan-Meier survival analysis of TAB3 expression in TNBC patients (n = 110); (H) Correlation analysis between TAB3 and Lnc-PCIR in TNBC patients (n = 110).
All p-values calculated by independent sample t-test (**significant values of <0.01). ns, no significance.
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and significantly promotes TNBC cells tumorigenicity and
metastasis in vitro and in vivo. Mechanistically, higher levels of
Lnc-PCIR inhibits PABPC4 ubiquitination and degradation.
Moreover, higher PABPC4 protein level strengthen the
interaction of PABPC4 and TAB3 mRNA, weakens the
interaction between TAB3 and TAB2, positively regulated
TNF-a/NF-kB signaling pathway. Therefore, our study
implies the Lnc-PCIR may provide a potential target for
TNBC treatment.
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Background: To know the expression of Mesenchymal–Epithelial Transition factor (MET)
and Fatty Acid Synthase (FASN) in Triple Negative Breast Cancer (TNBC) patients, as well
as its relationship with clinical pathological characteristic and prognosis.

Methods: we used immunohistochemistry staining to detect the expression of MET and
FASN for those 218 TNBC patients, and analyze their relationship with the clinical
pathological characteristic and prognosis.

Results: 130 and 65 out of 218 TNBC patients were positive for MET in the cancer and
adjacent tissues respectively. 142 and 30 out of 218 TNBC patients were positive for
FASN in the cancer and adjacent tissues respectively. Positive expression of MET and
FASN were significantly correlated with lymph node metastasis, pathological TNM, and
pathological Stage. In addition, the positive expression of MET and FASN were correlated
with recurrence and metastasis. The combined use of MET and FASN can better predict
the survival condition.

Conclusions: Our results indicated that MET and FASN showed good predictive ability
for TNBC. Combined use of MET and FASN were recommended in order to make a more
accurate prognosis for TNBC.

Keywords: TNBC, MET, FASN, recurrence, metastasis, prognosis biomarker
INTRODUCTION

Breast Cancer (BC) is themost commonly diagnosed cancer and the leading cause of cancer death (1).
In 2018, there are almost 2.1million new cases of BChave been diagnosedwhich account for about 1/4
cancer cases among women (1). Depend on molecular and histological evidences, BC could be
classified into BC expressing hormone receptor (estrogen receptor (ER+) or progesterone receptor
(PR+)), BCexpressinghumanepidermal receptor 2 (HER2+) and triple-negative breast cancer (TNBC)
(ER−, PR−, HER2−) (2, 3). About 25% of early breast cancer patients still experience local recurrence
and develop distantmetastases after active treatment (4). TNBC is one of themost aggressive subtypes
of BC, which accounts for about 10–15% of all breast cancers (5). Currently, there are few effective
treatments for TNBC. And the prognosis of TNBC is worse than that of non-TNBC (6, 7).
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Previous studies indicated that the treatment approaches for BC
should be based on their molecular characteristics. Therefore, it is
important to search for suitable prognostic biomarkers for the
prognosis diagnosis and clinical treatment of TNBC.

MET (Mesenchymal–epithelial transition factor) is a receptor
tyrosine kinase which could be activated by its ligand hepatocyte
growth factor (HGF). The activation of MET and its downstream
signaling pathway involved in a number of important biological
activities, including tumor cells growth, proliferation and metastasis
(8, 9). Recently, increasing evidences indicated that MET is closely
correlated with the development of BC (10, 11). MET positive TNBC
patients have a shorter overall survival, their death risk is 1.8 times
that of negative patients (12). MET is highly expressed in TNBC cell
lines. And inhibition of MET could reduce cell proliferation and
migration (12). Fatty acid synthase (FASN) is a key enzyme in fat
biosynthesis, which plays an important role in regulating the
expression of genes involved in apoptosis and DNA repair (13). It
is highly expressed in various sex hormone-relatedmalignant tumors
and closely related to the proliferation, invasion, metastasis, drug
resistance, and apoptosis of tumor cells (13). Current studies have
shown that FASN is closely related to the development of BC (14–
16). The expression degree of FASN is positively correlated with
malignant degree, recurrence, metastasis and death of tumor (17).

In this study, we detect the expression of MET and FASN in
TNBC, and analysis the correlation of MET and FASN with clinic
pathological characteristics. 130 and 65 out of 218 TNBC patients
were positive for MET in the cancer and adjacent tissues
respectively. 142 and 30 out of 218 TNBC patients were positive
for FASN in the cancer and adjacent tissues respectively. Positive
expression of MET and FASN were correlated with lymph node
metastasis, pathological TNM, and pathological Stage. In addition,
the positive expression of MET and FASN were correlated with
recurrence and metastasis. The combined use of MET and FASN
can better predict the survival condition. Combined analysis
indicated that the TNBC patients with MET and FASN positive
expression displayed a worse overall survival. And the AUC was
higher than 0.6, which indicated that the combined used of MET
and FASN could predict the survival situation more accurately.
MATERIALS AND METHODS

Patients
This study was carried out in accordance with theWorld Medical
Association’s Declaration of Helsinki and approved by the
Research Ethics Committee in The Affiliated Tumor Hospital
of Xinjiang Medical University. A total of 218 TNBC patients
which confirmed by pathological examination in the affiliated
tumor hospital of Xinjiang medical university from 2013 to 2015
were collected (Table 1).

Immunohistochemistry
MET antibody (ZA-0636) was purchased from Beijing Zhong
Shan Jin Qiao Biotechnology Company. FASN antibody (FNab-
03019) was purchased from Wuhan Enfei Biotechnology
Company. The operation of immunohistochemistry was
Frontiers in Oncology | www.frontiersin.org 288
strictly in accordance with the content of quality control.
(1) The surgically resected tissue of TNBC patients was treated
with 10% formalin fixation and paraffin embedding, and then
histological sections were performed (4mm). (2) After routine
dewaxing and rehydration, we washed the histopathological
sections with PBS (pH =7.4) for three times at 5 min interval.
After heat-induced epitope recovery, we washed the
histopathological sections with ddH2O. (3) We used hydrogen
peroxide solution to block endogenous catalase activity (at room
temperature, 10 min). (4) The primary antibody (Dilution:
MET, 1:200; FASN, 1:100) was incubated at 4°C overnight.
Then washed it with PBS for 5 min and repeated three times.
(5) Biotin conjugated secondary antibody was added and
incubated at room temperature for 30 min, following with
three times wash by PBS for 5 min/time. (6) Add chromogenic
reagent for incubation 3 min, hematoxylin dyeing for nuclear
staining and dehydration for seal the slide.

Criteria for Result Analysis
The expression of MET and FASN protein was observed by two-
person use double-blind method. All slides contain multiple tissue
sections and set antibody or PBS as positive control and negative
control. The results were determined by two-person double-blind
observation. The ratio of positive cells and the intensity of cell
staining were considered to be the judgment criteria. The score
criteria for the ratio ofMET positive cells were displayed as follows:
negative represented 0, <25% represented 1, 26–50% represented 2,
51–75% represented 3, and >75% represented 4. The score criteria
for the dyeing intensity were displayed as follows: negative
represented 0, light yellow represented 1, dark yellow represented
2, and brown represented 3. A patient is considered to positive for
MET if the sum of those two indexes was greater than 4, and
negative if they are not (Figures 1A, B) (18). The score criteria for
the ratio of FASN positive cells were displayed as follows: ≤1%
represented 0, 2–10% represented 1, 11–50% represented 2, 51–
80% represented 3, and ≥81% represented 4. The score criteria for
the dyeing intensity were displayed as follows: negative represented
0, light brown represented 1, brown represented 2, and dark brown
represented 3. A patient is considered to positive for MET if the
sum of those two indexes was greater than 4, and negative if they
are not (Figures 1C, D) (19).

Follow-Up Records
The follow-up time of this study was calculated from the
postoperative period. The primary survival assessment was
disease-free survival (DFS) for five years. DFS time referred to
TABLE 1 | Clinical characteristic.

Category Case (218)

Age <40 65
≥40 153

Operation method Improved radical mastectomy 127
Breast-conserved radical mastectomy 72
Breast reconstruction surgery 19

Treatment Neoadjuvant chemotherapy 72
Adjuvant chemotherapy 146
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the time from the first day after surgery to local recurrence,
regional recurrence, or distant metastasis.

Construction of the TNBC Prognostic Model
We first marked patients with both MET and FASN positive as 2
points, marked patients with MET or FASN positive as 1 point,
marked patients with MET and FASN negative as 0 point. After
the assignment, we classify the sample as following:①Group 1: 1
and 2 points, Group 2: 0 point. ②Group 1: 2 points, Group 2: 0
and 1 point. After group divided, we carried our univariate Cox
hazards regression analysis and time-dependent receiver
operating characteristic (ROC) curves analysis.

Statistical Analysis
IBM SPSS 22 software was used to carry out univariate
and multivariate Cox regression analysis, and chi-square test
analysis, Kaplan–Meier analysis. P <0.05 was considered
statistically significant.
RESULTS

Expression of MET and FASN in Cancer
and Adjacent Tissues of TNBC
In this present study, we used IHC staining to detect the
expression of MET and FASN. We found that 130 and 65 out
of 218 TNBC patients were positive for MET in the cancer and
Frontiers in Oncology | www.frontiersin.org 389
adjacent tissues respectively. The positive rates were 59.6 and
29.8% (Table 2). 142 and 30 out of 218 TNBC patients were
positive for FASN in the cancer and adjacent tissues respectively.
The positive rates were 65.1 and 13.8%. The positive rate for MET
and FASN in cancer tissues of TNBC were higher significantly
than those in the adjacent tissue (Table 2). There were 83 TNBC
patients with both positive expression of MET and FASN.

The Relationship of MET and FASN With
the Clinical Pathological Features
To know the relationship of MET and FASN with the clinical
pathological features, we carried out the correlation analysis and
found that the positive expression of MET and FASN were
significantly correlated with lymph node metastasis,
pathological TNM, and pathological Stage. In addition, we also
found that the positive expression of FASN was significantly
correlated with diabetes and body mass index (Table 3). Those
FIGURE 1 | Expression detection of MET and FASN by Immunohistochemistry. (A, B), positive (A) and negative (B) expression of MET by immunohistochemistry.
(C, D), positive (C) and negative (D) expression of FASN by immunohistochemistry.
TABLE 2 | Expression of MET and FASN in cancer and adjacent tissues.

Group MET FASN

Positive Negative Positive Negative

Cancer Tissue 130 (59.6) 88 (40.4) 142 (65.1) 76 (34.9)
Adjacent Tissue 65 (29.8) 153 (70.2) 30 (13.8) 188 (86.2)
Chi-square value 39.19 120.4
p value <0.001 <0.001
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results indicated that MET and FASN may be the factor affecting
the progression of TNBC.

Associated Analysis of Recurrence and
Metastasis With MET and FASN
To know the relationship of positive expression of MET and
FASN with their recurrence and metastasis, we followed up those
218 patients for five years. Of 218, 54 TNBC patients had cancer
recurrence and metastasis. For MET, we found the ratio of DFS
in positive expression group and negative expression group were
70.0 and 83.0% respectively. The positive expression of MET was
significantly correlated with cancer recurrence and metastasis
(X2 = 4.726, p = 0.030). For FASN, we also found the ratio of DFS
in positive expression group and negative expression group were
70.4 and 84.2% respectively. The positive expression of FASN
was significantly correlated with cancer recurrence and
metastasis (X2 = 5.505, p = 0.025) (Table 4).

At meanwhile, we carried out univariate Cox regression
analysis for MET and FASN. The TNBC patients with negative
expression of MET (P = 0.036) and FASN (P = 0.029) displayed a
better overall survival. The result of multivariate Cox regression
analysis indicated that the expression of MET (B = 0.685, P =
0.025) and FASN (B = 0.757, P = 0.021) were still correlated with
the overall survival.
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To know whether MET and FASN could be combined for
TNBC diagnostic analysis, we divided the TNBC patients into two
groups as following: Group 1: 1 and 2 points, Group 2: 0 point.
We carried out univariate Cox regression analysis and found that
there was no significantly difference in overall survival between
groups 1 and 2. And then, we divided the TNBC patients into two
groups as following: Group 1: 2 points, Group 2: 0 and 1 point.
We carried out univariate Cox regression analysis and found that
group 1 displayed a worse overall survival (Figure 2A). The time-
dependent receiver operating characteristic (ROC) curves have
area under curve (AUC) values higher than 0.5 significantly,
which were 0.6210 (p = 0.0028) (Figure 2B).
DISCUSSIONS

BC is the most commonly diagnosed cancer and the leading
cause of cancer death (1). There are almost 2.1 million new cases
of BC have been diagnosed which account for about 1/4 cancer
cases among women in 2018 (1). TNBC is one of the most
aggressive subtypes of BC. It is important to find suitable
biomarkers in TNBC patients for prognosis diagnosis.

MET is a protein encoded by the proto-oncogeneMET which is
located in 7q21-q31 of chromosome 7. MET is involved in the
activation of multiple signal transduction pathways, including RAS,
PI3K and -catenin pathways, which play an important role in the
occurrence and development of cancer (20–22). Previous studies
have demonstrated that abnormal activation of MET signaling
pathway could promote neovascularization, lymphangiogenesis,
proliferation and differentiation of tumor cells, malignant tumor
invasion and metastasis (23). For example, Bleau et al. (24) found
that miR-146a targets c-met and abolishes colorectal cancer liver
metastasis. Guo et al. (25) found miRNA-454-3p inhibits cervical
cancer cell invasion and migration by targeting Met. Han et al. (26)
found miR-1 could inhibit gastric cancer cell proliferation and
TABLE 3 | The relationship of MET and FASN with the clinical pathological features in TNBC.

Clinical pathological features n MET chi-square value p value FASN chi-square value p value

positive negative positive negative

Tumor size (cm) ≤2 55 29 (52.7) 26 (47.3) 1.648 0.439 30 (54.5) 25 (45.5) 4.114 0.128
2–5 124 78 (62.9) 46 (37.1) 87 (70.2) 37 (29.8)
≥5 39 23 (59.0) 16 (41.0) 25 (64.1) 14 (35.9)

Lymph node metastasis 66 46 (69.7) 20 (30.3) 3.983 0.046 50 (75.8) 16 (24.2) 4.701 0.030
no-metastasis 152 84 (55.3) 68 (44.7) 92 (60.5) 60 (39.5)

Pathological TNM I 50 22 (44.0) 28 (56.0) 6.643 0.036 21 (42.0) 29 (58.0) 16.30 0.001
II 110 70 (63.6) 40 (36.4) 79 (71.8) 31 (28.2)
III 58 38 (65.5) 20 (34.5) 42 (72.4) 16 (27.6)

Pathologic Stage I 15 5 (33.3) 10 (66.7) 6.365 0.041 4 (26.7) 11 (73.3) 11.18 0.004
II 129 75 (58.1) 54 (41.9) 85 (65.9) 44 (34.1)
III 74 50 (67.6) 24 (32.4) 53 (71.6) 21 (28.4)

Diabetes Positive 29 16 (55.2) 13 (44.8) 0.276 0.599 24 (82.8) 5 (17.2) 4.574 0.032
Negative 189 114 (60.3) 75 (39.7) 118 (62.4) 71 (37.6)

Body mass index <18.5 4 1 (25.0) 3 (75.0) 2.053 0.561 0 (0.0) 4 (100) 13.33 0.004
18.5–23.9 102 62 (60.8) 40 (41.2) 60 (58.8) 42 (41.2)
24–27.9 70 42 (60.0) 28 (40.0) 49 (70.0) 21 (30.0)
≥28 42 25 (59.5) 17 (40.5) 33 (78.6) 9 (21.4)
May 2021
 | Volume 11 | Article
Since the P value is less than 0.05, we highlighted it in bold.
TABLE 4 | Correlation analysis of MET and FASN with the recurrence
and metastasis.

Group MET FASN

Positive Negative Positive Negative

Recurred and Metastasis (%) 39 (72.2) 15 (27.8) 42 (77.8) 12 (22.2)
No- recurred and metastasis (%) 91 (55.5) 73 (44.5) 100 (61.0) 64 (39.0)
chi-square value 4.726 5.505
p value 0.030 0.025
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migration by targeting MET. Lee et al. (27) found that inhibition of
Met and VEGFR2 in osteoblasts reduced RANKL and M-CSF
expression, and associated with reduction of tumor-induced
osteolysis. In addition, previous studies indicated abnormal
activation of MET was also involved in the development of BC.
For example, Meng et al. (11) found that EGFL9 could promote
breast cancer metastasis by inducing MET activation and metabolic
reprogramming. Zeng et al. (10) found that FEN1 mediates miR-
200a methylation and promotes BC cell growth viaMET and EGFR
signaling pathway. Those reports indicated MET played important
role in the development of cancer, including BC. In this present
study, we found 130 out of 218 TNBC patients (59.6%) was positive
for MET in the cancer tissue which were significantly higher than
that in adjacent tissues. We also found the positive expression of
MET was associated with lymph node metastasis, pathological
TNM, and pathological stage in TNBC patients significantly. Our
results reinforced the relationship of MET with the development of
cancers. In addition, we found that the TNBC patients with positive
expression of MET exhibited poorer overall survival. Our results not
only enhanced the relationship between MET expression and BC
survival rate, but also suggested that MET expression was also
closely related to the overall survival of BC subtype TNBC (12). Our
results indicated that MET could be a prognostic biomarker for
TNBC which was similar to previous studies (28, 29).

FASN is an enzyme that encoded by the FASN gene, could
catalyzes fatty acid synthesis. Previous study indicated that FASN
could be a possible oncogene (30). Orlistat was a gastrointestinal
lipase inhibitor which could be a potential medicine for cancers
(31). Inhibition of FASN could suppress the proliferation,
invasion, and metastasis of cancer cells (15, 32, 33). In the
present study, we found that 142 out of 218 TNBC patients
(65.1%) were positive for FASN in cancer tissue which was
significantly higher than that in adjacent tissues. Positive
expression of FASN was associated with lymph node metastasis,
TNM stage, histological grading, diabetes, and body mass index.
In addition, we also found FASN was correlated with the overall
survival of TNBC patients. TNBC patients with positive
expression of FASN exhibited poorer overall survival. These
results indicated that FASN could be a prognostic biomarker for
Frontiers in Oncology | www.frontiersin.org 591
TNBC patients. Our result was consistent with previous reports
showed that FASN was an indicator of poor prognosis (34).
CONCLUSIONS

Combined analysis indicated that the TNBC patients with MET
and FASN positive expression displayed a worse overall survival.
And the AUC was higher than 0.6, which indicated that the
combined used of MET and FASN could predict the survival
situation more accurately.
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FIGURE 2 | Analysis of the TNBC prognostic model based on MET and FASN expression. (A) The overall survival curve of TNBC patients with group 1 (2 points,
both positive expression of MET and FASN) and group 2 (0 and 1 point, positive expression of MET or FASN, and negative expression of MET and FASN). (B) The
AUC value of ROC curve in 5-year for TNBC patients.
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Epithelial-Mesenchymal-Transition-
Like Circulating Tumor Cell-
Associated White Blood Cell Clusters
as a Prognostic Biomarker in HR-
Positive/HER2-Negative Metastatic
Breast Cancer
Xiuwen Guan1, Chunxiao Li2, Yiqun Li1, Jiani Wang1, Zongbi Yi1, Binliang Liu1,
Hongyan Chen2, Jiasen Xu3, Haili Qian2*, Binghe Xu1,2* and Fei Ma1,2*

1 Department of Medical Oncology, National Cancer Center/National Clinical Research Center for Cancer/Cancer Hospital,
Chinese Academy of Medical Sciences and Peking Union Medical College, Beijing, China, 2 State Key Laboratory of
Molecular Oncology, National Cancer Center/Cancer Hospital, Chinese Academy of Medical Sciences and Peking Union
Medical College, Beijing, China, 3 SurExam Bio-Tech, Guangzhou, China

Background: Although positive Circulating tumor cells (CTCs) status has been validated
as a prognostic marker in breast cancer, the interaction between immune cells and CTCs
during the progress of Epithelial-mesenchymal-transition (EMT), and the clinical
implications of CTC-associated white blood cell clusters (CTC-WBC clusters) for
metastatic breast cancer are largely uncharacterized.

Methods: We optimized a filter-based method combined with an RNA in situ
hybridization technique according to the epithelial- and mesenchymal-markers to
analyze EMT in CTC-WBC clusters. Serial peripheral blood samples from 135 patients
with Hormone receptor (HR)-positive/HER2-negative metastatic breast cancer receiving
first-line chemotherapy with docetaxel plus capecitabine were prospectively collected until
disease progression from Nov 2013 to March 2019. Follow-up data collection was
conducted until July 2020.

Results: A total of 452 blood samples at all time-points were collected and analyzed.
Median age of the cohort was 51.0 years (range, 27 to 73 years), and most of them
(76.3%) had visceral metastases. Median progression-free survival (PFS) was 10.6
months (95% CI, 8.8 to 12.3 months). The presence of EMT-like CTC-WBC clusters
was more frequently evident among patients with simultaneous bone and lymph node
metastases (87.5% vs 36.2%, P=0.006), whereas no associations were observed
between CTC-WBC clusters and other clinicopathologic characteristics before
chemotherapy. The patients with EMT-like CTC-WBC clusters tended to show a
significantly increased number of total CTC count (median,19.0 vs 5.0, P<0.001). The
patients with at least one detectable EMT-like CTC-WBC cluster at baseline were
June 2021 | Volume 11 | Article 602222193
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characterized by significantly worse PFS, when compared to the patients with no EMT-like
CTC-WBC clusters detected (7.0 vs 10.7 months, P=0.023), and those with five or more
epithelial-based CTCs detected per 5mL of peripheral blood (7.0 vs 12.7 months,
P=0.014). However, the total CTC-WBC clusters were not correlated with patients’
survival in the cohort (8.4 vs 10.6 months, P=0.561).

Conclusions: Our data provide evidence that the emergence of CTC-WBC clusters
underwent EMT before treatment is associated with significantly poorer PFS in HR-
positive/HER2-negative metastatic breast cancer patients receiving docetaxel plus
capecitabine, which may be used as a parameter to predict the clinical outcomes and
a potential target for individualized therapy.
Keywords: metastatic breast cancer, circulating tumor cells, white blood cell, epithelial-mesenchymal-
transition, prognosis
INTRODUCTION

Circulating tumor cells (CTCs), potentially involved in the
metastatic cascade (1), has been identified as a poor prognostic
clinical factor in breast, lung, colorectal, and prostate cancer,
which plays a key role in tumor cell dissemination for metastatic
formation (2–6). Owing to the independent prognostic value of
CTC count proved in multiple studies, the 8th edition of the
American Joint Committee on Cancer (AJCC) cancer staging
manual suggested CTCs as an adverse prognosis factor for
patients with primary and metastatic breast cancer (7).
However, carcinoma cells may undergo an epithelial-
mesenchymal-transition (EMT) process and result in decreased
expression of epithelial markers, which leads to false-negative
findings by traditional epithelial marker-based CTC capturing
methods (8).

The process of EMT is a key event in promoting stationary
tumor cells to invade and migrate during metastatic cascade (6),
which may also result in down-regulated expression of epithelial
markers and an increase in mesenchymal proteins in CTCs. CTCs
with the expression of mesenchymal markers, like TWIST1,
SNAIL1, or vimentin were more likely to be identified in patients
with advanced cancer compared to those with early-stage cancer,
suggesting the potential role in metastatic dissemination and
disease progression (8). Previous evidence in breast, lung, and
colorectal cancer showed the presence of CTCs undergoing EMT
was correlated with a higher risk of treatment failure and poor
prognosis (9–13). Whereas, traditional epithelial marker-based
CTC capturing methods, such as Cellsearch, may partially leak
the detection of CTCs underwent EMT, thus it is necessary to
optimize the enrichment and characterization system based on the
expression of both epithelial- markers and mesenchymal-markers.

Moreover, CTCs may have direct interactions with immune
cells during cancer dissemination, and correlate with the
inflammatory state in the target organ of metastatic
extravasation (14). Analyses of the interaction between CTCs
and immune cells may provide reference for real-time therapy
stratification and prognosis prediction. Although positive CTC
status has been validated as a prognostic marker for recurrence-
free survival, progression-free survival and overall survival in
294
breast cancer (2, 3, 15), the interaction between immune cells
and CTCs during the process of EMT, and the clinical
implications of CTC-associated white blood cell clusters (CTC-
WBC clusters) for metastatic breast cancer are largely
uncharacterized. To address the technical challenges in a
practical method and further investigate its clinical value, we
optimized a filter-based method combined with an RNA in situ
hybridization technique according to the epithelial- and
mesenchymal-markers to analyze EMT in CTC-WBC clusters,
and investigated the predictive value of different phenotypes of
CTC-WBC clusters as a prognostic biomarker in a prospective
study for Hormone receptor (HR)-positive/HER2-negative
metastatic breast cancer.
METHODS

Isolation and Classification of CTCs and
CTC-WBC Clusters
We optimized the CanPatrol® CTC enrichment technique for
the detection of CTC and CTC-WBC clusters (16, 17). CTCs
were isolated using a filter-based method combined with an RNA
in situ hybridization method based on the branched DNA signal
amplification technology according to the epithelial-markers
EpCAM and CK8/18/19, the mesenchymal-markers vimentin
and twist, and the leukocyte-marker CD45.

A total of 5 ml of patient peripheral blood sample was collected
in a K2-EDTA tube and transferred to a sample preservative tube
which contained lysing buffer via a tailored connection device.
Erythrocytes were lysed by the red blood cell lysis buffer in 30 min
at room temperature. The cell pellets were collected by
centrifugation at 600g for 5 min and then PBS containing 4%
formaldehyde was used to resuspend the remaining cells for 8 min.
At last, CTCs were isolated in a filtration system by a calibrated
membrane with 8mm pores filters which can separate small
leukocytes from the large epithelial cells.

A multiplex mRNA in situ hybridization (ISH) assay was used
to identify and classify CTCs. The assay was performed in a 24-
well plate at 40°C for 3 hours and a set of probes (EMT markers)
was utilized in situ hybridization. The epithelial-markers
June 2021 | Volume 11 | Article 602222
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expressed on CTCs were detected by a multi-marker probe (such
as EpCAM, CK8, CK18 and CK19), and the mesenchymal-
markers expressed on CTC were detected by a multi-marker
probe (such as Twist1 and Vimentin). The CD45 probe was used
as the leukocyte-marker. Finally, the cells were stained with
DAPI for 10 min and analyzed with an automated imaging
fluorescence microscope. The red and green fluorescent signals
represent epithelial and mesenchymal markers expression,
respectively. A bright white fluorescent signal represents
CD45 expression. As Figure 2A depicted, CTC-WBC
cluster was defined as CTC karyotype connected to typical
WBC karyotype cells, on which CD45 fluorescence signal
points expressed.

Patient Cohort Selection
A total of 135 patients with HR-positive/HER2-negative
metastatic breast cancer receiving first-line chemotherapy with
docetaxel plus capecitabine were prospectively enrolled in the
observation cohort to investigate the clinical implications of
different phenotypes of CTC-WBC clusters. The patients were
recruited after an agreement from the local Ethical committee
between Nov 2013 to March 2019 from 32 clinical centers in
China. Key eligibility included (1) confirmed histologic/cytologic
diagnosis of HR-positive/HER2-negative metastatic breast
cancer, (2) previously untreated with first-line chemotherapy,
(3) age≥18, (4) Eastern Cooperative Oncology Group
performance status < 2, (5) with measurable lesions defined by
revised Response Evaluation Criteria in Solid Tumors guidelines
version 1.1 (RECIST 1.1), and (6) adequate hematologic, hepatic
and renal function.

The clinicopathological characteristics, including age,
estrogen receptor (ER) status, progesterone receptor (PR)
status, disease free survival (DFS), position of metastatic sites,
and previous endocrinotherapy after confirmed tumor relapse
were collected before enrollment. Enrolled patients received first-
line chemotherapy of docetaxel plus capecitabine for a maximum
of 6 cycles or until disease progression, intolerable adverse
events, or patient withdrawal occurred, and those with stable
disease or a partial or complete response after initial
chemotherapy received the maintenance chemotherapy of
capecitabine. Blood samples were collected from the baseline
and dynamically tracked every 6 weeks during the treatment
until disease progression. Follow-up data collection was
conducted until July 2020.

Statistical Analyses
The associations between the distribution of different subtypes of
CTCs and the heterogeneity of CTC-WBC clusters were
analyzed by Mann-Whitney U test. c2 test or Fisher’s exact test
were used to compare the distribution of clinicopathological
characteristics between different groups and described in
percentages of categorical variables. Kaplan-Meier analysis was
performed to investigate the prognostic value of CTC-WBC
clusters and CTC-WBC clusters under EMT. Multivariate
hazard ratios for PFS were estimated with Cox proportional
hazards regression analysis. The statistical analyses were
performed using SPSS software, version 23.0 (SPSS Inc.,
Frontiers in Oncology | www.frontiersin.org 395
Chicago, IL, USA). All P values were 2-sided and considered to
be statistically significant when less than 0.05.
RESULTS

Clinicopathologic Characteristics of the
Enrolled Cohort
A total of 135 female patients with HR-positive/HER2-negative
metastatic breast cancer were recruited in the study for CTC
assessment. The median age of the cohort was 51.0 years (range,
27 to 73 years). Among them, 103 (76.3%) of the patients had
visceral metastasis. 20 (14.8%) of the patients were de novo
Stage IV breast cancer and 36 (26.7%) of them were found
relapsed or metastasis within 24 months. 32 (23.7%) of the
Luminal-like patients received endocrinotherapy after confirmed
tumor relapse.

In the study, disease progression was observed in totally 108
patients and the median follow-up was 36.0 months (95% CI,
27.8 to 44.3 months). Median progression-free survival of the
cohort was 10.6 months (95% CI, 8.8 to 12.3 months).

Association Between Different Subtypes
of CTCs and the Heterogeneity of
CTC-WBC Clusters
Serial peripheral blood samples from the enrolled 135 patients
were prospectively collected during the first-line chemotherapy
of docetaxel plus capecitabine, with the median of 3 serial
samples collected from each patient. A total of 452 blood
samples at all time-points were collected and analyzed
(Figure 1). In the whole cohort,381 (84.3%) of the blood
samples at all time-points were detected with more than one
CTCs and 42 (9.3%) were detected with CTC-WBC clusters. In
the study, totally 53 CTC-WBC clusters were captured, including
10 epithelial CTC-WBC clusters (with epithelial biomarkers
detected on CTCs), 39 biphenotypic epithelial/mesenchymal
CTC-WBC clusters (with both epithelial and mesenchymal
biomarkers detected on CTCs) and 4 mesenchymal CTC-WBC
clusters (with mesenchymal biomarkers detected on CTCs).

As Table 1 showed, the patients with CTC-WBC clusters
detected were simultaneously observed in significantly increased
enumeration of each subtypes of CTC count, especially in
E/M-CTCs and M-CTCs. Among the patients with more than
5 CTCs, the percentage of the emergency of CTC-WBC clusters
in the cohorts was eight times increased than those with CTC<5
(14.4% vs 1.6%, c2 = 21.1, P<0.001). Moreover, in the patients
with more than 20 CTCs, the presence of CTC-WBC clusters
was more than three times frequency than those CTC<20
(25.6% vs 5.9%, c2 = 29.9, P<0.001).

As for the patients detected with CTC-WBC clusters
underwent mesenchymal transformation (EMT-like CTC-WBC
clusters, including biphenotypic epithelial/mesenchymal CTC-
WBC clusters and mesenchymal CTC-WBC clusters), a
significantly increased number of total CTCs, E/M-CTCs and
M-CTCs were simultaneously observed when compared to those
without EMT-like CTC-WBC clusters detected (P<0.05,
Figure 2B and Table 1). Besides that, significantly increased
June 2021 | Volume 11 | Article 602222
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proportion of EMT-CTCs (CTCs underwent EMT, including
E/M-CTCs and M-CTCs) in total CTC count was observed in
the patients with EMT-like CTC-WBC clusters captured
(median, 94.7% vs 80.0%, P=0.006). Similarly, in patients with
more than 5 CTCs and those with more than 20 CTCs, the
frequency of presence of EMT-like CTC-WBC clusters was
significantly higher than those with low CTC counts (For
CTCs≥5 vs CTCs<5: 11.9% vs 1.6%, c2 = 15.8, P<0.001; For
CTCs≥20 vs CTCs <20: 21.8% vs 4.8%, c2 = 26.1, P<0.001).

Association Between the Emergence
of CTC-WBC Clusters and
Clinicopathological Features
Before the start of first-line chemotherapy with docetaxel plus
capecitabine at baseline, 113 (83.7%) of the 135 patients had
more than one detectable CTCs with a median number of 6
CTCs per 5 ml of peripheral blood sample (range, 1 to 151 CTCs/
5mL). Meanwhile, CTC-WBC clusters were detectable in 10
patients at baseline, of whom 8 patients had EMT-like CTC-
WBC clusters.
Frontiers in Oncology | www.frontiersin.org 496
When comparing the clinicopathological characteristics
between the cohort with EMT-like CTC-WBC cluster detected
at baseline and those without, the presence of CTC-WBC clusters
had no association with age, menstrual status, ER status, PR
status, DFS, and previous endocrinotherapy after confirmed
relapse or metastasis (Table 2). Concerning the association
with different metastatic sites of the enrolled patients, the
presence of EMT-like CTC-WBC clusters at baseline was more
frequently evident among patients with simultaneous bone
metastases and lymph node metastases (87.5% vs 36.2%,
P=0.006, Figure 2C), whereas no significant correlation was
observed between the detection of EMT-like CTC-WBC
clusters and other metastatic sites (Table 2).

Association Between the Heterogeneity
of CTC-WBC Clusters and Progression-
Free Survival
In this relatively homogeneous HR-positive/HER2-negative
metastatic breast cancer cohort, no significant difference was
observed in the progression-free survival (PFS) between the
FIGURE 1 | Flow diagram of the study.
TABLE 1 | The correlation between different subtypes of CTCs and the presence of CTC-WBC clusters as well as EMT-like CTC-WBC clusters.

CTC-WBC clusters EMT-like CTC-WBC clusters

with without Z score P value with without Z score P value

Total CTCs† 19.0 (8.0,28.0) 5.0 (2.0,13.0) -5.975 <0.001 19.0 (8.0,28.0) 5.0 (2.0,13.0) -5.432 <0.001
E-CTCs† 2.0 (0,6.25) 0 (0,2.0) -3.099 0.002 1.0 (0,5.0) 1.0 (0,2.5) -1.649 0.099
E/M-CTCs† 8.0 (3.0,24.0) 2 (0,7.0) -5.658 <0.001 9.0 (4.0,24.0) 2.0 (0,6.5) -5.702 <0.001
M-CTCs† 2.0 (0,9.25) 1 (0,2.0) -3.299 0.001 3.0 (0,10.0) 1.0 (0,2.0) -3.387 0.001
EMT-CTCs† 13.5 (6.0,27.0) 4 (1.0,10.0) -5.553 <0.001 16.0 (6.0,28.0) 4.0 (1.0,10.0) -5.628 <0.001
Proportion of EMT-CTCs 90.8% 82.0% -1.904 0.057 94.7% 80.0% -2.773 0.006
June 2021 | Volu
me 11 | Article
†median (interquartile range, per 5mL).
E-CTCs, epithelial CTCs; E/M-CTCs, biphenotypic epithelial/mesenchymal CTCs; M-CTCs, mesenchymal CTCs; EMT-CTCs, CTCs underwent EMT, including E/M-CTCs and M-CTCs.
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patients with five or more CTCs and those with fewer than five
CTCs per 5 mL of peripheral blood at baseline before initiation of
first-line chemotherapy (9.5 months vs 11.2 months, P=0.387).
Nevertheless, the patients with at least one detectable EMT-like
CTC-WBC clusters at baseline were characterized by
significantly worse PFS, when compared to the patients with
no EMT-like CTC-WBC clusters detected (7.0 months vs 10.7
months, P=0.023; Figure 3A), as well as the patients with at least
one CTC detected per 5 ml of peripheral blood (7.0 months vs
11.2 months, P=0.019), and those with five or more epithelial-
based CTCs (including E-CTCs and E/M-CTCs, parallel to
isolation of CTCs by epithelial markers; 7.0 months vs 12.7
Frontiers in Oncology | www.frontiersin.org 597
months, P=0.014; Figure 3B). Moreover, multivariate analysis
showed the presence of EMT-like CTC-WBC clusters remained
the only significantly independently predictive factors associated
with PFS, with the adjusted HR of 2.415 (95% CI:1.046, 5.574,
P=0.039, detail data of other clinical indexes in the multivariate
analysis showed in Supplementary Table 1). However, the total
CTC-WBC clusters and epithelial-based CTC-WBC clusters
(including epithelial CTC-WBC clusters and biphenotypic
epithelial/mesenchymal CTC-WBC clusters) were not
correlated with patients’ survival in the cohort, respectively
(8.4 months vs 10.6 months, P=0.561, Figure 3C; 8.4 months
vs 10.7 months, P=0.511, Table 3).
A

B

C

FIGURE 2 | Association of the detection of EMT-like CTC-WBC clusters with
different subtypes of CTCs and the clinicopathological characteristics.
(A) Representative images of CTC-WBC clusters classified by categorical
markers. (B) The distribution of different CTC subtypes in the patients with
EMT-like CTC-WBC clusters and those patients without. (C) Association
between the detection of EMT-like CTC-WBC clusters and metastatic sites.
TABLE 2 | The association between the presence of EMT-like CTC-WBC
clusters and the clinicopathological characteristics of 135 enrolled patients with
HR-positive/HER2-negative metastatic breast cancer undergoing docetaxel plus
capecitabine as first-line chemotherapy.

Without EMT-like
CTC-WBC clusters at

baseline

With EMT-like CTC-
WBC clusters at

baseline

P
value

Age 0.353
<60 101 (79.5%) 8 (100.0%)
≥60 26 (20.5%) 0
Menstrual status 0.138
Premenopausal 54 (42.5%) 6 (75.0%)
Menopause 73 (57.5%) 2 (25.0%)
ER status 0.267
Positive 123 (96.9%) 7 (87.5%)
Negative 4 (3.1%) 1 (12.5%)
PR status 1.000
Positive 116 (91.3%) 8(100.0%)
Negative 11 (8.7%) 0
Disease-free survival 0.439
<24 months 33 (26.0%) 3 (37.5%)
≥24 months 94 (74.0%) 5 (62.5%)
Position of metastatic
site

0.090

Non-visceral 28 (22.0%) 4 (50.0%)
Visceral 99 (78.0%) 4 (50.0%)
Liver metastases 0.726
Without 68 (53.5%) 5 (62.5%)
With 59 (46.5%) 3 (37.5%)
Lung metastases 0.154
Without 59 (46.5%) 6 (75.0%)
With 68 (53.5%) 2 (25.0%)
Bone metastases 0.144
Without 53 (41.7%) 1 (12.5%)
With 74 (58.3%) 7 (87.5%)
Lymph node
metastases

0.268

Without 44 (34.6%) 1 (12.5%)
With 83 (65.4%) 7 (87.5%)
Simultaneous bone
and lymph node
metastases

0.006

Without 81 (63.8%) 1 (12.5%)
With 46 (36.2%) 7 (87.5%)
Previous
endocrinotherapy (after
confirmed relapse)

0.849

None 97 (76.4%) 6 (75.0%)
1st-line 26 (20.5%) 2 (25.0%)
2nd-line or more 4 (3.1%) 0
June 2021
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As for patients detected with EMT-like CTC-WBC clusters
within 6 weeks after the initiation of chemotherapy (within the
first follow-up visit), statistically significantly shorter PFS was
observed when compared with the patients without (9.1 months
vs 11.0 months, P=0.032, Figure 3D). However, no parallel
results can be summarized from the patients with EMT-like
CTC-WBC clusters detected after 6 weeks during the first-
line treatment.
DISCUSSIONS

Despite the prognostic value of CTCs has been discussed in
many attempts, the clinical significance of the interaction
between immune cells and CTCs during the process of
Epithelial-mesenchymal-transition are largely uncharacterized.
We optimized a filter-based method combined with an RNA in
situ hybridization technique according to both the epithelial- and
mesenchymal-markers, and investigated the predictive value of
different phenotypes of CTC-WBC clusters as a prognostic
biomarker. Our study revealed the prognostic value of CTC-
WBC cluster underwent mesenchymal transformation in a
prospective cohort composed of relatively homogeneous
participants who were all HR-positive/HER2-negative
metastatic breast cancer underwent first-line chemotherapy of
docetaxel plus capecitabine, on which epithelial-to-mesenchymal
transition was correlated with drug resistance (18, 19).
Frontiers in Oncology | www.frontiersin.org 698
Several studies illuminated CTC clusters were more likely to
be present in patients with high enumeration of CTCs (20, 21).
Similar association was found between CTC-WBC clusters and
single CTCs in our present study, that is, the frequency of
presence of CTC-WBC clusters increased in patients with high
enumeration of CTC count, especially in those with high
numbers of M-CTCs and E/M-CTCs. Owing to the fact bone
marrow was a common homing organ for metastatic tumor cells
(22), the detection of EMT-like CTC-WBC clusters at baseline
was associated with simultaneous bone metastases and lymph
node metastases in the present study, suggesting the correlation
between tumor cells and immune cells during tumor
dissemination. Increased metastatic propensity of CTC clusters
in mouse models and adverse prognosis in breast cancer patients
with abundant CTC clusters, suggested the role of CTC clusters
as critical mediators of cancer metastasis (23). However, the
correlation between CTC clusters and immune cells during
cancer dissemination was unclear.

CTCs in the peripheral blood left the immunosuppressive
microenvironment of the primary tumor and might be vulnerable
to immune surveillance, which required immune−escape
mechanisms if they were to form metastases, including alterations
in the expression of MHC molecules, NK-cell ligands, FAS, FAS
ligand, and immune-checkpoint molecules, such as CD47 and
programmed cell death 1 ligand 1 (PD−L1) (14). Analyses of the
interaction between CTCs and immune cells may provide reference
for real-time therapy stratification and prognosis prediction. In a
A B

DC

FIGURE 3 | The prognostic value of different subtypes of CTC-WBC clusters. (A) Kaplan-Meier analysis-based estimation of PFS probabilities of comparing the
patients with at least one EMT-like CTC-WBC clusters to those without. (B) Kaplan-Meier analysis-based estimation of PFS probabilities of comparing the patients
with at least one EMT-like CTC-WBC clusters to those to five or more epithelial-based CTCs. (C) Kaplan-Meier analysis-based estimation of PFS probabilities of
comparing the patients with at least one CTC-WBC clusters to those without. (D) Kaplan-Meier analysis-based estimation of PFS probabilities of comparing the
patients with at least one EMT-like CTC-WBC clusters within 6 weeks after the start of chemotherapy to those without.
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cohort of 106 patients with advanced non-small-cell lung cancer
receiving first-line cisplatin-based chemotherapy, Ilié M et al. (24)
found a trend for longer PFS andOS was observed in those with PD-
L1 expression in CTCs or circulating WBCs. A recent study
investigated the association between WBCs and CTCs during
blood-borne dissemination by single-cell RNA sequencing and
revealed that neutrophils directly interact with CTCs which drives
cell cycle progression in circulation and accelerates the metastatic
potential of CTCs (25). Szczerba BM et al. (25) observed that the
patients of invasive breast cancer in whom at least one CTC-
neutrophil cluster were detected per 7.5 ml of peripheral blood were
correlatedwith significantlyworse PFS compared to patientswithfive
or more CTCs in 7.5 ml of peripheral blood. However, the study of
Szczerba BM et al. (25) focused on the mechanism of interaction
between CTCs and WBCs in breast cancer patients and mouse
models, while the human samples involved in the study were very
heterogeneous because of the recruitment from merely 34 patients
with detectable CTCs of different tumor subtypes, TNM stage and
diverse treatment. Thus, the statistical power of heterogenous group
may be influenced by confounding factors. Moreover, the study did
not disclose the clinical implications ofCTC-WBCclusters during the
progress of epithelial-mesenchymal transition.

However, when carcinoma cells are undergoing EMT process,
reduced expression of epithelial markers and upregulated
expression of mesenchymal markers on CTCs may result in
false-negative findings in the cell surface epithelial marker-based
Frontiers in Oncology | www.frontiersin.org 799
CTC capturing methods (8). Therefore, the identification of
additional upregulated mesenchymal markers on CTCs during
EMT may lessen the leak detection of CTCs. Previous studies by
Yu M et al. (11) and our research group (26) suggested that in
patients with metastatic breast cancer, the fluctuation of
proportion of CTCs underwent mesenchymal transformation
may be more appropriate for predicting prognosis and evaluating
therapeutic resistance compared to total CTC enumeration.
Whereas, the clinical implications of EMT marker composition
in CTC-WBC clusters were uncharacterized before.

In the present study, the patients with at least one EMT-like
CTC-WBC clusters before treatment showed significantly
shorter PFS compared to those with five or more epithelial-
based CTCs. However, epithelial-based CTC-WBC clusters,
including epithelial CTC-WBC clusters and biphenotypic
epithelial/mesenchymal CTC-WBC clusters, did not reach the
statistical power to predict the disease outcome in our study,
owing to the lack of mesenchymal composition detected. In this
prospective cohort composed of relatively homogeneous
participants who were all HR-positive/HER2-negative breast
cancer patients receiving first-line chemotherapy of docetaxel
plus capecitabine, epithelial-to-mesenchymal transition was
positively correlated with drug resistance (18, 19), which may
lead to the failure in the prognostic prediction of simple total
CTC count and epithelial-based CTC-WBC clusters. Even
though the occurrence of EMT-like CTC-WBC clusters seemed
to be lower than CTCs, it may be a more accurate marker to
differentiate the special population who were more likely
resistant to the current treatment, for whom the combination
of targeting residual EMT-driven cancer cells in addition to
conventional therapy may decrease metastasis formation and
drug resistance (27). Meanwhile, blocking the process of
epithelial-to-mesenchymal transition and reducing EMT-like
CTC-WBC clusters may provide a therapeutic target to control
metastatic spread and increase the efficacy of anticancer
treatments. To our knowledge, the study is the first attempt to
characterize the prognostic value of EMT-like CTC-WBC
clusters in a homogeneous cohort, which provide evidence for
clinical transformation. However, limited sample size influenced
the statistical power to draw firm conclusions, and further large-
scale external validation containing data of overall survival is
warranted. Besides that, the expression of some EMT-related
genes, such as ESRP1 and RBFOX2 (28), which correlated with
cancer progression, may also be explored in the EMT-like CTC-
WBC clusters in further study to enrich the prognostic model.

In summary, our investigation suggested that the presence of
EMT-like CTC-WBC clusters before treatment was associated with
significantly poorer PFS in HR-positive/HER2-negative metastatic
breast cancer patients receiving first-line chemotherapy of
docetaxel plus capecitabine, raising a concern on the optimized
choice of first-line treatment for these patients. The results
suggested that taking both the cancer cells and immune cells
into consideration in the liquid-microenvironment biopsy,
EMT-like CTC-WBC clusters may serve as a potential
biomarker for prognosis prediction and a rationale target for
individualized therapy in HR-positive/HER2-negative metastatic
breast cancer patients.
TABLE 3 | Detail description of Kaplan-Meier analysis-based estimation of
Progression-free survival for different subtypes of CTCs and CTC-WBC clusters
at baseline.

different subtypes
of CTCs and CTC-
WBC clusters at

baseline

No. of
patients

No. of
patients

progressed

Median
Progression-
free survival
(months)

P
value

Index 1 Total CTC counts≥5 84 71 11.2 0.387
Total CTC counts<5 51 37 9.5

Index 2 epithelial-based
CTCs≥5

68 57 11.8 0.362

epithelial-based
CTCs<5

67 51 9.6

Index 3 EMT-like CTC-WBC
clusters

8 7 7.0 0.023

no EMT-like CTC-
WBC clusters

127 101 10.7

Index 4 EMT-like CTC-WBC
clusters

8 7 7.0 0.019

Total CTC counts≥1 105 87 11.2
Index 5 EMT-like CTC-WBC

clusters
8 7 7.0 0.013

Total CTC counts≥5 77 65 12.3
Index 6 EMT-like CTC-WBC

clusters
8 7 7.0 0.014

epithelial-based
CTCs≥5

61 51 12.7

Index 7 CTC-WBC clusters 10 8 8.4 0.561
no CTC-WBC
clusters

125 100 10.6

Index 8 epithelial-based CTC-
WBC clusters

9 7 8.4 0.511

no epithelial-based
CTC-WBC clusters

126 101 10.7
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Background: Triple-negative breast cancer (TNBC) is a highly aggressive cancer with
poor prognosis. The lack of effective targeted therapies for TNBC remains a profound
clinical challenge. Fusion transcripts play critical roles in carcinogenesis and serve as
valuable diagnostic and therapeutic targets in cancer. The present study aimed to identify
novel fusion transcripts in TNBC.

Methods: We analyzed the RNA sequencing data of 360 TNBC samples to identify and
filter fusion candidates through SOAPfuse and ChimeraScan analysis. The characteristics,
including recurrence, fusion type, chromosomal localization, TNBC subgroup distribution,
and clinicopathological correlations, were analyzed in all candidates. Furthermore,
we selected the promising fusion transcript and predicted its fusion type and protein
coding capacity.

Results: Using the RNA sequencing data, we identified 189 fusion transcripts in TNBC,
among which 22 were recurrent fusions. Compared to para-tumor tissues, TNBC tumor
tissues accumulated more fusion events, especially in high-grade tumors. Interestingly,
these events were enriched at specific chromosomal loci, and the distribution pattern
varied in different TNBC subtypes. The vast majority of fusion partners were discovered on
chromosomes 1p, 11q, 19p, and 19q. Besides, fusion events mainly clustered on
chromosome 11 in the immunomodulatory subtype and chromosome 19 in the luminal
androgen receptor subtype of TNBC. Considering the tumor specificity and frameshift
mutation, we selected MFGE8-HAPLN3 as a novel biomarker and further validated it in
TNBC samples using PCR and Sanger sequencing. Further, we successfully identified
three types of MFGE8-HAPLN3 (E6-E2, E5-E3, and E6-E3) and predicted the ORF of
E6-E2, which could encode a protein of 712 amino acids, suggesting its critical role
in TNBC.

Conclusions: Improved bioinformatic stratification and comprehensive analysis identified
the fusion transcript MFGE8-HAPLN3 as a novel biomarker with promising clinical
application in the future.

Keywords: triple-negative breast cancer, MFGE8-HAPLN3, biomarker, target, precision treatment, fusion
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INTRODUCTION

Triple-negative breast cancer (TNBC) lacks the expression of
estrogen receptor (ER), progesterone receptor (PR), and human
epidermal growth factor receptor 2 (HER2) and accounts for
10% to 20% of the newly diagnosed breast cancer cases (1, 2).
While recognized as the most aggressive breast cancer subtype,
women with TNBC have larger tumors, a higher rate of node
positivity, and an increased likelihood of distant recurrence (3).
Chemotherapy is yet the primary mode of treatment for early
and advanced disease owing to the lack of molecular targets for
therapy. Although several targeted therapies are showing potent
efficacy, patients with TNBC have a worse prognosis compared
to those with other breast cancer subtypes (4–6).

Fusion genes, formed by chromosomal rearrangements that
juxtapose two different genes, can lead to abnormal activation of
one or both genes and drive tumorigenesis (7). Based on the
development of sequencing technologies and bioinformatics
approaches, a number of fusion genes have been revealed over
the past few decades (8, 9). Recently, fusion genes involving
ZNF384 have been identified in B-cell precursor acute
lymphoblastic leukemia; eight fusion partners have been
reported for the ZNF384 gene. Moreover, the clinical features
of patients depend on the functional defect of the fusion partner
gene of ZNF384 (10). Fusion transcripts, chimeric RNAs
encoded by fusion genes or generated through subsequent cis-
splicing and trans-splicing of mRNA in the absence of DNA
rearrangements, serve as frequent drivers in a wide range of
tumor types (11–13). Many fusion transcripts preferentially
present in tumors compared to normal tissues, and contribute
to tumor progression by enhancing cell proliferation and
invasion (14). Significantly, the discovery that cancers harbor
specific fusion genes or transcripts has enhanced the
development of novel diagnostic and therapeutic strategies. For
instance, tyrosine kinase inhibitors, such as imatinib, have been
highly effective in the treatment of cancers harboring kinase
fusions in leukemia and other cancers (15, 16).

Previous studies demonstrated that fusion candidates are
involved in the tumorigenesis and progression of breast cancer.
However, recurrent gene fusions have only been identified in rare
subtypes of breast cancer. For example, some secretory carcinomas
of the breast are driven by an ETV6-NTRK3 fusion resulted from
t(12;15)(p13;q25) chromosomal translocation (17). Similarly,
adenoid cystic carcinomas of the breast are largely driven by a
t(6;9)(q22-23;p23-24) translocation that forms a MYB-NFIB gene
fusion (18). In addition to fusion genes, several fusion transcripts
specifically present in breast cancer have been identified, including
CRTC1-MAML2, SCNN1A-TNFRSF1A, and CTSD-IFITM10 (19–
21). Interestingly, some of the recurrent fusion transcripts encode
membrane proteins, raising the possibility that they are breast
cancer-specific cell surface markers and could be targeted by
antibody drug conjugates (19). However, only little is known
about fusion genes or transcripts in TNBC.

In the present study, we comprehensively revealed the
landscape of fusion transcripts in TNBC. We also investigated
the characteristics, including recurrence, fusion type, clinical
relevance, and subgroup distribution. We discovered a novel
Frontiers in Oncology | www.frontiersin.org 2103
fusion transcript MFGE8-HAPLN3 in TNBC, highlighting the
potential implications of fusion transcripts in cancer development
and response to therapy.
MATERIALS AND METHODS

Patient Cohorts
RNA-seq data used in the current study were downloaded from
the Gene Expression Omnibus (GEO) (GSE118527) (https://
www.ncbi.nlm.nih.gov/geo/) and The National Omics Data
Encyclopedia (NODE) (OEP000155) (http://www.biosino.org/
node). The RNA-seq data of 360 tumor tissues and 88 adjacent
normal breast tissues were obtained. In addition, the
corresponding clinicopathological characteristics, including age,
histological type of the tumor, tumor size, lymph node status,
histological grade, clinical stage and ER, PR, HER2, and Ki67
status, were collected (5). Our study was approved by the
independent Ethics Committee/Institutional Review Board of
Chongqing University Three Gorges Hospital.

Identification of Fusion Transcripts
in TNBC
RNA sequencing data were analyzed using ChimeraScan (22) and
SOAPfuse (23) algorithms, which identify gene fusion candidates
by detecting read pairs discordantly mapped to two different
genes. The RNA-seq data of 448 samples (360 tumor samples and
88 adjacent normal breast tissues) were analyzed in random order.
Fusion candidate that could be detected in at least one sample by
two different algorithms was defined as double-positive fusion
transcript (DPFT). We compared the frequency of fusion between
tumor tissues and normal breast tissues and also described the
characteristics, such as recurrence, fusion type, protein-coding
capacity, chromosomal localization, and TNBC subgroup
distribution, in all candidates. Subsequently, patients with DPFT
were divided into low-fusion transcripts (low FTs) and high-
fusion transcripts (high FTs) groups to evaluate the correlation
between the expression level of fusion candidates and the
clinicopathological features. Patients with fusion transcripts <4
were grouped as low FTs, while those with fusion transcripts ≥ 4
were grouped as high FTs.

Promising Novel Fusion Screening
We selected promising fusion transcripts according to the
following conditions: (1) recurrent fusion transcripts; (2) fusion
transcripts with different functions formed by promoter swapping
in the non-coding regions or frameshift in the coding regions;
(3) fusion transcripts whose partner genes are associated with
tumor; (4) fusion transcripts overexpressed in tumor tissue but
unexpressed or expressed in low amounts in the adjacent normal
breast tissue. We further predicted the open reading frame (ORF)
and protein-coding capacity of the fusion transcripts according to
the nucleotide sequence.

Statistical Analyses
The data distribution was characterized by frequency tabulation
and summary statistics. The data were examined for normality
June 2021 | Volume 11 | Article 682021
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using the Shapiro-Wilk test. The continuous variables with
normal distribution were assessed using the t-test or one-way
analyses of variance (ANOVA), while the variables that did not
meet the normal distribution were analyzed using the Mann-
Whitney Wilcoxon test or Kruskal-Wallis test; Pearson’s Chi-
square test or Fisher’s exact test was used to compare the
categorical variables. In addition, the correlations were
analyzed using the Pearson or Spearman test according to the
normality of the distribution. All tests were two-sided, and
P<0.05 indicated statistical significance. All statistical analyses
were performed using SPSS 25.0 or R Studio (version 1.1.463,
www.R-project.org).
RESULTS

Fusion Transcripts Screening
To detect fusion transcripts, RNA-seq data from a set of 448
frozen samples (360 tumor tissues and 88 adjacent normal
tissues) were analyzed (Figure 1A). A total of 203 fusion
candidates, confirmed to be DPFT, were identified from 123
samples (66 tumor samples and 57 adjacent normal tissues)
using both ChimeraScan and SOAPfuse algorithms (Figure 1B).
Among these, 166 fusion transcripts were tumor-specific, while
only 23 fusion transcripts were present in both tumor tissues and
adjacent normal tissues (Figure 1B and Supplementary
Table 1). Next, we investigated the frequency of fusion events
in each sample. Compared to the adjacent normal tissues, more
candidates were detected in TNBC tissues (mean fusions per
sample: 4.106 vs. 1.807, P<0.05, Supplementary Table 2). These
findings suggested that TNBC tissues are more likely to harbor
fusion events compared to adjacent normal tissues.

Characteristics of Selected
Fusion Transcripts
Next, we analyzed the characteristics, including recurrence,
fusion type, and protein-coding capacity of 189 candidates
(Figure 2) and found that 11.6% (22/189) of all candidates
were present in two or more tumor tissues. In order to
elucidate the mechanism, the fusion type was further analyzed
Frontiers in Oncology | www.frontiersin.org 3104
using SOAPfuse algorithm. According to the relative locations of
fusion partner genes, five types of fusion transcripts
( INTERCHR-DS , INTERCHR-SS , INTRACHR-DS ,
INTRACHR-SS-OGO, INTRACHR-SS-RGO) were identified.
These transcripts involving sequences from the same
chromosomes constituted 81.5% of the total, thereby indicating
that the majority of the fusion events occur at the transcriptional
level. We also inferred the protein-coding capacity based on the
junction sequence. Among these, 141 candidates (including 86
frameshift and 55 in-frame variants) could encode chimeric
proteins, suggesting that the majority of the fusion transcripts
have the potential to encode functional proteins.

Clinical Association of Fusion Transcript
Frequency in TNBC
To explore the association between the frequency of fusion events
and clinicopathological features, we divided 66 patients with
TNBC into high and low FTs groups according to the number
of fusion transcripts. The difference in the clinicopathological
factors, including age, histological type of the tumor, Ki67 status,
and clinical stage, was not statistically significant between two
groups (Figure 3). Notably, an apparent discrepancy in the
A B

FIGURE 1 | Identification of fusion transcripts in TNBC. (A) Flowchart of fusion transcripts screening. (B) Venn diagram summarizing the fusion transcripts detected
using ChimeraScan and SOAPfuse algorithms.
FIGURE 2 | Characterization of fusion transcripts detected in TNBC. N/A,
noncoding.
June 2021 | Volume 11 | Article 682021

http://www.R-project.org
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Wang et al. MFGE8-HAPLN3 in Triple-Negative Breast Cancer
frequency of fusion events in different pathological grades
(P<0.05) indicated that fusion events preferentially expressed in
high-grade tumors.

Subtype-Specific Chromosome
Distribution of Fusion Transcripts
Furthermore, we found that fusion transcripts were not
randomly distributed on chromosomes (Figure 4). A
Frontiers in Oncology | www.frontiersin.org 4105
disproportionately large number of fusion partner genes were
detected in some specific chromosomes (hot spot region,
chromosome arms 1p, 2p, 3q, 9p, 11q, 17q, 19p and 19q).
Conversely, only a few fusion partner genes appeared in the
cold spot region (chromosomes 10, 13, 21, and 22).

Jiang and colleagues preciously presented a multiomics profiling
of 465 Chinese patients with TNBCs, thus providing a large data set
of comprehensively profiled TNBCs (5). Herein, they classified the
FIGURE 3 | Association between frequency of fusion events and clinicopathological features. FTs, fusion transcripts; high FTs, patients whose fusion transcripts
equal to or greater than 4; low FTs, patients whose fusion transcripts less than 4; IDC, infiltrated ductal carcinoma; NA, not available. *p < 0.05.
FIGURE 4 | Chromosomal distribution of fusion partner genes. Green box indicates fusion partner genes in both tumor and para-tumor tissues; Orange triangle
indicates fusion partner genes especially in tumor tissues.
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TNBCs into four mRNA subtypes with distinct molecular features:
1) luminal androgen receptor (LAR), 2) immunomodulatory (IM),
3) basal-like immune-suppressed (BLIS), and 4) mesenchymal-like
(MES). Then, the chromosome distribution of fusion transcripts
across different molecular subtypes was characterized (Figure 5).
The fusion accumulation at chromosome 11 in IM subtype and
chromosomes 17 and 19 in LAR subtype suggested a subtype
specificity of fusion candidates. Interestingly, our analysis indicated
that fusion events were enriched in chromosomes 7, 9, and 15 in
MES subtype and were rare in chromosomes 2 and 3. In addition,
the frequency of fusion transcripts was significantly different
between subtypes (Supplementary Table 3). BLIS subtype
contained a vast majority of candidates detected in TNBC
samples. Conversely, fusion transcripts were rare in MES
subtype. Overall, our analysis demonstrated that fusion
transcripts in specific chromosomes might exert isoform-specific
roles in different molecular subtypes of TNBC.

MFGE8-HAPLN3 Fusion in TNBC
To further explore biomarkers of clinical relevance, we selected
fusion transcripts from 189 observed fusion candidates,
according to the criteria described above. Finally, MFGE8-
Frontiers in Oncology | www.frontiersin.org 5106
HAPLN3 (16.7% in TNBC tumor tissues vs. 3.5% in adjacent
normal breast tissues) was screened out. Milk fat globule-EGF
factor 8 protein (MFGE8) and Hyaluronan And Proteoglycan
Link Protein 3 (HAPLN3) were both located on the long arm of
chromosome 15 (15q26.1, Figure 6A), suggesting that this fusion
could be attributed to transcriptional read-through.

According to PCR and Sanger sequencing, three types of
MFGE8-HAPLN3 fusions, including E6-E2 (most frequently,
Figure 6B), E5-E3, and E6-E3, were identified. Further, we
successfully predicted an ORF of MFGE8-HAPLN3 (E6-E2)
that could encode a protein of 712 amino acids. Collectively,
these findings suggested that MFGE8-HAPLN3 fusion exists in
TNBC samples and plays a critical role in TNBC. The predicted
ORF of MFGE8-HAPLN3 and its function in vivo have yet to
be unambiguously characterized and need to be verified in
further exploration.
DISCUSSION

Gene fusions/transcripts are important driver events in neoplasia
and serve as valuable diagnostic biomarkers and therapeutic
A B

FIGURE 5 | Distribution of fusion partner genes in different molecular subtypes of TNBC. (A) Frequency of fusion partner genes in each chromosome. (B) Relative
locations of fusion partner genes. Intrachromosomal fusions are shown in red, and interchromosomal fusions are shown in blue. TNBC, triple-negative breast cancer;
BLIS, basal-like immune-suppressed; IM, immunomodulatory; LAR, luminal androgen receptor; MES, mesenchymal-like.
A B

FIGURE 6 | MFGE8-HAPLN3 fusion in TNBC. (A) Schematic representation of the MFGE8-HAPLN3 fusion transcript identified in TNBC. (B) PCR and Sanger
sequencing verified the MFGE8-HAPLN3 fusion.
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targets in cancer. Aberrant fusions have been widely described in
multiple tumor types, such as non-small-cell lung cancer (24) and
lymphoid neoplasms (25). The current study comprehensively
explored the fusion transcripts in TNBC. We discovered 189 novel
fusion transcripts and identified MFGE8-HAPLN3 as a potential
biomarker in TNBC.

As reported previously, tumor samples displayed more
fusions than normal tissues. In accordance with these studies,
our analysis revealed that TNBC tumor tissues accumulated a
significantly higher number of fusion events than adjacent
normal breast tissues. Typically, tumor characterized by a high
frequency of fusion has been implicated in chromosomal
instability (26, 27). Structural chromosome rearrangements
effectuate the exchange of DNA sequences, inducing cancer
cell progression (28). For example, Mitani et al. contended that
MYB-NFIB gene fusion promoted the aggressive behavior in
adenoid cystic carcinoma (29). In addition to chromosomal
instability, aberrant regulation of the transcriptional process
may also result in fusion transcripts. Herein, we observed a lot
of fusion events involving genes on the same chromosome,
suggesting that abundant fusions occur at the transcriptional
level. An increasing number of studies supported that the
disturbance of transcriptional regulation in transcription
initiation, alternative splicing, or post-transcriptional
modifications also can generate transcriptional read-through
and contribute to tumor development (30–32). It is
noteworthy that RNA processing of transcripts encoded by
fusion genes makes splicing process significantly more
complex. Regulatory sites nearby and surrounding the fusion
junction sites are essential to the compatibility between
sequences and spliceosome, which is necessary to canonical
and alternative splicing (33). However, we could not
differentiate between the transcriptome-level and genome-level
changes. Fusion proteins that encoded by either fusion genes or
fusion transcripts play nearly identical biological roles. It will be
interesting to further explore the mechanism generating
these chimeras.

To better understand the mechanism of novel fusion
transcripts, we explored the fusion partner genes’ distribution
and found they were non-randomly distributed on the
chromosome. A majority of partners were enriched on
chromosomes 1p, 2p, 9p, 11q, 19p, and 19q. Chromosome 19
has been reported as a fusion “hotspot” for TNBC. All fusion
partners in TNBC mapped to clusters were located in the vicinity
of 19p13 or 19q13 (34). In addition, we observed a discrepancy in
chromosomal distribution between different TNBC subtypes.
Fusion events clustered on chromosome 11 in the IM subtype.
Differently, fusions are mainly located on chromosomes 17 and
19 in the LAR subtype. These findings demonstrated a strong
functional association between the formation of fusion events
and the TNBC subtypes.

Furthermore, we demonstrated the presence of a recurrent
fusion transcript MFGE8-HAPLN3. MFGE8, and HAPLN3 were
neighboring genes on the same strand, suggesting that the fusion
may be largely attributed to transcriptional read-through. Next,
we successfully predicted its ORF and corresponding chimeric
Frontiers in Oncology | www.frontiersin.org 6107
proteins. MFGE8 is a kind of soluble glycoprotein found in
vertebrates and was initially discovered as a critical component
of the milk fat globule. MFGE8 has been studied as a key
regulator of various biological functions, including phagocytic
removal of apoptotic cells in many tissues, the maintenance of
intestinal epithelial homeostasis, and the promotion of mucosal
healing (35). Recent studies have clarified the effect of MFGE8 on
cell survival, adhesion, and migration in a wide spectrum of
tumor types, such as ovarian cancer (36) and hepatocellular
carcinoma (37). Consistent with these results, MFGE8 have been
found to play a critical role in breast cancer pathobiology and
clinical prognosis (38, 39). Furthermore, MFGE8 knockdown
significantly inhibited both migration and proliferation of tumor
cells, attenuating their tumorigenic properties (40). As for
HAPLN3, it has been identified as a novel diagnostic and
prognostic biomarker for prostate cancer (41). Besides, the
expression of HAPLN3 was shown to be significantly higher in
breast cancer tissues compared to the normal breast tissues. It
was associated with the metabolism dysregulation, mobility, and
migration of cancer cells in TNBC (42, 43). These imply the value
of MFGE8-HAPLN3 in guiding diagnosis and treatment choices
in cancer.

Inevitably, there are some limitations in our study. First, we
could not distinguish fusions occurring at the transcriptome level
from those at the genome level by algorithms we used. Future
studies are required for a comprehensive understanding of the
selected fusions. Second, due to the small sample size, it is
difficult to make any rigorous conclusions regarding the
subtype-specific distribution of fusion transcripts. Studies are
needed to point out the frequency of MFGE8-HAPLN3 in
different subtypes to distinguish patients with clinical benefit
from targeted therapy in the future. Furthermore, the predicted
ORF ofMFGE8-HAPLN3 and its pathologic and therapeutic role
in TNBC requires further experimental validation.

In conclusion, our large-scale analysis revealed a number of
fusion transcripts in TNBC for the first time. Remarkably,
MFGE8-HAPLN3 could be a candidate biomarker and
potential therapeutic target in TNBC. Further investigations
are required to elucidate the underlying mechanisms and their
biological functions.
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