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Abstract
Purpose  Triple-negative breast cancer (TNBC) patients with residual disease following neoadjuvant chemotherapy (NAC) 
harbor higher risk of relapse, and eventual demise compared to those who achieve pathologic complete response. Therefore, 
in this study, we assessed a panel of molecules involved in key pathways of drug resistance and tumor progression before 
and after NAC in TNBC patients, in order to clarify the underlying mechanisms.
Methods  We studied 148 TNBC Japanese patients treated with anthracycline/taxane-based NAC. KI67, Topoisomerase IIα 
(TopoIIα), PTEN, p53, Bcl2, vimentin, ABCG2/BCRP1, ABCB1/MDR1, and ABCC1/MRP1 were immunolocalized in 
surgical pathology materials before and after NAC.
Results  The status of vimentin and increasing labeling index (LI) of TopoIIα and KI67 in biopsy specimens were significantly 
associated with those who responded to NAC treatment. The abundance of p53 (p = 0.003), ABCC1/MRP1 (p = 0.033), 
ABCB1/MDR1 (p = 0.022), and a loss of PTEN (p < 0.0001) in surgery specimens following treatment were associated with 
pathologic parameters. TopoIIα, PTEN, and ABCC1/MRP1 status predicted pathologic response. In addition, the status of 
PTEN, ABCC1/MRP1, ABCB1/MDR1, Bcl2, and vimentin in surgical specimens was also significantly associated with 
adverse clinicopathological factors in surgery specimens, suggesting that these alterations could be responsible for tumor 
relapse in TNBC patients.
Conclusion  KI67, TopoIIα, PTEN, and ABCC1/MRP1 status could predict treatment response and/or eventual clinical 
outcomes. These results could also provide an insight into the mechanisms of drug resistance and relapse of TNBC patients 
receiving NAC.

Keywords  Triple-negative breast cancer · Neoadjuvant chemotherapy · Mechanistic markers · Drug resistance · Residual 
disease · Outcomes
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OS	� Overall survival
p53	� Tumor protein 53
pCR	� Pathologic complete response
PD	� Progressive disease
PR	� Partial response
PTEN	� Phosphatase and tensin homolog
RD	� Residual disease
SD	� Stable disease
TNBC	� Triple-negative breast cancer
TNM	� Tumor, node, metastasis
TopoIIα	� Topoisomerase IIα

Introduction

In addition to its impact on the surgical management, the 
use of neoadjuvant chemotherapy (NAC) provides useful 
information regarding the tumors’ phenotype and respon-
siveness to chemotherapy. While a plethora of chemothera-
peutic agents have been extensively studied in triple-nega-
tive breast cancer patients (TNBC), both anthracyclines and 
taxanes are the chemotherapy of choice in the great majority 
of cases [1–3]. TNBC patients respond better to NAC, evi-
denced by higher pathologic complete response (pCR) rates 
compared to other subtypes [4, 5]. However, an acquired or 
de novo resistance to these chemotherapeutic agents could 
frequently occur [6, 7]. Therefore, one of the challenges in 
the management of TNBC patients is to overcome its poten-
tial resistance.

Several studies have sought to define biomarkers that pre-
dict pathologic complete response and clinical outcome in 
TNBC patients, mostly by employing omics technologies 
[8–14]. At present, these markers have not universally been 
adopted in clinical practice [15–19], but their identification 
provides insights into the existence of multiple molecular 
alterations, which could be responsible of the inherent or 
acquired drug resistance detected in TNBC [8, 10, 12, 13, 
15, 19, 20–27]. While in isolation a number of pathways 
have been suggested to be involved in resistance, but an 
equally important consideration is the possibility of syner-
gism between multiple pathways [15, 16]. These intersecting 
pathways potentially play an important role in the develop-
ment of therapeutic resistance. Thus it is important to iden-
tify the key molecules and interactions involved with regards 
to chemotherapeutic response/resistance and eventual clini-
cal outcome of these patients.

Therefore, in this study, we immunolocalized some of 
the main markers identified by the omics-based studies 
above. These are KI67 [28–31], Topoisomerase IIα [32, 33], 
PTEN [12, 34], p53 [28, 35], Bcl2 [28, 36], vimentin [37, 
38], ABCG2/BCRP1, ABCB1/MDR1, and ABCC1/MRP1 
[39–41]. These proteins could be related to drug resistance 
mechanisms involved in tumor progression. In addition, 

several retrospective studies reported the potential prognos-
tic and therapeutic predictive role of these markers in breast 
cancer but few assessed them in TNBC patients, and the 
results yield controversial conclusions. Therefore, we first 
aimed to identify the molecular profiles associated with pCR 
in the biopsy specimens. Second, we sought to identify the 
impact of chemotherapeutic treatment on the expression of 
these proteins. Finally, we aimed to identify which pathways 
either in isolation or combination, were associated with ther-
apeutic resistance and eventual clinical outcome of patients 
with residual disease.

Materials and methods

Patient cohort and treatment

The study included 148 TNBC patients who presented 
with primary disease between 2007 and 2015. The median 
follow-up was 38 months. Patients underwent neoadjuvant 
chemotherapy at four different hospitals in Japan (Tohoku 
University Hospital, Kousai Hospital, Nahanishi Clinic, 
Sagara Hospital) and the NAC regimen was administered 
for a median of 4 cycles each before surgery (Table S1). Fol-
lowing NAC treatment, 39.2% (58/148) underwent partial 
and 60.8% (90/148) total mastectomy and/or axillary lymph 
node dissection. The clinicopathological characteristics are 
summarized in Table 1.

The pathological complete response (pCR) was defined as 
complete disappearance of invasive carcinoma cells in both 
breast and axillary lymph nodes after NAC. Tumor response 
was defined according to the Response Evaluation Criteria in 
Solid Tumors (RECIST 2000) [42] into complete response 
(CR), partial response (PR), stable disease (SD), and pro-
gressive disease (PD). Disease-free survival (DFS) was 
defined as the length of time from the date of diagnosis to 
the earliest occurrence of relapse, and overall survival (OS) 
as the time from diagnosis to the date of death due to any 
cause in this study. The protocol of the study was approved 
by local Institutional Review Boards (Kousai Hospital: 
2069; Sagara Hospital:14–12; Nahanishi: NNCEC2013004) 
and the Medical Ethics Committee of Tohoku University 
Hospital (2014-1-751).

Immunohistochemistry protocol

A total of 126 core-needle biopsies, 104 surgical, and 82 
matched paired specimens were available in this study. 
The details of immunohistochemistry (IHC) of KI67, 
Topoisomerase IIα (TopoIIα), PTEN, p53, Bcl2, vimentin, 
ABCG2/BCRP1, ABCB1/MDR1, and ABCC1/MRP1 are 
summarized in Table S2a, following manufacturer instruc-
tions with slight optimization of the conditions. Briefly, 
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3 µm sections of 10% formalin-fixed and paraffin-embedded 
tissue were passed through xylene followed by hydration 
in graded ethanol. Antigen retrieval was applied for all the 
markers except ABCG2/BCRP1 and ABCB1/MDR1. Sec-
tions were then incubated for 30 min at room temperature 
with the blocking solution commensurate with the relevant 
primary antibody and detection kit (Histofine SAB-PO kit; 
Nichirei, Tokyo, Japan). Slides were then incubated over-
night at 4 °C with the primary antibodies. Endogenous per-
oxidase activity was blocked using absolute methanol and 
0.3% H2O2 (30 min at room temperature). The slides were 
then incubated with the relevant secondary antibody for 
30 min at room temperature, visualized using liquid DAB 
and substrate chromogen system (Dako) and subsequently 
counterstained with hematoxylin. All primary antibodies are 
monoclonal and have been widely used for immunohisto-
chemistry. The specificity of the antibodies to the antigen 
has been validated previously using immunoblotting by the 
manufacturer. External positive and negative controls were 
included. Representative findings are illustrated in Fig. S1.

Immunohistochemistry scoring system

For the assessment, sufficient number of cells (> 500 cells) 
was required. The immunoreactivity was graded in a quan-
titative or semi-quantities fashion. The details of the scoring 
system are summarized in Table S2b.

Statistical analysis

Statistical analyses were performed using SPSS statistical 
program for Windows (version 21.0). The Chi-square test 
or one-way ANOVA and the logistic regression were per-
formed to evaluate the association of the markers and the 
clinical parameters with the treatment response in univariate 
and multivariate analysis, respectively. Pearson or Spear-
man-rank correlations were used to assess the correlations 
between the markers. Differences in expression between the 
matched pairs before and after NAC were assessed using 
paired samples t test, Wilcoxon signed-rank test, or McNe-
mar’s test where appropriate. Survival curves were generated 
using Kaplan–Meier method with the significance evaluated 

Table 1   Clinicopathological characteristics of the patients

Variables Absolute Proportion (%)

Age
 < 60 99 66.9
 ≥ 60 49 33.1

Breast and ovarian cancer history status
 Presence 25 17.1
 Absence 121 82.9
 Missing 2 1.4

Clinical tumor size cT
 T1 11 7.4
 T2 93 62.8
 T3 26 17.6
 T4 18 12.2

Clinical lymph node status cN
 N0 28 18.9
 N1 79 53.4
 N2 23 15.5
 N3 18 12.2

Clinical TNM stage
 I 1 0.7
 IA 3 2.0
 IB 1 0.7
 IIA 26 17.6
 IIB 50 33.8
 IIIA 40 27.0
 IIIB 15 10.1
 IIIC 7 4.7
 IV 5 3.4

Histological grade HG
 I 5 4.8
 II 28 26.9
 III 63 60.6
 Missing 8 7.7

Nuclear grade NG
 I 5 4.8
 II 26 25.0
 III 68 65.4
 Missing 5 4.8

Lymphovascular invasion grade Ly
 Ly0 48 46.2
 Ly1 28 26.9
 Ly2 15 14.4
 Ly3 8 7.7
 Missing 5 4.8

Tumor size Ts
 0 56 53.8
 ≥ 20 mm 46 44.2
 Missing 2 1.9

Axillary lymph node positivity n
 No 38 38.8
 Yes 60 61.2

Table 1   (continued)

Variables Absolute Proportion (%)

 Missing 6 5.8
Clinical treatment response
 Complete response CR 30 20.3
 Partial response PR 79 53.4
 Stable disease SD 22 14.9
 Progressive disease PD 17 11.5
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using the log-rank test. The multivariate Cox model was 
used to develop a predictive model for risk of relapse or 
survival. In order to appreciate the intrinsic changes within 
the markers status, we deliberately did not use the cut-off 
values for the markers in all the statistical analyses, but we 
used the receiver operating characteristic curve (ROC curve) 
analysis to calculate the optimal cut-off values on the origi-
nal tumor with the survival as referral values, to calculate 
the frequency of positivity of the markers (PTEN 6, p53 
2, ABCG2/BCRP1 and ABCB1/MDR1 4, ABCC1/MRP1 
5) and for Kaplan–Meier survival curves for KI67 (53%) 
and TopoIIα (40%). Unsupervised hierarchical clustering 
was applied using Ward’s method with Squared Euclidean 
distance measure and K means, the number of clusters was 
determined from the dendrogram. All P values given are 
two-sided, with both univariate and multivariate analysis 
results given.

Results

Pathological response to NAC and survival analysis

21.6% (32/148) of the patients achieved pathologic complete 
response (pCR) while the remainder (78.4%-116/148) had 
residual disease (RD) following NAC. A significant asso-
ciation was detected between pCR and clinical response 
(p < 0.0001), as 25 patients with CR and 7 with PR achieved 
pCR after surgery. Among the patients with residual dis-
ease 40% (46/115) relapsed and 37% (43/116) developed 
distant metastasis, whereas one with IIIa TNM stage who 
had previously achieved pCR developed distant metastasis 
at the regional lymph node. Patients achieving pCR had 
a significantly more favorable disease-free survival (DFS 
p < 0.0001) and overall survival (OS p = 0.001) than those 
with RD (Fig. 2a, b). In addition, those with CR or PR had 
significantly better clinical outcomes (DFS p < 0.0001, OS 
p < 0.0001) compared to those with SD or PD (Fig. 1c–f).

Clinical factors predictive of treatment response

Pathologic complete response achievement was asso-
ciated with smaller tumor size (p = 0.011) and TNM 
stage (p = 0.016), and a trend with age (below 60 years) 
(p = 0.062) (Table 2). When performing a multivariate analy-
sis, clinical tumor size was the only variable that remained 
associated with pCR (OR 0.272, 95% CI [0.105–0.739], 
p = 0.010), while the trend in age remained (OR 0.394, 95% 
CI [0.143–1.083], p = 0.071). Clinical treatment response 
correlated with clinical tumor size (p = 0.003) and TNM 
stage (p < 0.0001).

Markers predictive of treatment response

In order to discriminate between patients more prone to 
achieve pCR from those with residual disease, we further 
assessed the markers in the biopsy samples. Results demon-
strated that patients who achieved pCR had more abundant 
vimentin (p < 0.0001; OR 5.08, CI 95% [1.651–15.645], 
p = 0.005) and a higher KI67 LI (p = 0.009; OR 1.038, CI 
95% [1.005–1.073], p = 0.023), as demonstrated in the uni-
variate and the multivariate analyses, respectively. Those 
with CR or PR had higher rates of TopoIIα (p = 0.013) and 
KI67 (p = 0.014) (Fig. 2). KI67 and TopoIIα double positiv-
ity, when using the ROC curve, predicted pCR achievement 
(p = 0.051) and clinical treatment response (p = 0.048).

Correlation among the markers examined

We analyzed the correlations among individual markers 
in both biopsy and surgery specimens. High KI67 LI was 
negatively correlated with ABCG2/BCRP1 (pbiopsy = 0.018) 
and ABCB1/MDR1 (pbiopsy = 0.014, psurgery = 0.017). 
ABCG2/BCRP1 was correlated with ABCB1/MDR1 
(pbiopsy < 0.0001, psurgery = 0.019), and with ABCC1/
MRP1 (pbiopsy = 0.001, psurgery = 0.013). Bcl2 was posi-
tively correlated with ABCG2/BCRP1 (pbiopsy = 0.03) 
and ABCC1/MRP1 (pbiopsy < 0.0001, psurgery = 0.006), and 
with vimentin (pbiopsy = 0.097, psurgery = 0.007). Vimen-
tin and ABCC1/MRP1 were positively correlated among 
each other (pbiopsy = 0.004, psurgery = 0.046). An association 
between TopoIIα with ABCG2/BCRP1 (pbiopsy = 0.001, 
psurgery = 0.003) and ABCB1/MDR1 (pbiopsy = 0.008) was 
demonstrated. Following the treatment, the loss of PTEN 
(psurgery = 0.003) and Bcl2 (psurgery = 0.028) was associated 
with decreased TopoIIα.

Association of the markers examined 
with the pathological parameters

In order to study the potential impact of the markers 
on the histopathology of the tumor, we compared their 
status with the pathological parameters following NAC 
treatment. High KI67 LI (p < 0.0001; p < 0.0001) was 
significantly associated with high nuclear and histo-
logical grades, respectively. Low PTEN and TopoIIα 
was significantly associated with increased tumor size 
(p = 0.001, p < 0.0001) and lymphovascular invasion grade 
(p = 0.001, p = 0.015), respectively. The metastasis in the 
axillary lymph nodes was positively correlated with Bcl2 
(p < 0.0001) and vimentin (p = 0.03), and distant metasta-
sis with low TopoIIα (p = 0.044) and high ABCC1/MRP1 
(p = 0.036). The changes detected in the matched pairs 
were also associated with the pathological characteristics 
of the tumor. An increased p53 (p = 0.006) and ABCB1/
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MDR1 (p = 0.035) status was significantly associated with 
increased number of axillary lymph nodes metastasis, and 
PTEN loss with higher lymphovascular invasion grade 
(p = 0.014) and trend toward significance with tumor size 
(p = 0.085).

Association of the markers 
and the clinicopathological parameters 
with eventual clinical outcomes of the patients

The patients with a low PTEN expression in the surgery 

Fig. 1   Kaplan–Meier curves showing differences in disease-free 
survival and overall survival in relation to clinical and pathologic 
response after neoadjuvant chemotherapy in patients with triple-neg-
ative breast cancer. Kaplan–Meier overall survival curves as strati-
fied in patients having achieved pathologic complete response (pCR, 
N = 32) to those with residual disease (RD, N = 116) (a, b), or clinical 
response into complete response (CR, N = 30), partial response (PR, 

N = 79), stable disease (SD, N = 22), progressive disease (PD, N = 17) 
(c, d) or stratified as CR/PR (N = 109) with SD/PD (N = 39) (e, f). 
The odd ratio (OR) generated with Cox regression is as follows: a 
DFS OR 0.185, 95% IC [0.044–0.775]; b OS OR 0.22, 95% IC [0.05–
0.891]; c DFS OR 3.07, 95% IC [1.97–4.79]; d OS OR 3.36, 95% IC 
[2.16–5.24]. e DFS OR 6.76, 95% IC [3.37–13.57]; f OS OR 7.46, 
95% IC [3.46–16.08]
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specimens (p = 0.038; HR 0.867, CI 95% [0.747–1.006], 
p = 0.061) and abundant ABCC1/MRP1 (p = 0.055; HR 
1.207, CI 95% [1.001–1.456], p = 0.049) tended to harbor 
decreased DFS. In addition, patients with high KI67 LI in 
their tumor (p = 0.090; HR 2.217, CI 95% [0.972–5.059], 
p = 0.059) exhibited a shortened OS (Fig. 3). The posi-
tive status of ABCB1/MDR1 (p = 0.003) and vimentin 
(p = 0.084) was associated with decreased DFS but dem-
onstrated in the univariate analysis only. PTEN status in 

the biopsies predicted adverse OS (p = 0.010; HR 1.345, 
CI 95% [1.077–1.68], p = 0.009).

Small tumor size (p < 0.0001, p = 0.001), low lympho-
vascular invasion grade (p = 0.017, p < 0.0001), no metas-
tasis in the axillary lymph nodes (p < 0.0001, p = 0.006), 
and distant metastasis (p < 0.0001, p < 0.0001) predicted 
good DFS and OS of patients with residual disease, 
respectively (Fig. S2).

Expression analysis of the markers

When using the cut-offs, we could determine the status of 
each marker in both biopsy and surgery specimens (Fig. 
S3). Figure 4 represents the distribution of the expression 
of the markers before and after NAC. KI67 was exclusively 
detected in the nuclei, whereas all the other markers were 
detected in both nuclei and cytoplasm (TopoIIα, Bcl2, p53, 
PTEN, vimentin), and in the cytoplasm and membrane for 
the multidrug resistance proteins. Tumor infiltrating lym-
phocytes were relatively positive for KI67, Bcl2, ABCB1/
MDR1, TopoIIα, vimentin, and PTEN. The epithelial 
cells were relatively positive for all the markers except for 
vimentin. A positive TopoIIα, vimentin, ABCB1/MDR1, 
and PTEN immunoreactivity was detected in stromal fibro-
blasts (Fig. S1).

Changes in the status of the markers following NAC 
in the residual disease

The comparison of markers in the matched pair specimens 
of patients with residual disease made it possible to study 
the impact of chemotherapy in these pathways. The finding 
remained consistent regardless using the cut-offs or not, 
respectively. Tumors in the surgical specimens had signifi-
cantly higher status of p53 (p = 0.013; p = 0.003), ABCC1/
MRP1 (p = 0.059; p = 0.033), ABCB1/MDR1 (p = 0.026; 
p = 0.022), and TopoIIα (p < 0.0001) compared with that 
of the biopsies. PTEN (p < 0.0001) and Bcl2 (p < 0.0001) 
status were lower in the surgical specimens compared to 
their matched biopsy. KI67 (p = 0.256; p = 0.166), vimen-
tin (p = 0.571), and ABCG2/BCRP1 (p = 0.152; p = 0.437) 
did not exhibit a significant change following NAC 
(Fig. 4). Figure 5 represents the profile of changes of the 
markers. An increased expression ranging from negative 
to more than 50% of positive tumor cells was detected in 
32.93% of patients for p53 and 53.66% for ABCC1/MRP1. 
For ABCB1/MDR1, 24.39% had increased positive tumor 
cells ranging from 6% to over 50%. TopoIIα increased with 
an average of 37% in 84.15% of the patients. 56.09% had 
an average of 50% loss of PTEN and 35% with decreased 
Bcl2.

Fig. 2   Bar graphs of the distribution of Topoisomerase IIα and KI67 
LI according to patients in response to neoadjuvant chemotherapy. 
Each bar represents the value of Topoisomerase IIα and KI67 LI for 
each patient with the corresponding clinical response to the neoadju-
vant chemotherapy, (CR complete response, PR partial response, SD 
stable disease, PD progressive disease). The solid horizontal line rep-
resents the cut-off value of Topoisomerase IIα (40%) and KI67 (53%) 
determined by the ROC curve. The proportion of patients with a posi-
tive status of the marker using the cut-off who achieved a response 
to the treatment was as follows: Topoisomerase IIα CR: 19, PR: 47, 
SD: 6, PD: 5; and KI67 CR: 21, PR: 32, SD: 10, PD: 6. The p values 
are calculated using one-way ANOVA test and are two-sided. Total 
N = 148 patients
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Hierarchical clustering analysis of the changes 
and their association with prognosis

In order to capture the profile of the changes following treat-
ment across the multiple markers, we ran hierarchical clus-
tering analysis, to evaluate whether multiple changes were 
associated with prognostic outcomes of patients.

We therefore dichotomized the markers’ status into 
“0” for either positive or negative expression, and “1” for 
an increase or decrease of the expression detected in the 
matched pairs (gain or loss). Thereafter, when we conducted 
an unsupervised hierarchical clustering analysis associated 
with K means clustering, three main grouping inherent in 
our cohort were detected (Fig. S4). The number of patients 
per cluster (N) and the corresponding number of changes 
within each marker (M) per group were as follows: Group 
1, N = 38, M = 3; Group 2, N = 18, M = 5; Group 3, N = 19, 
M = 7.

Patients with adverse clinical outcomes corresponded 
to those harboring higher rate of change involving poten-
tially KI67, TopoIIα, PTEN, p53, vimentin, ABCB1/MDR1, 
and ABCC1/MRP1 (Fig. S4d). Results demonstrated that 
the three cluster-groups were prognostically significant 
as associated with DFS (p = 0.049) and OS (p = 0.035) of 
the patients (Fig. S4a). The group clusters also tended to 
be associated with tumor size (p < 0.0001), TNM stage 
(p = 0.078), and histological grade (p = 0.094).

Discussion

This study aimed to characterize the expression of the 
markers that could explain the responsiveness of TNBC 
patients to NAC, and identify biological pathways 
associated with drug resistance, loco-regional recur-
rence, and outcomes. This is important as the molecular 

Table 2   Association of the 
clinical parameters with 
treatment response by univariate 
analysis

This table lists the associations between patients’ age and tumor characteristics (clinical tumor size, lymph 
node status, TNM stage) with treatment response in patients with pathologic complete response (pCR) and 
residual disease (RD). Chi-square (χ2) test was used for the analysis, Chi-square (χ2) and p values are rep-
resented

Variables pCR RD χ2 p value

N (%) N (%)

Age
 < 60 26 17.6 74 50.0 3.48 (0.062)
 ≥ 60 6 4.1 42 28.4

Breast and ovarian cancer history status
 Presence 7 4.8 18 12.3 0.652 (0.419)
 Absence 25 17.1 96 65.8

Clinical tumor size cT
 T1 5 3.4 6 4.1
 T2 24 16.2 69 46.6 11.17 (0.011)
 T3 3 2.0 23 15.5
 T4 0 0 18 12.2

Clinical Lymph node status cN
NO 9 6.1 19 12.8
Ni 14 9.5 65 43.9 3.18
N2 4 2.7 19 12.8 (0.364)
N3 5 3.4 13 8.8
Clinical TNM stage
 I 0 0 1 0.7
 IA 3 2.0 0 0
 IB 0 0 1 0.7
 IIA 6 4.1 20 13.5
 IIB 11 7.4 39 26.4 18.86 (0.016)
 IIIA 9 6.1 31 20.9
 IIIB 0 0 15 10.1
 IIIC 3 2.0 4 2.7
 IV 0 0 5 3.4



282	 Breast Cancer Research and Treatment (2019) 173:275–288

1 3

characterisation of drug-resistant cancer cells in residual 
disease of TNBC tissue and the mechanisms that allow 
TNBC tumors to survive to NAC have remained elusive. 
Thereby, we demonstrated that ABCC1/MRP1, PTEN, 
Topoisomerase IIα, vimentin, and KI67 are all involved 
in the response to chemotherapy and/or clinical outcome 
of patients, which could also support the development of 
effective interventions for TNBC patients with residual 
disease.

The association of the overexpression of the drug efflux 
pumps with the aggressive nature of multidrug-resistant 
tumors is well known [7, 43, 44]. The correlation between 
upregulation of ABCC1/MRP1 and ABCB1/MDR1 and 
clinical outcomes in breast carcinoma cells in response 
to treatment [43–45], but not in TNBC was reported. In 
this study, we did firstly demonstrate the associations 
between ABCC1/MRP1 and NAC therapeutic resistance 
in TNBC, suggesting its involvement in the progression 

Fig. 3   Kaplan–Meier curves showing the association of the markers 
with disease-free survival and overall survival. Association of the 
markers expression post-neoadjuvant chemotherapy with disease-free 
survival PTEN (a), ABCC1/MRP1 (b), and KI67 with overall sur-

vival [cut-off value 53% determined by ROC curve (c)]. d Shows the 
association of the expression of PTEN in the biopsy specimens with 
overall survival. The P values are calculated using log-rank test and 
are two-sided
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of drug-resistant TNBC tumors following NAC. The main 
multidrug resistance proteins often associated with drug 
resistance includes ABCC1/MRP1, ABCB1/MDR1, and 
ABCG2/BCRP1, and share substrates widely used in TNBC 
NAC regimen [40, 46]. ABCB1/MDR1 in cancer cell lines 
was reported to lead to resistance to its substrate paclitaxel 
[47]. In our study, we demonstrated that 67.1% of those with 
residual disease had more than 70% of tumor cells positive 
to ABCB1/MDR1 before NAC, and 15% more had increased 
expression following NAC, associated with lymph nodes 
metastasis and decreased DFS. We also demonstrated the 

correlation between the co-expression of ABCB1/MDR1 
and ABCC1/MRP1 with ABCG2/BCRP1 suggesting the 
effective use of agents which are not substrates of these pro-
teins, but rather of ABCG2/BCRP1 as a way to overcome 
the development of resistance to regimen including ABCC1/
MRP1 or ABCB1/MDR1 substrate agents in the NAC set-
ting. Targeting ABCB1/MDR1 and blocking autophagy were 
also suggested as an effective mean of reducing Epirubicin 
resistance [48].

We also demonstrated that the status of the anti-apoptotic 
protein Bcl2 was correlated with vimentin, and that both 

Fig. 4   Expression of the markers before and after neoadjuvant chem-
otherapy. The expression of Topoisomerase IIα, ABCC1/MRP1, 
ABCB1/MDR1, and p53 in resected triple-negative breast cancer 
tissues after neoadjuvant chemotherapy was significantly increased 
compared with that in biopsy specimens before chemotherapy, 

whereas PTEN and Bcl2 expression significantly decreased after neo-
adjuvant chemotherapy. KI67, ABCG2/BCRP1, and vimentin expres-
sion did not have a significant change when compared to the biopsy 
and surgery matched pairs specimens. N = 82 patients
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were associated with metastasis in the axillary lymph nodes, 
but only vimentin was associated with decreased DFS, 
which is consistent with previous studies demonstrating the 
association of vimentin with basal-like subgroup in highly 
proliferative carcinoma cells and poor DFS [37, 38, 49, 50]. 
Bcl2 has occasionally been proposed as prognostic factor 
for breast cancer [36, 51–53], but our study suggests only its 
direct involvement in tumor progression and dissemination.

Of particular interest, we also demonstrated that the 
resistant carcinoma cells harbored enriched Bcl2 and vimen-
tin and an upregulation of drug efflux pumps. We also dem-
onstrated the correlations between these markers and their 
association with the promotion of therapeutic resistance. 
These results above suggested targeting selectively Bcl2 
family members [54–56] to sensitize cells harboring this 
phenotype toward chemotherapy-induced death in the neo-
adjuvant setting.

For the first time, we demonstrated that PTEN protein 
status in pre-NAC specimens was an independent predictor 

of adverse outcomes. Similarly, the association of high 
intratumoral PTEN gene expression with poor prognosis 
in patients with locally advanced breast cancers harboring 
wild-type TP53 was reported, exhibiting a weak correlation 
between PTEN gene expression and PTEN protein expres-
sion [57]. We did not detect any correlation between PTEN 
and p53, but patients who moved from high to lower levels 
of PTEN in response to NAC tended to have adverse clini-
cal outcomes, as 50% of the them had decreased PTEN sta-
tus following NAC, associated with high lymphovascular 
invasion grade, increased tumor size, and shorter DFS and 
OS. Considering the pivotal roles of PTEN in cell growth, 
proliferation, and survival [58], results of this study suggest 
that a disruption of its functions, originating from either 
direct PTEN gene mutation/deletion or caused by perturba-
tion of its post-translational regulation [59, 60], could be 
involved in the acquired resistance following treatment and 
subsequent adverse clinical outcomes [61–64]. Therefore, 
agents inhibiting downstream signaling pathways of PTEN, 

Fig. 5   Molecular profile of the changes in markers expression fol-
lowing neoadjuvant chemotherapy and their frequency among the 
patients. The histograms represent the proportion of patients accord-
ing to the molecular changes status: no change (either positive or 
negative expression), gain (increase in the expression), loss (decrease 
in the expression) when comparing the expression of the markers in 

the biopsy and surgery matched pairs specimens. The corresponding 
fill area graphs highlight the inherent variations within the markers’ 
expression profile that had a significant change following neoadju-
vant chemotherapy for the patients with triple-negative breast cancer. 
N = 82
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in the adjuvant setting, are still of great benefit for those who 
did not respond to NAC [65, 66]. Nevertheless, one should 
expect the potential resistance to those agents [67]. There-
fore, further investigations are required to clarify alternative 
targets [59].

We also demonstrated that PTEN deletion was associ-
ated with decreased TopoIIα. A potential mechanistic link 
between these molecules is the regulation of TopoIIα by 
deubiquitylases [68–70]. The deubiquitylases OTUD3 inter-
acts with de-polyubiquitylates and stabilizes PTEN, which 
stabilizes also TopoIIα. The concomitant reduction of both 
was reported to lead to decreased TopoIIα, dysfunction of 
the decatenation checkpoint, compromising genomic stabil-
ity and this fosters breast cancer progression [58, 68–70].

While previous genomics findings highlighted the 
molecular markers frequently altered in the residual tumor 
of TNBC patients [12, 15, 70, 71], our study brings a novel 
approach of identifying altered pathways by examining pro-
tein expression indicative of the state of these pathways. 
Therefore, here we demonstrated that patients with adverse 
clinical outcome were more prone to have alterations in 
key proteins involved in cell growth and cell proliferation, 
drug bioavailability, and epithelial–mesenchymal transition. 
Therefore, the changes observed in these different cellular 
pathways confirm the usefulness of targeting multiple path-
ways in TNBC [70–72].

Finally, consistent with previous studies [32, 73–79], 
our results demonstrated that a high TopoIIα and KI67 LI 
increased the sensitivity of TNBC patients to anthracycline-
based chemotherapy. It was also associated with tumor size 
and lymphovascular invasion. This suggests a significant 
potential of TopoIIα as a prognostic and predictive factor 
for NAC treatment anthracycline-based in TNBC patients 
alongside KI67 [61, 62].

This study has some limitations. First, we could not cal-
culate residual cancer burden due to the retrospective nature 
of the study. Nevertheless, we could demonstrate that tumor 
size, the presence of metastasis in the lymph nodes, and 
distant metastasis could predict early DFS and OS for those 
with residual disease. Second, the diversity in NAC regimen 
due to the multi-center nature of the study may increase the 
generalizability of our findings, but it may also represent a 
limitation. To address this, when we restricted the analy-
sis exclusively to the treatment arm including FEC-Taxane 
(N = 115, data not shown), similar results were obtained. 
Third, the imbalance in the size of the cohort within the 
subgroups, regarding the clinical response, makes it difficult 
to detect the main interaction effects within each subgroup. 
Fourth, the absence of a molecular characterization of the 
TNBC subtypes within our cohort has made it difficult to 
associate the markers with the different TNBC molecular 
subtypes and therefore to their differential response to treat-
ment and prognoses.

Conclusion

We demonstrated that KI67, TopoIIα, PTEN, and ABCC1/
MRP1 expression predicted pathologic outcomes, and were 
associated with clinicopathological parameters. We also 
demonstrated that multiple alterations of the markers con-
trolling cell proliferation, cell cycle, and drug efflux were 
responsible for the adverse clinical outcome of TNBC 
patients with residual disease following NAC.
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