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Abstract

Signal Transducer and Activation of Transcription factors (STAT3 and STATS5) play impor-
tant roles in breast epithelial cell differentiation, proliferation, and apoptosis. They have
been investigated extensively in established breast cancer, but their activation status in pre-
cancerous lesions has not been reported. Formalin-fixed, paraffin-embedded archival tis-
sues from 59 cases of atypical ductal hyperplasia (ADH) and 31 cases of normal human
breast tissue as well as 21 cases of usual ductal hyperplasias (UDH) were obtained from
the First Hospital of Jilin University, China, and stained for pSTAT3 and pSTAT5 by immu-
nohistochemistry. The median percentage of pSTAT5+ cells in ADH was 12%, not signifi-
cantly deviant from that in normal breast. The median percentage of pSTAT3+ cells in ADH
was 30%, significantly higher than that of normal breast. pSTAT3 and pSTAT5 were exclu-
sive of each other—they were detected in different ADHSs or in different cells within the
same ADHs. In addition, both pSTAT3 and pSTATS5 were produced in similar percentages
of cells in ADHs from cancer-free patients vs. ADHs that were adjacent to an invasive can-
cer. Our finding of a complementary expression pattern of pPSTAT3 and pSTATS in ADH
suggests that these two transcription factors may have feedback inhibitory effects on each
other during early stages of breast cancer evolution, and that disruption of this inverse rela-
tionship may be important in the progression from early lesions to cancer, which exhibits
positive association between pSTAT3 and pSTATS.

Introduction

Atypical ductal hyperplasia (ADH) is a frequently detected precancerous lesion in the breast
after age 40-50—autopsy studies detected moderate to severe hyperplasia in over 30% of
women aged 45-54 and ADH in 7% of women aged 20-54 [1-3]. ADH is a well-established
precursor of breast cancer [4-7]. Women with ADH have approximately fivefold increased
risk of developing breast cancer [6, 8-10]. In addition, gene expression profiling of ADH,
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ductal carcinoma in situ (DCIS), and invasive ductal carcinoma (IDC) showed that these three
stages of breast cancer are highly similar to each other at the transcriptional level [11], further
suggesting that ADH is a precursor during breast cancer evolution. However, very little is
known about proteins and signaling pathways that are activated in these precancerous lesions.
Knowledge of this aspect may help understand the evolution of these lesions to cancer and may
help design prevention strategies to avert this progression.

The Signal Transducers and Activators of Transcription (STAT) family comprises seven
transcriptional factors—STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b, and STAT6. They
are made as latent protein in the cytoplasm [12], and are activated by phosphorylation on a
tyrosine residue near the C-terminus, usually by a member of the JAK (Janus kinase) family,
which is in turn activated by a ligand-bound receptor (such as cytokine receptors and the pro-
lactin receptor). STATs may also be phosphorylated by other tyrosine kinases through growth
factor signaling, as well as by Src [13]. After phosphorylation, STAT's form homodimers as well
as heterodimers through reciprocal phosphotyrosine-SH2 domain interactions, translocate to
the nucleus, and activate their targets. STAT5 and STAT?3 are two key STAT family members
involved in mammary gland development and tumorigenesis [14]. pSTATS5 is detected in a
subset of mammary epithelial cells, varying in percentage of cells during the menstrual cycle
and reaching nearly 100% during late pregnancy and lactation [15-17]. Activated STAT5 regu-
lates cell survival, proliferation, and differentiation into alveoli [12, 18-20]. pSTATS5 is rapidly
deactivated at the onset of involution [16, 21]. STAT5 has been shown to be involved in human
breast cancer—though not mutated, pSTAT5 can be detected in 20-70% of breast cancers
depending on the cohort of cancer samples [17, 22, 23]. pSTATS5 is found primarily in ER
+ tumors, but also in a subset of HER2+ (i.e., ErbB2+) tumors as well as tumors lacking ER,
PR, and HER?2 (triple-negative) [17, 22, 23]. pSTATS5 can also be detected in a subset of DCIS
[3,22, 24, 25] as well as in histologically benign breast epithelia adjacent to breast tumors [24].
In preclinical studies using mouse models and in correlative studies using human DCISs and
tumor-adjacent epithelia, we have found that STATS5 suppresses apoptosis in mammary early
lesions, promotes progression to cancer, and may be a valuable target for chemoprevention in
women with increased risk of breast cancer [24]. On the other hand, STAT3 is the dominant
protein activated at involution to activate apoptosis to remove excess alveolar cells to return
the mammary gland to a more dormant state similar to the pre-pregnancy stage [14]. However,
STATS3 is also a critical player in breast cancer [14, 20, 26, 27]. pSTATS3 is frequently detected
in human breast cancer cell lines [28, 29] and tumor specimens including DCISs [30-34].
pSTAT3 and pSTATS5 have been reported to be positively associated in invasive breast cancers
[30]. However, the status of pSTATS5 and pSTATS3 in early stages of breast cancer such as ADH
has not yet been reported.

In the current study, we used immunohistochemistry to examine pSTAT5 and pSTAT3 in
59 ADHs and for comparison 31 normal breast tissue and 21 UDH samples. We also attempted
to identify association between pSTATS5 and pSTAT3, and between these two STAT proteins
and proliferation or apoptosis.

Materials and Methods
Tissue selection and preparation

All archival tissue specimens were obtained from patients with surgeries between 2010 and
2014 (Table 1) at the First Hospital of Jilin University, China. First Hospital ethics committee-
approved written informed consent was obtained for the use of these samples in research from
all patients or the next of kin. Immediately following surgical dissection, all tissues were fixed
in formalin for overnight. The resulting paraffin-embedded tissue blocks were used for
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Table 1. Characteristics of breast specimens.

Epidemiological characteristics

Number of samples

Age at diagnosis (yrs)

Age at last pregnancy (yrs)
No. of full-term pregnancies
ER+ cancer

PR+ cancer

Her2+ cancer

doi:10.1371/journal.pone.0132214.t001

Normal breast Pure ADH Tumor-adjacent UDH
tissues ADH
Mean SD Mean SD Mean sSD Mean SD
31 31 28 21
36.6 10.6 45.9 111 50.2 10.9 451 9.5
26.7 8.1 28.8 8.7 29.9 7.9 27.5 oI5
2.3 1.1 2.2 1.3 2.4 1.2 2 1.3
N/A N/A 26 of 28 N/A
N/A N/A 25 of 28 N/A
N/A N/A 2 of 28 N/A

preparing 3-um sections. Hematoxylin and eosin (H&E)-stained slides were evaluated by Dr.
Lirong Bi at the First Hospital of Jilin University, and tissue specimens that demonstrated one
or more pathological lesions (UDH and ADH) were selected.

Pure ADH (n = 31) and UDH (n = 21) tissues were biopsies or surgical resection specimens
from noncancerous breasts (i.e., without DCIS or IDC). Additional ADH tissues (n = 28) were
part of surgical specimens from patients diagnosed with breast cancer and were therefore des-
ignated as tumor-adjacent ADH. Normal breast tissues (n = 31) were obtained from healthy
women with a single fibroadenoma and without any other detectable abnormalities. De-identi-
fied use of samples in this study was reviewed by the Institutional Review Board at Baylor
College of Medicine and determined to represent use of Human Materials but not Human
Subjects.

Immunohistochemistry and TUNEL assay

Immunostaining was performed on de-paraffined tissues sections after antigen retrieval
(simmering in 0.1M citric acid, pH6.0, at 145°C for 10 minutes in a pressure cooker). The
Vectastain Elite ABC system (Vector Laboratories, Burlingame, CA) was used following manu-
facturer’s instructions. The antibodies used were anti-pSTAT5 (9359, 1:500, Cell Signaling),
anti-pSTAT?3 (9145, 1:500, Cell Signaling), and anti-Ki67 (2011-11, 1:500, Novocastra), and
were incubated at 4°C overnight. Apoptotic cells were determined by the DeadEnd Fluoromet-
ric TUNEL System (Promega, Madison, WI). DAPI counterstain was used to visualize nuclei.
For normal ducts and ADH-adjacent ducts, TUNEL-positive cells were scored in at least 10
high power (x40) fields per section, and at least 1000 cells were counted for each sample. All
ADHs and UDHs were included for quantifying TUNEL-positive cells.

Assessment of biomarkers by immunohistochemistry

The quality of phospho-epitope preservation in these paraftin-embedded tissues was controlled
by staining one section per case for pHistone3. The few samples that did not show significant
pHistone3 staining were excluded for further analysis. pSTATS5 and pSTATS3 staining were
quantified by counting for nuclear-stained cells and were reported as percentage of positive
cells with a duct or lesion. One section from each patient was used for each marker, and all
ADHs and UDHs on a section were included for quantification. For baseline levels, at least 10
randomly selected normal ducts and 10 ADH-adjacent ducts were counted.
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Statistical analyses

Clinical characteristics were summarized with means and standard deviation for continuous
variables and counts for categorical variables. Biomarker data were skewed in distribution and
consequently pairwise Wilcoxon rank sum tests were used to compare groups and Wilcoxon
signed rank tests were used to compare paired expression data (i.e. ADH and adjacent normal
ducts). Biomarkers were summarized as medians. Associations between biomarkers were sum-
marized with Spearman rank correlations, and displayed graphically as scatterplots and locally
weighted smooth curves. P-values of 0.05 or less were considered significant and there was no
adjustment for multiple comparisons. Analyses were accomplished using R version 3.1.3
(http://www.R-project.org/).

Results

The percentage of pSTAT3-positive cells, but not pPSTAT5-postive cells,
is increased in ADH compared to the normal breast tissue

We obtained from the First Hospital of Jilin University 59 ADHs (31 of which were from
breasts without an invasive cancer while 28 of which were adjacent to an invasive cancer), and
for comparison 31 normal breast tissues and 21 UDH samples. We stained them by immuno-
histochemistry for both pSTATS5 and pSTAT3. The median percentage of pSTATS5-positive
cells was 15.0%, 11.7%, 19.2%, and 8.7% in normal TDLUs (terminal ductal lobular units),
pure ADH, tumor-adjacent ADH, and UDH, respectively, and were not significantly different
from each other (Fig 1A and 1B). However, among the 19 cases of ADH (including both types
of ADH) that also had ADH-adjacent, histologically normal epithelia, paired comparison of
pSTATS5 in ADH vs. normal ducts detected higher levels in ADH (31.65% vs. 17.10%,

p =0.0069, Fig 1C), which was similar to normal breast epithelia from benign breast.

The median percentages of pSTAT3-positive cells were 12.80%, 30%, 31.15%, and 15.7% in
normal TDLU, pure ADH, tumor-adjacent ADH, and UDH, respectively. While the percent-
age of pSTAT3-positive cells in pure ADH was similar to that in tumor-adjacent ADH (p = 0.9,
Fig 1D), the pSTAT3-postive cell frequency in either pure ADH or tumor-adjacent ADH was
significantly increased compared to that in normal breast epithelia (p = 0.0018 and p = 0.003
respectively, Fig 1D). Furthermore, paired analysis also detected a significant increase of
pSTAT3 in ADH over ADH-adjacent, histologically normal breast epithelia (33.15% vs.
10.15%, p = 8.2e-05, Fig 1E). There was no significant difference between UDH and normal
TDLU (p = 0.25, Fig 1D). These observations suggest that pSTAT3 may play a role in progres-
sion to ADH and may serve as a progression marker during early stages of breast cancer evolu-
tion. In addition, these observations also suggest that pure ADH and tumor-adjacent ADH
were similar in their regulation of pSTAT3 and pSTATS5; therefore, these two types of ADH
were combined into one group for further studies.

Complementary expression pattern of pPSTAT5 and pSTAT3 in human
ADH

In normal breast epithelia, STAT5 and STATS3 are activated by different mechanisms and have
different functions—STATS5 is activated during late pregnancy and lactation to promote alveo-
logenesis and to maintain cell viability, while concurrent STATS5 deactivation and STAT3 acti-
vation at the onset of involution leads to alveolar cell apoptosis [14]. However, in invasive
breast cancer, pSTAT3 has been reported to stimulate cell proliferation and to prevent apopto-
sis and is positively correlated with pSTAT5 [30]. In this relatively small set of normal breast
samples, we did not detect a significant inverse relationship between pSTAT5-positive cells
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Fig 1. pSTAT5 and pSTATS3 status in human ADH. A. H&E staining (top panel), pPSTAT5 (mid panel), and
pSTAT3 IHC staining (bottom panel) of normal TDLU, ADH, UDH, and ADH-adjacent ducts. B. Quantification
of pSTATS staining in normal TDLU, pure ADH, tumor-adjacent ADH (TA-ADH), and UDH, and pairwise
comparisons shown by horizontal lines. C. Paired comparison for percentage of pSTATS5 positive cells in
ADH and corresponding ADH-adjacent normal ducts. D. Quantification of pSTAT3 staining in normal TDLU,
pure ADH, tumor-adjacent ADH (TA-ADH), and UDH, and pairwise comparisons shown by horizontal lines.
E. Paired comparison for percentage of pSTAT3-positive cells in ADH and corresponding ADH-adjacent
normal ducts.

doi:10.1371/journal.pone.0132214.g001

and pSTAT3-positive cells (p = 0.16, Rsp = -0.26, Fig 2C). However, among the 59 ADH

cases, cases with higher pSTAT5-postive cells usually harbored fewer pSTAT3-positive cells,
while cases with higher pSTAT3-positive cells often contained fewer pSTAT5-positive cells

(p =0.0047, Rsp = -0.36, Fig 2A and 2B). Careful examination of the spatial location of
PSTAT5+ or pSTAT3+ cells within individual ADH cases revealed a complementary expres-
sion pattern as well —pSTATS5 and pSTAT3 were usually detected in different areas within a
given precancerous lesion (Fig 2A, ADH#3). Taken together, these observations suggest that
the coordinated control of pSTATS5 and pSTAT3 in normal breast epithelia is preserved in
ADH and that pSTAT5 and pSTAT3 may have opposing effects on each other not only in nor-
mal breast epithelia but also in premalignant breast cells.
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Fig 2. Complementary expression patterns of pPSTAT5 and pSTAT3 in human ADH. A. Representative
IHC staining for pSTATS5 (top panel) and pSTAT3 (bottom panel) in consecutive ADH lesions. B-C. Inverse
correlation between percentage of pPSTAT5+ and pSTAT3+ cells in ADH (B) or normal TDLU (C). Each dot
represents an individual ADH lesion (B) or TDLU (C).

doi:10.1371/journal.pone.0132214.9002
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Fig 3. Cell proliferation rates in human ADH and their relationships with pSTAT5 and pSTATS3. A.
Quantification of Ki67 staining in normal TDLU, ADH, and UDH. B-C. No association between percentage of
pSTATS5+ (B) and Ki67+ cells or between pSTAT3+ (C) and Ki67+ cells in ADH. Each dot represents an
individual ADH lesion.

doi:10.1371/journal.pone.0132214.g003

pSTAT3 and pSTATS5 are not significantly associated with cell
proliferation in ADH

We asked whether in these ADH samples, the rates of pSTAT5 or pSTAT3 were correlated
with cell proliferation. The proliferation rate (as determined by Ki67 staining) in these ADH
cases ranged from 0.5% to 16.3% with the median at 4.7% (n = 29), and was not significantly
elevated compared to the value in normal breast tissues (median = 2.7%; n = 31; p = 0.17, Fig
3A). The median rate was similar to rates reported previously [5, 35-46]. The proliferation rate
in UDH was 1.6% (n = 14), significantly lower than that in ADH (p = 0.02, Fig 3A). Neither
pSTATS5-positive nor pSTAT3-positive cell percentages significantly correlated with prolifera-
tion (Fig 3B and 3C).

pSTAT3 and pSTATS5 are not significantly associated with reduced
apoptosis in ADH

We also asked whether in these ADH samples, the rates of pSTAT5 or pSTAT3 were inversely
correlated with cell apoptosis. Apoptosis was previously found to be low (0.2-0.3%) in ADH
[47, 48]. We found that in our ADH samples (n = 59), the apoptosis rate was also low, ranging
from 0 to 2.34% with the medium value at approximately 0.16%. Similar lower rates of apopto-
sis were also found in normal breast tissues (n = 31) and UDH cases (n = 15) (Fig 4A). There
was no significant association between the rates of pSTAT5-postive cells or pSTAT3-positive
cells and cell apoptosis (Fig 4B and 4C).

Discussion

In this study of pSTAT5 and pSTAT?3 status in human precancerous lesions, we found that
both STAT5 and STAT3 were activated in significant percentages of cells in ADH (Fig 1A-1F).
While the frequency of pSTATS5-postive cells in these lesions was similar to that in normal
breast epithelia (Fig 1B), the frequency of pSTAT3-postive cells was modestly higher than that
in normal breast epithelia (Fig 1D). We have previously reported preclinical evidence that
blockade of STATS5 activity can prevent breast cancer [24]. Therefore, the observations in this
study suggest that prophylactic therapy targeting STAT5 and STAT3 in high-risk women may
also lower their breast cancer risk.

STATS5 and STAT3 are activated at different stages of mammary gland development and
play distinct and reciprocal roles, but in a significant proportions of breast cancers, both
STATS5 and STAT3 are activated [26, 49]. It is unclear when in breast cancer evolution these
two proteins become concordantly activated. We found that the expression patterns of
pSTATS5 and pSTAT3 remain complementary or reciprocal in the majorities of ADH (Fig 2A
and 2B). These findings suggest that the concordant regulation of STAT5 and STAT?3 activities
is gained at a later stage of tumor evolution. Perhaps factors that enable this concordant activa-
tion are important in driving the progression of ADH to DCIS.

In contrast to DCIS and IDC, cell proliferation in ADH is generally very low (Fig 3A), sug-
gesting that they are not rapidly advancing. This observation may not be surprising since the
majority of precancerous lesions do not advance and may even regress, while the rapidly
advancing ones transition through this stage quickly and may thus be difficult to capture in
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Fig 4. Cell apoptosis rates in human ADH and their relationships with pSTAT5 and pSTAT3. A.
Quantification of TUNEL assay in normal ducts, ADH, and UDH. B-C. B-C. No association between
percentages of pSTAT5+ (B) and TUNEL+ cells or between pSTAT3+ (C) and TUNEL+ cells in ADH. Each
dot represents an individual ADH lesion.

doi:10.1371/journal.pone.0132214.g004

this type of sampling. Consequently, the status of pSTAT5 and pSTATS3 in the rapidly pro-
gressing lesions is difficult to assess in a clinical setting. It is plausible that pSTATS5 and
pSTATS3 play key roles in driving the progression from ADH to DCIS and IBC.

Apoptosis was also found to be low in the ADH cases studied here (Fig 4A). This may be
predicted based on low levels of proliferation in these lesions: apoptosis is often activated in
response to potent oncogenic signaling and to aberrant cell proliferation-induced DNA replica-
tive stress [50, 51], but lack of potent proliferation in these lesions is indicative of weak onco-
genic signaling and is not predicted to cause DNA replicative stress. Consequently, most of
these lesions are not under strong evolutionary pressure to activate STATS5 and/or STAT3 to
block apoptosis, unlike what we observed in mouse models in which the early lesions are under
stimulation of potent oncogenic signaling [24]. Therefore, it is not surprising that the low apo-
ptosis rates in these human ADHs are not associated with pSTAT5 or pSTATS3.

In conclusion, we have determined the status of pSTAT5 and pSTATS3 in a relatively small
number of human ADH cases, and detected a reciprocal and complementary expression pat-
tern of pSTATS5 and pSTATS3 in these lesions, suggesting that these lesions may be closer to
normal breast epithelia than to DCIS or IBC in terms of regulation of STAT5 and STAT?3 activ-
ities. It is of interest to note that these samples were from Chinese women, who are generally
low in breast cancer risk relative to White, Hispanic, and African-American women [52-54]; it
remains to be determined whether findings in this report hold true in these other populations
of women.
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