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Abstract
Purpose Patients with ErbB2/Her2 oncoprotein-positive breast cancers often receive neoadjuvant therapies (NATs) con-
taining the anti-ErbB2 antibody trastuzumab. Tumors that are still present after NATs are resected, and patients continue 
receiving trastuzumab. These cancers are associated with high relapse risk. Whether relapse will occur cannot be presently 
reliably predicted. The ability to make such predictions could improve disease management. We found previously that ErbB2 
blocks breast tumor cell anoikis, apoptosis induced by cell detachment from the extracellular matrix, by downregulating 
the pro-apoptotic protein Irf6 and upregulating the anti-apoptotic protein Epidermal Growth Factor Receptor (EGFR) in the 
cells and, thus, promotes their three-dimensional growth. We now tested whether tumor levels of these proteins before and 
after NATs correlate with patients’ relapse-free survival (RFS) and overall survival (OS).
Methods We selected archival breast tumor samples collected from 37 women with ErbB2-positive stages II and III breast 
cancer before and after NATs. We used immunohistochemistry to test whether levels of the indicated proteins in respective 
tumors correlate with RFS and OS.
Results We observed that the presence of high Irf6 levels in the tumors following NATs correlated with reduced RFS and 
OS. Perhaps not by coincidence, we noticed that trastuzumab-sensitive ErbB2-positive breast cancer cells selected for the 
ability to overproduce exogenous Irf6 in culture acquired trastuzumab resistance. Finally, EGFR presence in patients’ tumors 
before or after NATs was associated with decreased RFS and OS.
Conclusions This study could help identify patients with ErbB2-positive tumors that are at increased risk of disease relapse 
following NATs.
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Introduction

15–20% of breast tumors overproduce ErbB2 (ErbB2 
Receptor Tyrosine Kinase 2)/Her2 (human epidermal 
growth factor receptor 2) receptor tyrosine kinase which 
drives these cancers [1]. Anti-ErbB2 antibody trastuzumab 
[2] is used for treatment of ErbB2-positive malignancies.

Patients with ErbB2-positive breast cancer often 
receive neoadjuvant trastuzumab and chemotherapy for 
12–18 weeks [3]. Such therapy causes complete tumor 
regression in approximately 30% of patients, while the rest 
of the patients display partial tumor regression or stable dis-
ease [4]. Patients whose tumors are still present after trastu-
zumab-based neoadjuvant therapies undergo surgical tumor 
resection and continue receiving the therapies to complete a 
1-year course [3]. Cancer relapses in about 30% patients [3]. 
Whether the relapse will occur cannot be presently reliably 
predicted [5]. Trastuzumab can cause serious side effects, 
e.g., cardiotoxicity [6], and is costly [7]. Thus, identifying 
patients who are at increased risk of disease relapse could 
allow oncologists to spare these patients the side effects 
of unwarranted therapy and/or modify the treatments to 
improve disease outcomes. We identified recently several 
critical mediators of ErbB2-driven breast cancer [8, 9] and 
tested in this study whether the levels of these mediators in 
the tumors before and after neoadjuvant trastuzumab-based 
therapies predict disease relapse.

One essential feature of primary and disseminated 
breast tumors, including those overproducing ErbB2, is 
their ability to grow in a three-dimensional manner [10]. 
Such growth requires the ability of cancer cells to survive 
without adhesion to the extracellular matrix (ECM) [11]. 
This notion is based on the fact that normal breast epithe-
lial cells are attached to the ECM in the breast [12, 13], 
and detachment causes their death by apoptosis [14], a 
phenomenon called anoikis [15]. In contrast, breast tumors 
grow and metastasize as three-dimensional cellular masses 
in which the cells are not properly attached to the ECM but 
remain viable [14]. Numerous data indicate that anoikis 
resistance of tumor cells, including that of breast cancer 
cells, is critical for tumor progression [14]. First, cancer 
cells survive and grow without adhesion to the ECM as 
colonies in soft agar. This ability is a “gold standard” 
for malignant transformation [16]. Second, major onco-
proteins, e.g., ErbB2 [8] and Ras [17], block tumor cell 
anoikis. Finally, approaches that cause anoikis of tumor 
cells suppress their ability to form primary tumors [17–20] 
and metastases [18, 20–22]. As ErbB2 blocks breast tumor 
cells anoikis [9], mediators of this resistance are potential 
predictors of breast tumor response to ErbB2 antagonists.

We found that anoikis of non-malignant human 
breast epithelial cells occurs due to detachment-induced 

upregulation of Perp (p53 apoptosis  effector  related 
to PMP-22), an inducer of apoptosis [9]. Perp protein 
shows homology to members of the tetraspan family of 
proteins that control cell growth [23] and is an element of 
the desmosomes, multiprotein complexes mediating cell-
to-cell adhesion [24]. Perp causes apoptosis by unknown 
mechanisms [25], and Perp loss in breast epithelium pro-
motes breast carcinoma in mice [26]. We have observed 
that ErbB2 blocks anoikis of breast cancer cells by pre-
venting detachment-induced Perp upregulation, and that 
the effect of ErbB2 on Perp is driven by ErbB2-depend-
ent mitogen-activated protein kinase (MAPK)-mediated 
upregulation of epidermal growth factor receptor (EGFR) 
in cancer cells [9].

We further found that detachment of non-malignant mam-
mary epithelial cells from the ECM upregulates transcription 
factor Irf6 (Interferon Regulatory Factor 6) [8]. Irf6, a mem-
ber of the Irf transcription factor family [27], kills cells by 
apoptosis [28] and is likely an important mediator of breast 
function as Irf6 is upregulated in the breast during mam-
mary gland regression upon cessation of lactation [29] (such 
regression is thought to involve anoikis of breast epithe-
lial cells [30]). We observed that another ErbB2-dependent 
anoikis mechanism is driven by ErbB2-dependent MAPK-
mediated downregulation of Irf6 in breast cancer cells [8]. 
Whether or not Irf6 and Perp are elements of two different 
ErbB2-dependent signaling pathways or those of the same 
ErbB2-driven pathway is presently not known.

Since Irf6, EGFR, and Perp represent critical mediators 
of ErbB2-driven mechanisms of breast cancer progression 
discovered by us [8, 9], we reasoned that changes in the lev-
els of these proteins in breast tumor samples during trastu-
zumab-based breast cancer treatments could predict patients’ 
trastuzumab response. Thus, we investigated whether the 
levels of these proteins in patients’ tumors before and after 
neoadjuvant trastuzumab-based treatments or the changes 
in these levels following such treatments can predict cancer 
relapse in patients that received these therapies. We have 
established that high Irf6 levels in the tumors following the 
treatments, high EGFR levels in the tumors before or after 
the indicated therapies, or EGFR upregulation in the tumors 
following the treatments significantly correlates with disease 
relapse.

Patients and methods

All analyses followed recommendations for tumor marker 
prognostic studies [31].
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Clinical studies

Upon research ethics board approval from the local health 
authorities, a list of patients with ErbB2-positive primary 
invasive breast cancers who underwent neoadjuvant chemo-
therapy and ErbB2-targeted therapy was obtained from the 
institutions’ pharmacy information system (BDM Pharmacy; 
BDM IT Solutions, Saskatoon, SK, Canada) and laboratory 
information systems (Cerner Millennium; Cerner, North 
Kansas City, MO, USA and Meditech, Westwood, MA, 
USA). Formalin-fixed paraffin-embedded (FFPE) archival 
breast tumor biopsies collected from women with clinical 
stages II and III at the time of diagnosis and FFPE tumor 
samples obtained from these patients during definitive 
surgery after neoadjuvant treatments (chemotherapy with 
or, in one case, without trastuzumab) were collected at 
QEII Health Centre, Halifax, NS (16 patients), Saint John 
Regional Hospital, Saint John, NB (11 patients) and the 
Moncton Hospital, Moncton, NB (10 patients).

Pathological features of patients’ tumors

Pathological features were derived from the initial diagnostic 
biopsy and the post-neoadjuvant excisional specimens. Hor-
monal receptor (ER/PR) and ErbB2 status were determined 
on the diagnostic biopsy specimen. Nottingham tumor grade, 
tumor type, and lymph node status were determined on the 
excisional specimens. The residual cancer burden was cal-
culated based on the excisional specimens.

Patients’ clinical characteristics

Clinical data and chemotherapy regimens were abstracted 
from the patient electronic medical records. Date and cause 
of death were obtained from respective cancer registries 
and from the electronic medical records. Clinical stage was 
determined by clinical TNM stage at time of diagnosis.

Laboratory studies

Immunohistochemistry

Representative tissue blocks from the diagnostic core 
biopsies and post-neoadjuvant excisional specimens were 
selected for immunohistochemistry (IHC) after review of 
the H&E—as well as anti-ErbB2-stained IHC slides to 
confirm diagnosis and ErbB2 positivity. FFPE core biop-
sies and excisional specimens underwent heat-induced 
epitope retrieval for 24 min for Irf6 in Cell Conditioning 
1 (Ventana Medical Systems, Tucson, AZ, USA) followed 
by 32-min incubation in 1:100 dilution of Irf6 antibody 
(MyBioSource, San Diego, CA, USA) or 1:200 dilution 
of EGFR antibody (Cell Marque, Rocklin, CA, USA) or 

1:1500 dilution of primary Perp antibody (Thermo Fisher 
Scientific, Waltham, MA, USA). The reaction was detected 
using the OptiView polymer detection system on a Ven-
tana Benchmark Ultra platform (Ventana Medical Sys-
tems). The staining protocol was validated according to 
the manufacturer’s instructions using human kidney speci-
mens in the case of Irf6, human skin, breast epithelium, 
and colonic epithelium in the case of EGFR and human 
heart and skin specimens in the case of Perp. Cells were 
also counterstained with hematoxylin. Irf6 IHC data for 
the pre- and post-neoadjuvant trastuzumab-based therapies 
in the case of 10 patients whose samples were collected 
at the QEII Health Centre were previously published by 
us [8].

Cell positivity for Irf6, EGFR, and Perp was scored on 
the pre-neoadjuvant core biopsies and post-neoadjuvant 
excisional specimens following IHC by manually counting 
positively stained cells as a percentage of all breast cancer 
cells in the tumor sample.

Cell culture‑based experiments

BT474 (American Type Culture Collection) and BT474TR 
[8] cells were cultured in Hybri-Care medium (American 
Type Culture Collection), 10% FBS, 100 U/ml penicillin 
(Thermo Fisher Scientific, Waltham, MA, USA), 100 μg/
ml streptomycin (Thermo Fisher Scientific), and 0.29 mg/
ml L-glutamine (Thermo Fisher Scientific). To detach 
the cells from the ECM, they were placed in suspension 
culture above a layer of 1% sea plaque agarose polymer-
ized in the culture medium not containing any additional 
ingredients. To generate BT474control and BT474Irf6 
cells, 293 T cells (2 ×  106) were incubated with 5 μg of 
either control pBabehygro expression vector or pBabehy-
gro-HA-Irf6 expression vector and 2.5 μg of pHIT and 
2.5 μg of pVSVG expression vectors encoding retroviral 
proteins in the presence of 20 μl of Lipofectamine 2000 
reagent in 6 ml of Opti-MEM medium. Generation of the 
pBabehygro-HA-Irf6 expression vector is described in [8]. 
The medium was changed 4 h later to DMEM containing 
10% FBS. The medium was collected 48 h later and fil-
tered through a 0.45-μm filter unit. The viral supernatant 
containing either the control virus or that encoding Irf6 
was added to 2.5 ×  105 BT474 cells grown on a 60-mm 
dish in the presence of 8 μg/ml polybrene in the presence 
of 300 μg/ml hygromycin for 48 h. The cells were then 
harvested, expanded, and used for the assays described in 
this study. Western blotting analysis of the cells was per-
formed as described previously [32]. Anti-Irf6 and anti-
GAPDH antibodies used for western blotting were from 
Cell Signaling Technology, Danvers, MA, USA. To assay 
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the cells for trastuzumab sensitivity, the cells were grown 
in suspension as described above and counted.

Statistical analysis

Descriptive statistics were reported as counts and percent-
ages for categorical variables, means (standard deviation 
SD) for normally distributed continuous variables, and medi-
ans (interquartile ranges IQR) for non-normally distributed 
continuous variables. Baseline differences between patients 
with and without relapse were examined using Chi-square 
test, Fisher’s exact test, T-test, and/or Wilcoxon rank-sum 
test, as appropriate. Receiver-operating curves were plotted 
for each of the proteins studied. An exploratory analysis was 
also performed to examine an optimal cut-point for each 
protein in question. A flexible graphical tool generated using 
a SAS macro was used to visualize the impact of changing 
the cut-points for the levels of the indicated proteins. The 
optimal cut-point in terms of sensitivity and specificity was 
selected to generate a dichotomized variable to be used in 
predictive screening for relapse-free survival, defined as the 
time from diagnosis to first relapse. Patients were censored 
on death or date of last follow-up. Rates of relapse were esti-
mated by the Kaplan–Meier method and compared between 
the categorical groups for each of the indicated proteins and 
pre-identified baseline demographics including stage, grade 
of tumor, and lymph node status. The log-rank test was used 
to compare outcomes between the two groups. Cox propor-
tional-hazards models were used to estimate hazard ratios. 
Plots of Martingale residuals were used to test the functional 
form of continuous variables. All analyses were conducted 
using SAS STAT 14.3 software version 9.4 (SAS Institute, 
Cary, N.C.), and a significance level of α = 0.05.

Results

Patients’ clinical characteristics and responses 
to trastuzumab‑based neoadjuvant therapies

To study the levels of Irf6, Perp, and EGFR, the three criti-
cal mediators of ErbB2-dependent breast cancer cell anoikis 
resistance [8, 9], in stage II and III ErbB2-positive breast 
tumors before and after neoadjuvant therapies, we selected 
FFPE archival breast tumor biopsies collected from 37 
women with the indicated form of breast cancer at the time 
of diagnosis before neoadjuvant therapies. Patients received 
neoadjuvant trastuzumab together with various combinations 
of chemotherapeutic drugs, e.g., 5-fluorouracil, epirubicin, 
cyclophosphamide, and docetaxel (FEC-D) or docetaxel and 
carboplatin or paclitaxel alone, whereas one patient received 
neoadjuvant FEC-D alone. Several patients received neo-
adjuvant pertuzumab in addition to trastuzumab. We also 

selected FFPE tumor samples obtained from these patients 
during definitive surgery after the therapies. All patients 
received adjuvant trastuzumab after tumor resection. 
Patients’ clinical and pathological characteristics are shown 
in Table 1.

High Irf6 levels in the tumors after neoadjuvant 
therapies are associated with disease relapse

Since ErbB2-driven downregulation of the pro-apoptotic 
transcription factor Irf6 blocks breast cancer cell anoikis 
[8], we performed IHC analysis of Irf6 levels in the breast 
tumor samples collected before and after neoadjuvant treat-
ments. We validated IRF6 IHC using human kidney glo-
meruli as a positive control as per the ant-Irf6 antibody 
manufacturer’s instructions (see Patients and Methods) 
(Supplementary Fig. 1a) and human cardiac myocytes and 

Table 1  Patients’ clinical characteristics and responses to trastu-
zumab-based neoadjuvant therapies

N.A. not available

Clinical parameters No of patients %

Age at diagnosis
 Mean 52
 Range 31–80

Clinical stage
 II 6 16
 III 31 84

Tumor size at diagnosis, mm
 Mean 54
 Range 13–200

Size of the largest focus at resection, mm
 Mean 17
 Range 0.3–105

Hormone receptor status
 Positive 29 78
 Negative 7 19
 N.A 1 3

Lymph node metastases
 Positive 22 59
 Negative 13 35
 N.A 2 5

Relapse
 Yes 13 35
 No 24 65

Time to relapse, months
 Mean 26
 Range 7–41

Time to follow-up, months
 Mean 56
 Range 15–127



747Breast Cancer Research and Treatment (2021) 187:743–758 

1 3

germinal center cells from human tonsils and lymph nodes 
as negative controls [33] (Supplementary Fig. 1b, c). In 
addition, similar to what was published by others [33], our 
IHC conditions allowed us to detect Irf6 in benign breast 
ductal epithelium (cytoplasmic and nuclear), small intestinal 
villous epithelium (cytoplasmic), colonic columnar epithe-
lium (cytoplasmic), placental trophoblasts (cytoplasmic and 
nuclear), and liver ductal cells (cytoplasmic) (Supplemen-
tary Fig. 1d–g). As we published [8], Irf6 displayed nuclear 
localization in the tumor cells in the majority of breast 
cancer samples that we used which is not surprising since 
being a transcription factor, Irf6 functions in the cell nuclei 
[34]. We observed that the percentage of Irf6-positive cells 
is increased approximately sixfold following neoadjuvant 
treatments (on average, from 0.9 to 5.4%) in 55.5% cases and 
is decreased approximately 11-fold (on average, from 2.1 to 
0.2%) in 18.5% cases following these therapies (Fig. 1a–c). 
The indicated changes were statistically significant in both 
cases (Fig. 1a). The percentage of Irf6-positve cells was 
similar in the tumor samples before and after the treatments 
in 26% of patients (Fig. 1a, d). Neither the increase nor the 
decrease in the percentage of Irf6-positive cells following 
the treatments correlated significantly with patients’ relapse-
free survival (not shown). A significant fraction (11%) of 
the tumors before the treatment displayed a relatively high 
percentage (more than 6%) of Irf6-positive cells (Fig. 2a). 
The presence of such Irf6 levels in the pre-treated tumors did 
not correlate with relapse-free survival (not shown). We fur-
ther observed that 22% of the post-treated tumors displayed 
more than 6% of Irf6-positive cells (Fig. 2a, b). These levels 
ranged from 6 to 12%. Remarkably, the presence of these 
relatively high Irf6 levels in the post-treated tumors was 
significantly associated with reduced relapse-free survival: 
p value = 0.005, hazard ratio (HR) = 5.2, (95% confidence 
interval (CI) 1.4–19.1) (Fig. 2c). We further tested whether 
Irf6 levels in the post-neoadjuvant therapy tumor samples 
correlate with disease relapse when these levels are used 
as a continuous variable. We found that the HR of relapse 
increases by 17.2% per increase of the percentage of Irf6-
positive cells in the indicated samples by each percent (from 
0 to 12) (p value = 0.0270) with the initial HR being 1.172 
(95% CI 1.018, 1.350) (Fig. 2d). In summary, relatively high 
Irf6 levels in the tumors after the neoadjuvant therapies are 
associated with higher risk of disease relapse.

Increased Irf6 expression in cultured ErbB2‑positive 
breast cancer cells is associated with trastuzumab 
resistance

We observed previously that ErbB2 blocks cancer cell 
anoikis by downregulating Irf6 in the tumor cells, and that 
enforced Irf6 upregulation kills these cells [8], yet our cur-
rent data indicate that relatively high Irf6 levels in breast 

tumor cells correlate with disease relapse. One possible 
explanation for these results is that during tumor progres-
sion, breast cancer cells acquire the signals rendering them 
resistant to trastuzumab-based therapies and that these sig-
nals allow the cells to overproduce Irf6 and survive in the 
presence of high Irf6 levels. The indicated signals could 
arise from genetic or epigenetic changes occurring in the 
cells. Alternatively, it is possible that in the course of dis-
ease progression, tumor cells acquire mechanisms protecting 
them from Irf6-dependent death. Conceivably, the signals 
that render the cells resistant to the presence of high Irf6 lev-
els also make them resistant to trastuzumab-based therapies. 
Consequently, the presence of relatively high Irf6 levels in 
cancer cells is associated with disease relapse. To distin-
guish between these possibilities in a tissue culture model, 
we used human ErbB2-positive breast cancer cells BT474 
and their trastuzumab-resistant variant BT474TR that we 
generated by exposing BT474 to trastuzumab in culture for 
an extended time period and expanding the surviving cells 
[8]. We found that when grown in the absence of adhesion of 
the ECM (conditions that mimic 3D breast tumor growth [8, 
14]), BT474 and BT474TR cells produce similar Irf6 levels 
(Fig. 3a). Thus, selection for trastuzumab resistance does 
not seem to be associated with increased Irf6 expression 
in ErbB2-positive breast cancer cells. We further generated 
a variant of BT474 cells BT474Irf6 stably overproducing 
exogenous hemagglutinin (HA)-tagged Irf6 by infecting 
BT474 cells with HA-Irf6-encoding retrovirus (Fig. 3b). We 
noticed that while trastuzumab treatment resulted in a signif-
icant loss of “BT474control” cells (a variant of BT474 cells 
infected with a control retrovirus) cultured without adhesion 
to the ECM, trastuzumab treatment did not trigger any sig-
nificant changes in the number of “BT474Irf6” cells cultured 
under these conditions (Fig. 3c). Thus, stable Irf6 overex-
pression in ErbB2-positive breast cancer cells that do not 
die despite the presence of increased Irf6 levels renders the 
cells trastuzumab resistant. These data are consistent with 
our findings that relatively high Irf6 levels in the patients’ 
tumors are associated with disease relapse, i.e., trastuzumab 
resistance of these tumors.

High EGFR levels in the tumors 
before and after neoadjuvant therapies are 
associated with disease relapse

Since ErbB2-mediated EGFR upregulation protects breast 
cancer cells from anoikis at least in part, by downregulating 
the pro-apoptotic protein Perp [9], we decided to perform 
IHC analysis of EGFR levels in the breast tumor samples 
collected before and after neoadjuvant treatments. We first 
demonstrated that similar to what was published by others 
[33], our IHC conditions allowed us to detect positive EGFR 
staining in benign breast ductal epithelium (membranous), 



748 Breast Cancer Research and Treatment (2021) 187:743–758

1 3

c

d

a

% of  patients Mean % Irf6-positive cells p-value 
Before treatment After treatment

Treatment-dependent 
change in Irf6 levels

4.59.05.55detalugerpusaw6frI 00 4x10-5

10.02.01.25.81detalugernwodsaw6frI
9.06.24.262degnahcnusaw6frI

after treatmentb before treatment

Fig. 1  Neoadjuvant therapy-dependent changes in Irf6 levels in 
patients’ tumors before and after the therapies. a Percentage of Irf6-
positve cells in patients’ tumor samples collected before and after the 
therapies. b–d Representative samples obtained from patients before 

(left) and after (right) the treatments are shown. The samples were 
stained with the anti-Irf6 antibody (brown) and counterstained with 
hematoxylin (blue). Examples of an increase (b), decrease (c), or lack 
of change (d) in the Irf6 levels are shown
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Increase of relapse HR for continuous increase of % IRF6-positive cells in the post-treated tumors
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c

Fig. 2  High Irf6 levels in patients’ tumors following neoadjuvant 
therapies are associated with disease relapse. a Percentage of patients 
with > 6% Irf6-positve cells in the tumor samples collected before and 
after the therapies. b A representative sample with > 6% Irf6-positve 
cells obtained from a patient after the treatment is shown. The sample 
was stained with the anti-Irf6 antibody (brown) and counterstained 
with hematoxylin (blue). c Kaplan–Meier analysis-based estima-

tion of probabilities of patients’ relapse-free survival depending on 
whether % of Irf6-positve cells in the tumor samples collected after 
the therapies is higher or lower than 6%. d The results of analysis of 
the changes of HR of relapse in the case of continuous increase (from 
0 to 12%) in % of Irf6-postitve cells in the samples collected after the 
therapies



750 Breast Cancer Research and Treatment (2021) 187:743–758

1 3

colonic epithelium (membranous), renal tubules (cytoplas-
mic), liver ducts (cytoplasmic), lung pneumocytes (membra-
nous), skin (membranous), tonsil epithelium (membranous), 
and thyroid gland (membranous) (Supplementary Fig. 2). 
Similar to others [33], we did not observe EGFR in the tonsil 
lymphocytes or other stromal cells within the respective tis-
sues (Supplementary Fig. 2). As expected [35], in the case 
of the breast tumor samples that we used EGFR displayed 
predominantly membrane localization in the tumor cells in 
all cases (Fig. 4b–d). We found that the percentage of EGFR-
positive cells in the tumor samples is increased approxi-
mately sevenfold following trastuzumab-based treatments 
(on average, from 6 to 44%) in 25% of cases (Fig. 4a, b). 
The increase in EGFR levels was unequivocal in each case, 

but the overall effect was not statistically significant since 
the degree of increase strongly varied between patients, e.g., 
in some cases that the increase was from 0 to 10% and in 
others, from 2 to 95%. We further observed that the percent-
age of EGFR-positive cells in question is decreased approx-
imately eightfold (on average, from 39 to 5%) in 21% of 
tumor samples following trastuzumab-based treatments. The 
latter change was statistically significant (Fig. 4a, c). The 
percentage of EGFR-positive cells was similar before and 
after the treatments in 54% of the samples (Fig. 4a, d). The 
decrease in the percentage of EGFR-positive cancer cells 
following the treatments did not correlate with relapse-free 
survival (not shown). In contrast, the increase in the percent-
age of EGFR-positive cells in the tumors following the treat-
ments was significantly associated with a decreased relapse-
free survival: p value = 0.013, HR = 5.6 (95% CI 1.4–21.6) 
(Fig. 4e). 46% of patient samples obtained before neoad-
juvant therapies and 48% of patients’ samples collected 
after the therapies displayed EGFR-positive cells (Fig. 5a). 
Remarkably, patients whose tumor samples obtained before 
the therapies showed any percentage of EGFR-positive 
cancer cells had a significantly higher chance of disease 
relapse than the patients with the EGFR-negative tumors [p 
value = 0.027, HR = 3.7 (95% CI 1.1–13.0)] (Fig. 5a, b). In 
addition, the presence of any levels of EGFR-positive cells 
in the post-treated samples was significantly associated with 
reduced relapse-free survival [p-value = 0.037, HR = 3.5 
(95% CI 1.02–12.3)] (Fig. 5a, c). Thus, the presence of 
EGFR in the breast tumor cells before or after neoadjuvant 
therapies or an increase in the percentage of EGFR-positive 
cells in the tumors following these treatments is associated 
with a higher chance of disease relapse. 

Since Irf6 and EGFR levels in the tumor cells follow-
ing neoadjuvant therapies significantly correlated with dis-
ease relapse in the univariate analyses, we have conducted 
a multivariate analysis using Irf6 and EGFR levels in the 
post-treated tumors as continuous variables. We found that 
in the case of Irf6, the HR of relapse increases by 19.8% per 
increase of the percentage of Irf6-positive cells in the indi-
cated samples by each percent (from 0 to 12) with the initial 
HR being 1.198 (95% CI 1.015, 1.424), p value = 0.0082 
(Fig. 5d). In the case of EGFR, the HR of relapse increased 
by 2.4% per increase of the percentage of EGFR-positive 
cells in the indicated samples by each percent (from 0 to 
95) with the initial HR being 1.024 (95% CI 1.006, 1.043), 
p value = 0.0323 (Fig. 5d). Thus, increased levels of both 
Irf6 and EGFR in the tumors following neoadjuvant trastu-
zumab-based therapies significantly correlated with reduced 
disease-free survival in the multivariate analysis.
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High Irf6 and EGFR levels in the tumors are 
associated with reduced patient survival

We further established as outlined above that the presence 
of relatively high Irf6 levels in the tumors after neoadju-
vant therapies was significantly associated with reduced 
patients’ overall survival: p-value = 0.013, hazard ratio 
(HR) = 5.8, (95% CI 1.4–23.4.1) (Fig. 6a). We also noticed 
that the increase in the percentage of EGFR-positive cells 
in the tumors following the therapies was significantly 
associated with a decreased patients’ overall survival: p 
value = 0.003, HR = 13.2 (95% CI 2.3–74.6) (Fig. 6b). In 
addition, patients whose tumor samples obtained before 
or after the therapies showed any percentage of EGFR-
positive cancer cells had a significantly lower chance of 
survival than the patients with the EGFR-negative tumors 
(p value = 0.04, HR = 5.4 (95% CI 1.1–21.1) in the case of 
the patients with EGFR-positive tumors before the thera-
pies; p value = 0.017, HR = 13.1 (95% CI 1.6–107.2) in the 
case of the patients with EGFR-positive tumors after the 
therapies) (Fig. 6c, d). Thus, high Irf6 and EGFR levels 
in the tumors tend to be associated with reduced overall 
survival of the indicated patients.

Perp levels in the tumors 
before and after neoadjuvant therapies 
do not correlate with disease relapse

Since ErbB2-driven downregulation of the pro-apoptotic 
protein Perp inhibits breast cancer cell anoikis [9], we 
decided to perform IHC analysis of Perp levels in the 
breast tumor samples collected before and after trastu-
zumab-based neoadjuvant treatments. We first validated 
the Perp IHC by demonstrating cytoplasmic Perp stain-
ing in the cardiac myocytes, as described by the manu-
facturer (see “Patients and Methods” section) and nuclear 
and cytoplasmic Perp staining in the skin keratinocytes 
as published by others [33] (Supplementary Fig. 3). In 
the case of the breast cancer samples collected by us, 
Perp displayed mainly nuclear localization in the tumor 
cells (Fig. 7b–d). The percentage of Perp-positive cells 
was increased 1.9-fold further to neoadjuvant treatments 
(on average, from 36 to 67%) in 29% cases (Fig. 7a, b). 
This increase was not statistically significant (Fig. 7a). We 
also observed that the percentage of Perp-positive cells is 
decreased 2.6-fold (on average, from 87 to 34%) in 42% 
of cases following these therapies (Fig. 7a, c) in a statisti-
cally significant manner. The percentage of Perp-positive 
cells was similar before and after the treatments in 29% 
of the tumors (Fig. 7a, d). Neither the increase nor the 
decrease in the percentage of Perp-positive tumor cells 
following the treatments was associated with a statistically 

significant correlation with patients’ relapse-free survival 
(not shown). Likewise, the presence of Perp in the tumor 
cells before or after the treatment did not correlate with 
disease relapse (not shown).

The presence of lymph node metastases at tumor 
resection is associated with disease relapse

We observed that patients’ clinicopathological character-
istics, such as age at diagnosis, therapy regimen, clinical 
tumor stage, and grade did not correlate significantly with 
disease relapse (not shown). We also noticed that the pres-
ence of lymph node metastases at tumor resection is signifi-
cantly associated with breast cancer relapse (Supplementary 
Fig. 4a). The log-rank test showed a statistically significant 
(p = 0.006) difference between the relapse-free survival 
curves for the lymph node status. 60.87% of patients with 
the tumor-positive lymph nodes relapsed while none of the 
patients with the tumor-free lymph nodes displayed disease 
relapse. The latter observation well agrees with what was 
published by others [36]. Due to the relatively small size 
of our patient cohort and since none of the patients in the 
cohort with the lymph node-negative disease experienced 
disease relapse, we could not include tumor lymph nodes 
in the multivariate model described above. Nevertheless, 
we noticed that the patient group with the tumor-positive 
lymph nodes that relapsed contained a higher percentage 
of patients with increased Irf6 or EGFR levels than respec-
tive patient groups with the tumor-positive lymph nodes that 
did not relapse. The indicated differences were statistically 
significant in the case of both Irf6 and EGFR (Supplemen-
tary Fig. 4b, c). Hence, relatively high Irf6 and EGFR levels 
tend to be associated with disease relapse in the case of the 
patients with the tumor-positive lymph nodes.

In summary, we have established that relatively high 
Irf6 levels in ErbB2-positive breast cancer cells following 
neoadjuvant therapies that precede further adjuvant trastu-
zumab treatment significantly correlates with increased risk 
of breast cancer relapse and reduced patient survival. Moreo-
ver, we have observed that the presence of any EGFR levels 
in the indicated malignant cells before or after the treat-
ments or an increase in these levels following the therapies 
in question is significantly associated with disease relapse 
and reduced patient survival.

Discussion

We have demonstrated that an increase in the Irf6 levels in 
ErbB2-positive breast tumors following neoadjuvant tras-
tuzumab-based breast cancer therapies is associated with 
disease relapse and reduced patients’ survival. To our knowl-
edge, Irf6 has never been studied in this context.
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We observed previously that ErbB2 blocks cancer cell 
anoikis by downregulating Irf6 in the tumor cells, and that 
enforced Irf6 upregulation kills these cells [8]. Further-
more, we have shown here that increased Irf6 expression 
in cultured ErbB2-positive breast cancer cells is associated 
with trastuzumab resistance. Thus, the signals that render 
the cells resistant to the presence of increased Irf6 levels 
also make them resistant to trastuzumab in culture. These 
data are consistent with our observation that the presence of 
relatively high Irf6 levels in cancer cells is associated with 
disease relapse and reduced patients’ survival. Hence, the 
mechanisms allowing the cells to survive in the presence 
of high Irf6 levels could represent novel targets for thera-
pies aimed at overcoming breast cancer cell trastuzumab 
resistance.

We also observed that the presence of EGFR in breast 
tumor cells before or after neoadjuvant treatments or EGFR 
upregulation in such cells following the treatments is asso-
ciated with disease relapse and reduced patients’ survival. 
The fact that EGFR presence in breast cancer cells correlates 
with disease relapse is consistent with a well-established 
oncogenic role of this protein [35]. Moreover, EGFR upregu-
lation in ErbB2-positive breast cancer cells was shown to be 
associated with their trastuzumab resistance in mice [37]. 
Finally, it was demonstrated that EGFR overexpression in 
the primary ErbB2-positive breast tumors is associated with 
reduced rate of patients’ disease-free survival [38]. Impor-
tantly, to our knowledge, the connection between EGFR 
tumor levels before and after neoadjuvant trastuzumab-based 
therapies and disease outcome has never been made in the 
context of neoadjuvant therapies of stage II and III ErbB2-
positive breast cancers.

Another important therapeutic implication of our findings 
is based in the fact that EGFR is a relatively easily targetable 
receptor, and several EGFR inhibitors are presently used 
in the clinic for cancer treatment or are being investigated 
in pre-clinical and clinical studies [39]). Hence, testing 
whether treatment of patients with both ErbB2- and EGFR-
positive breast tumors with one of these EGFR inhibitors 
improves the effects of trastuzumab on disease outcomes 
could represent an important direction for the studies aimed 
at enhancing the efficacy of trastuzumab-based breast cancer 
therapies.

To test whether our results regarding Irf6 and EGFR 
protein levels in breast tumors as potential predictors of 
breast cancer trastuzumab response are consistent with 
those on the levels of respective mRNAs, we utilized an 
online tool for identification of mRNA expression-based 
predictive biomarkers using gene expression microarray 
analysis of various breast tumors sets [40]. One of these 
sets contains surgical early-stage breast tumor samples 
derived from patients prior to adjuvant trastuzumab 
treatment [41]. In agreement with our observations, we 
established using the indicated online tool that increased 
Irf6 and EGFR mRNA levels in the samples derived from 
trastuzumab-treated patients are associated with disease 
relapse within 5 years in a statistically significant manner 
(Supplementary Fig. 5).

It has to be noted that in addition to the effects of ErbB2 
on Irf6, Perp, and EGFR, ErbB2-driven breast cancer 
anoikis resistance is likely regulated by other mechanisms, 
e.g., ErbB2-induced downregulation of a pro-apoptotic 
protein Bim [42] or ErbB2-dependent upregulation of 
integrin alpha 5 [43]. Testing whether elements of these 
mechanisms can serve as potential predictors of breast 
cancer trastuzumab response represent an important direc-
tion for our future studies.

In summary, our previous analysis of ErbB2-dependent 
mechanisms of breast cancer cell anoikis resistance iden-
tified three mediators of this resistance, Irf6, EGFR, and 
Perp [8, 9]. We have now demonstrated for the first time 
that the levels of two of these proteins, Irf6 and EGFR, in 
breast tumors of patients that receive trastuzumab-based 
neoadjuvant therapies correlate with disease relapse and 
reduced patients’ survival. Thus, further studies aimed at 

Fig. 4  Increased EGFR levels in patients’ tumors following neoad-
juvant therapies are associated with disease relapse. a Percentage 
of EGFR-positive cells in patients’ tumor samples collected before 
and after the therapies. b–d Representative samples obtained from 
patients before (left) and after (right) the treatments are shown. The 
samples were stained with the anti-EGFR antibody (brown) and 
counterstained with hematoxylin (blue). Examples of an increase (b), 
decrease (c), or lack of change (d) in the EGFR levels are shown. e 
Kaplan–Meier analysis-based estimation of probabilities of patients’ 
relapse-free survival depending on whether or not % of EGFR-pos-
itive cells in the tumor samples is increased following the therapies. 
One patient that received neoadjuvant FEC-D alone was not included 
in the analysis
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Fig. 5  EGFR presence in patients’ tumors before or after neoadjuvant 
therapies is associated with disease relapse. a Percentage of patients 
with EGFR-positive cells in the tumor samples collected before and 
after the therapies. b, c Kaplan–Meier analysis-based estimation of 
probabilities of patients’ relapse-free survival depending on whether 

the tumor samples collected before (b) or after (c) the therapies dis-
play any EGFR levels. d The results of the multivariate analysis of 
the changes of HR of relapse in the case of continuous increase (from 
0 to 12%) of % of Irf6-positive cells and that (from 0 to 95%) of % of 
EGFR-positive cells in the samples collected after the therapies
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Fig. 6  Increased Irf6 and EGFR levels in patients’ tumors following 
neoadjuvant therapies are associated with reduced patients’ overall 
survival. a Kaplan–Meier analysis-based estimation of probabilities 
of patients’ overall survival depending on whether % of Irf6-positve 
cells in the tumor samples collected after the therapies are higher or 
lower than 6%. b Kaplan–Meier analysis-based estimation of prob-
abilities of patients’ overall survival depending on whether or not % 

of EGFR-positive cells in the tumor samples is increased following 
the therapies. One patient that received neoadjuvant FEC-D alone 
was not included in the analysis. c, d Kaplan–Meier analysis-based 
estimation of probabilities of patients’ overall survival depending on 
whether the tumor samples collected before (c) or after (d) the thera-
pies display any EGFR levels
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stained with the anti-Perp antibody (brown) and counterstained with 
hematoxylin (blue). Examples of an increase (b), decrease (c), or lack 
of change (d) in the Perp levels are shown
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establishing whether high Irf6 and/or EGFR tumor lev-
els predict the relapse of ErbB2-postitve breast cancers in 
patients receiving neoadjuvant trastuzumab-based treat-
ments are feasible. Identification of such patients could 
allow oncologists to improve disease management.
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