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Resistance to trastuzumab in patients with HER2-overexpressing breast cancer is
associated with higher risk of progression or cancer death, and might be relat-
ed to activation of PI3K/AKT/mTOR and Ras/Raf/MAPK signaling cascades and
a decreased level of their inhibitor (PTEN).

HER2-overexpressing breast cancer patients (n = 75) treated with radical local
therapy and trastuzumab in adjuvant setting were included into the study. Deoxy-
ribonucleic acid isolated from paraffin sections was used to assess mutational sta-
tus of the PIK3CA gene (p.H1047R and p.E545K mutations) by the quantitative
polymerase chain reaction technique. Expression of selected proteins (ER, PgR,
AR, Ki-67, EGFR) was assessed using immunohistochemistry.

In the studied group we found significantly higher Ki-67LI in EGFR-positive car-
cinomas (p = 0.048). Moreover, EGFR immunonegativity was observed more fre-
quently in low-grade (G1/G2) carcinomas as well as in estrogen/progesterone and
androgen receptor immunopositive tumors (p = 0.042, p = 0.016, p = 0.044,
respectively). Favorable metastasis-free survival was observed in patients with pNO
and pN1 (vs. pN2+3) stage (p = 0.040) and with tumors characterized by low
Ki-67LI (£ 50% vs. > 50%) (p = 0.014). Patients with tumor androgen receptor
immunonegativity (weak or lack of expression) or strong PTEN expression sur-
vived 3 years without metastases (p = 0.007).

The results of our study suggest that androgen receptor and PTEN status might be
considered as indicators of trastuzumab sensitivity.

Key words: HER2-overexpressing breast cancer, PTEN, PIK3CA mutations.
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Introduction

Overexpression of human epidermal growth factor
receptor 2 (HER2) is noted in 20-25% of invasive
breast cancer cases and is associated with poor prog-
nosis {1}. Clinical trials published so far have shown
that trastuzumab changes the natural history of the
disease and improves disease-free and overall survival
{2, 3}.

Currently, trastuzumab in adjuvant setting for
radically treated HER2-overexpressing breast can-
cer patients is a standard approach [4}. However, it
has been shown that only 10-34% of patients with
advanced breast cancer respond to trastuzumab in
monotherapy [5]. This suggests a reduced sensitivity
to this drug in some patients.

Resistance to trastuzumab in breast cancer pa-
tients with HER2 overexpression is associated with
higher risk of progression or cancer death. Trastu-
zumab is a monoclonal antibody targeting the ex-
tracellular domain of HER2 protein and blocking
signaling cascades triggered by HER2 (PI3K/AKT/
mTOR and Ras/Raf/MAPK), this cascade, on the
other hand, blocks p27-dependent cell cycle arrest
and apoptosis. Additionally, the aforementioned cas-

cade is controlled by PTEN (phosphatase and tensin

homolog deleted on chromosome ten) protein, which

inhibits PI3K/Akt cascade {6-11}. The efficacy of

trastuzumab may be limited by the following biolog-

ical mechanisms:

* overexpression of MUC4 protein {6, 7, 9} (Fig. 1);

* activation of HER2 signaling cascades (PI3K/
AKT/mTOR and/or Ras/Raf/MAPK) by alterna-
tive mechanisms: (a) interaction of receptor for in-
sulin-like growth factor (IGR-1R) with HER2 {6-9,
12} (Fig. 1); (b) heterodimerization of HER2 with
EGFR (epidermal growth factor receptor) family
proteins (EGFR3, EGFR4, EGFR1) [6, 8, 9, 11-
13} (Fig. 1); or (¢) MET receptor {91; (d) occurrence
of truncated HER2 protein (p95SHER?2) constitu-
tively activating signaling cascades {7-9, 13, 14}.
The technique used for HER2 evaluation for diag-
nostic purposes detects the intracellular domain of
HER2, but trastuzumab targets the extracellular
domain. Therefore, the presence of truncated pro-
teins could lead to resistance to trastuzumab even
in the group with immunohistochemically detected
HER?2 overexpression;

* continuous stimulation of HER2-activated signal-
ing cascades by HER2-independent mechanisms:
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heterodimers with full lenght HER2
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Fig. 1. Signaling cascades activated by HER2 and mechanisms involved in their control as potential mechanisms of tras-

tuzumab resistance [1-17, 34}
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(a) inactivating mutation or loss of PTEN protein
which makes HER2/HER3/Akt cascade continu-
ously active {6-13, 15} (Fig. 1).; (b) PIK3CA (phos-
phatidylinositol 4,5-bisphosphate 3-kinase catalyt-
ic subunit) mutations (in exon 9 and 20) resulting
in PI3K (phosphatidylinositol-3-kinase) protein
activation {6-12, 15-171 (Fig. 1) or (c) reduced ex-
pression of p27 protein (cell cycle inhibitor), which
abolishes the trastuzumab-induced block in the G1
phase {6, 9-11 1 (Fig. 1);

* the interaction of signaling cascades triggered by
HER?2 with estrogen, progesterone or androgen re-
ceptor (Fig. 1).

Therefore, in our preliminary study, we analyzed the
prognostic value of PIK3CA mutation status, PTEN
and androgen receptor expression for metastasis-free
survival in HER2-positive breast cancer patients treat-
ed with trastuzumab in adjuvant setting.

Material and methods

Patients

The studied group consisted of 75 patients with
invasive ductal breast cancer (T > 1, N > 0, M0) with
overexpression of HER2, who underwent radical
surgery between 2007 and 2011 at the Department
of Surgical Oncology, Centre of Oncology, Cracow
Branch. None of the patients received neoadjuvant
chemotherapy or radiotherapy. The mean age of pa-
tients was 53.1 £1.0 (mean * SE) (range 31-69)
years. All patients received adjuvant chemotherapy
based on anthracyclines (doxorubicin, 54 patients) or
anthracyclines and taxanes (doxorubicin, docetaxel,
20 patients) and trastuzumab in adjuvant setting.
Some patients received radiotherapy, as individually
indicated. Hormonal therapy was applied in 38 pa-
tients with tumors presenting estrogen/progesterone
receptor (ER/PR) expression. The Ethical Committee
at the Regional Medical Chamber in Krakow ap-
proved the study (decision dated 4 December 2013).

No specific consent was needed for this study as it
was a retrospective study performed on archived tis-
sues with no direct patient contact, no modification
of diagnostic or treatment procedures and no person-
al patients’ data revealed.

Material

Archival specimens from primary tumor and syn-
chronous lymph node metastasis (if present) were
reexamined independently by two pathologists
(A.H-L., A.A)) to confirm the histological diagnosis
and tumor grade.

Immunohistochemical staining

Status of ER, PR, HER2 expression was evaluated
during diagnostic procedures and data were retrieved
from patients’ files. Expression of the estrogen (ER)
or progesterone (PR) receptor in > 1% of tumor cells
was considered as immunopositivity. Overexpression
of HER2 was tested using immunohistochemistry
(IHC) (HercepTest, Dako Denmark A/S, Glostrup
Denmark) and, in case of an unclear result (expres-
sion assessed as 2+), amplification of the HER2 gene
was verified using fluorescence in situ hybridization
(FISH) — PathVysion HER2 DNA Probe (Abbot Mo-
lecular). Finally, overexpression of HER2 protein/am-
plification of HER2 gene was established according
to recommended standards [18]}.

For estimating PTEN, androgen receptor (AR),
EGFR and Ki67 expression, sections from forma-
lin-fixed paraffin embedded tissues were cut at 4 um,
mounted on SuperFrost Plus (Menzel-Glaser, Ger-
many) slides, and then deparaffinized and hydrated
through a series of xylenes and alcohols.

After antigen unmasking procedures (Table I),
slides were incubated for 30 min. in 0.3% H,O, di-
luted in methanol. Non-specific binding of antibod-
ies was blocked for 5 min. Incubation was performed
with UltraVision Protein Block (Thermo Scientific,
Fremont, USA). After incubation with primary anti-

Table 1. Detailed information on immunohistochemical procedures.

ANTIGEN CLONE MANUFACTURER ANTIGEN RETRIEVAL Dirution NUMBER OF
STAINED CASES
PTEN 138G6 Cell Signaling! TRS, pH = 6.1 DAKO?, 1:75* 67
Ki-67 MIB-1 DAKO? 50 min, 96°C 1:100° 68
AR SP107 Cell Marque® 1:100° 70
EGFR H11 DAKO? Proteinase K2, 1:200° 70

10 min, RT

1Cell Signaling, Danvers, USA

2DakoCytomation Denmark A/S, Glostrup, Denmark

3Cell Marque, Rocklin, USA

Incubation with primary antibody: “1 b at 37°C; *overnight, 4°C;
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body (for details see Table I), for protein visualization,
sections were treated with the BrightVision detection
system (Immunologic, Duiven, The Netherlands) and
DAB (Vector Laboratories, Inc., Burlingame, USA).
Hematoxylin was used for nuclear counterstaining.
Each step of the staining procedure was followed by
washing in tris-buffered saline and Tween 20 (TBST).

We did not obtain IHC results for all proteins in
all cases (the number of cases is shown in Table I)
because of an insufficient amount of tissue in paraffin
blocks or small fragments of tumor tissue that hin-
dered obtaining reliable results.

IHC Evaluation

IHC stainings were evaluated exclusively in the
invasive component of the tumors. We applied the
following criteria for protein immunopositivity: (1)
EGFR — expression in more than 1% of tumor cells,
(2) AR immunopositivity (Fig. 2A) — more than 50%
of cells with weak staining or any percentage with
moderate/strong staining (3) PTEN — any percent-
age of cells with strong PTEN expression (clearly
distinguished from stroma) (Fig. 2B). Ki-67 labeling
index (Ki-67LI) was assessed in about 5 high power
fields in >1000 tumor cells and was calculated as the
percentage of cells with nuclear Ki-67 immunoposi-
tivity. Membranous Ki-67 expression (detected with
MIB-1 monoclonal antibody) was not included in Ki-
67LI assessment.

In case of all proteins, with the exception of Ki-67,
a binary scale was used to evaluate staining: 0 — neg-
ative, 1 — positive.

Quantitative polymerase chain reaction analysis of
PIK3CA mutation status
DNA extraction and spectrophotometric measurements

For each patient, DNA isolation was performed us-
ing two 5 wm thick sections from formalin-fixed, par-

affin-embedded tumor tissue blocks. For each sample
a fresh microtome blade was used and both the mi-
crotome and the work area were cleaned. DNA was
extracted using the ReliaPrep FFPE gDNA Miniprep
System from Promega Corp. (Madison, WI 53711
USA). All extractions were performed manually ac-
cording to the manufacturer’s protocol.

The purity and concentration of isolated DNA
were assessed using BioPhotometer plus (Eppendorf,
Hamburg, Germany) with TrayCell (Hellma, Mull-
heim, Germany) according to the manufacturer’s in-
structions. Measurements were performed in dupli-
cate (to eliminate false results caused by some debris
or bubbles) and the mean value of total DNA yield
was calculated. The A260/A280 (indicating protein
and RNA contamination) ratio was established. An
A260/A280 ratio in the range of 1.8-2.0 is consid-
ered as an indicator of pure DNA, but for real-time
PCR, according to the brochure of TagMan Mutation
Detection Assay, DNA specimens with A260/A280
ratio > 1.7 are considered satisfactory. In our series
all specimens had sufficient DNA amount and purity.

Real-time polymerase chain reaction

Real-time polymerase chain reaction (PCR) was
performed using the ViiA 7 Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA). For each
patient, on the same plate, three different assays were
performed: (i) PIK3CA 775 TagMan® Mutation De-
tection Assay (Assay ID Hs00000831 mu) to assess
the H1047R PIK3CA mutation status, (ii) PIK3CA
763 TagMan® Mutation Detection Assay (Assay ID
Hs00000824 mu) to assess the E545K PIK3CA mu-
tation status, (iii) PIK3CA TagMan Mutation Detec-
tion Reference Assay (Assay ID Hs00001025 rf) to
detect the conservative fragment of the PIK3CA gene.
All assays were manufactured by Applied Biosystems
(Foster City, CA, USA). Each well contained the fol-
lowing reagents: 2 pl of one of the above-mentioned

M I

o 'a

Fig. 2. Expression of: A) androgen receptor (AR) and B)
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TagMan® Mutation Detection Assays, 4 pl (exactly
20 ng) of genomic DNA isolated from FFPE tissue,
10 pl of TagMan Genotyping Master Mix (Applied
Biosystems, Foster City, CA, USA), 0.4 ul of Exog-
enous IPC Template DNA, 2 pl of Exogenous IPC
Mix (Applied Biosystems, Foster City, CA, USA) and
1.6 pl of nuclease-free water suitable for PCR (Am-
bion, Austin, TX, USA). The final reaction volume
was 20 pl per well. Thermocycling conditions were
set according to TagMan Mutation Detection As-
says recommendations: initial denaturation — 95°C,
10 minutes; 5 cycles: 92°C, 15 seconds and 58°C for
1 minute; 40 cycles: 92°C for 15 seconds and 60°C for
1 minute. Each processing plate contained 2-3 wells
in which nuclease-free water was added instead of
DNA — no template controls (NTCs).

According to the manufacturer, the Ct value de-
termined for a gene reference assay should be in the
18-28 range for 20 ul of reaction volume.

Data obtained from qPCR reaction were analyzed
using Mutation Detector Software to determine the
presence or absence of PIK3CA mutations.

Statistical analysis

Descriptive statistics were used to determine mean
values and standard errors of means (SE). Relation-
ships between categorical variables were analyzed us-
ing Fisher’s test for 2 X 2 tables. Differences between
groups were assessed using the Mann-Whitney test.
Metastasis-free survival (MFS) was defined as the
time from surgery to the clinically or radiographical-
ly confirmed presence of metastases. The probability
of survival was calculated using the Kaplan-Meier
method. The log-rank test was used to investigate
the statistical significance of the differences observed
between groups and to establish a cut-off point for
continuous variables. In all statistical procedures,
p < 0.05 was considered significant. STATISTICA
v.10 software (StatSoft, Inc., Tulsa, OK, USA) was
used for calculations.

Results

Relations between PIK3CA mutations, PTEN,
Ki-67, AR, EGFR, ER/PgR expression and
clinical parameters

In the investigated group, in 36 (48.6%) tumors
expression of both estrogen and progesterone recep-
tors was not detected. Fifty-five tumors were classified
as AR positive (78.6%). Strong PTEN expression was
detected in 17 (25.4%), while EGFR immunoposi-
tivity — in 11 (15.7%) cases. More detailed data are
presented in Table II.

In the studied group we identified 9/75 (12%) tu-
mors with the H1047R mutation and 2/75 (2.7%)
with the E545K mutation in the PIK3CA gene. For
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further analysis we separated the group of patients
with at least one PIK3CA mutation.

EGFR immunonegativity was significantly relat-
ed to lower Ki-67LI, lower tumor grade (G1 + G2)
as well as to AR and ER/PR immunopositivity (Ta-
ble II). Higher Ki-67LI was observed in G3 than in
G1+G2 carcinomas (Table II). The aforementioned
relationship did not reach statistical significance
(p = 0.064), but it is worth mentioning that there
was only one G1 tumor.

In our series the mean and median value for
Ki-67LI was 31.9 *£1.5 (mean = SE).

Survival analysis

Survival analysis was conducted in a group of 74
patients. Mean time of follow-up was 45.7 months
(range 11.4-85.3). For Ki-67LI, the cut-off point was
established using the minimal p-value method from
the log-rank test, because the median/mean value was
not significant. A significant difference in patients’
survival was found for Ki-67LI cut-off values ranging
from 47% to 51%, however, for further analysis we se-
lected 50% as the cut-off point. The above-mentioned
cut-off point is high, but it should be mentioned that
we analyzed a group of HER2-overexpressing carci-
nomas which generally are characterised by higher
Ki-67LI. When a group encompassing all subtypes
was analyzed, a lower cut-off point was established
[191.

Favorable MFS was observed in patients with pNO
and pN1 (vs. pN2+3) stage (p = 0.040, Fig. 3A)
and tumors characterized by low Ki-67LI (< 50% vs.
> 50%) (p = 0.014, Fig. 3B). In groups of AR im-
munonegative patients and PTEN immunopositive
patients 100% MFS was observed, although it was on
the border of statistical significance (p = 0.135; p =
= 0.065, respectively, Fig. 3C). However, patients
with tumor androgen receptor immunonegativity
(lack of or weak expression) or PTEN strong ex-
pression survived 3 years without metastases (p =
= 0.007, Fig. 3D). We were not able to assess the
prognostic significance of AR/PTEN coexpression
with Cox analysis, as there was no complete obser-
vation (metastases) in the low-risk group. In the
above-described situation the Cox model does not
work.

None of the other studied parameters such as
grade, T, ER/PR, EGFR and PIK3CA mutation sta-
tus statistically significantly influenced survival of
breast cancer patients.

Discussion

Phosphatidylinositol 3 kinases (PI3Ks) encompass
3 subfamilies, although the most closely investigated
is class I PI3K (mainly IA PI3K), which is involved in
cell growth, proliferation and survival {20}. Class 1A
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Fig. 3. Disease-free survival of patients with invasive ductal breast cancer stratified by: A) nodal status, B) Ki67 labelling
index, C) PTEN expression, D) combined PTEN and androgen receptor (AR) expression

PI3K is a heterodimer of the p85 regulatory subunit
and the p110 catalytic subunit. There are three forms
of the pl10 catalytic subunit coded by PIK3CA,
PIK3CB and PIK3CD. Mutations and an increased
copy number of the PIK3CA gene have been found
in various human malignancies {20]. About 80% of
PIK3CA mutations take place within helical (E542K,
E545K) and kinase (H1047R) domains, which leads
to increased catalytic activity — production of phos-
phatidylinositol (3,4,5) triphosphate (PIP3) and fi-
nally to enhanced cell proliferation and survival {21}.
It is estimated that about 40% of breast cancer with
positive ER receptors also carry activating PIK3CA
mutations {21}]. In our study we were able to detect
9/75 (12%) tumors with the H1047R mutation and
2/75 (2.7%) with the E545K mutation in the PIK-
3CA gene. Our results are comparable to other stud-
ies, in which the mutated PIK3CA gene was found
in 16%—24% of cases {22-28]. Comparing data with
results obtained by other authors sometimes could be
problematic because different mutations are investi-
gated in groups of cancer patients with different clin-
ical characteristics. Moreover, in different studies, the

mutational status of the PIK3CA gene was studied
using different material such as serum {29, 301, par-
affin embedded formalin fixed tissues or frozen tissues
[17, 22-24, 31, 321.

We, similarly to other studies {24, 26, 281, did not
find an association between PIK3CA mutation status
and other clinical and biological parameters. Howev-
er, there are reports in which the correlation between
PIK3CA mutations and grade {26} or nodal status (in
the ER-positive group) {27} was reported.

It is expected that PIK3CA mutations might in-
fluence effects of trastuzumab treatment — firstly
because activating mutations alter cell proliferation
and survival, and secondly because PI3K is essential
in signaling cascades triggered by HER2. However,
the relation between mutation status of PIK3CA and
breast patients’ survival is controversial. It may be
due to different groups investigated, or various treat-
ment regimens implemented. Some authors found
that patients with tumors bearing an activating PIK-
3CA mutation are characterized by shorter time to
recurrence or progression {29, 32}, while others re-
ported that patients with PIK3CA mutations were
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less likely to have a pathologic complete response
{23, 25, 31}. However, other studies did not confirm
the relationship between PIK3CA mutations and
patient survival (disease/progression/recurrence-free
[12, 17, 241, or overall {22}) or reaction to trastu-
zumab treatment {22, 30}. But, as mentioned before,
the above-discussed studies included groups with dif-
ferent treatment schedules (neoadjuvant {23, 25, 31}
or adjuvant {29, 24, 26} setting) or different clini-
cal characteristic (metastatic breast cancer {30, 32}
or patients without distant metastases {25, 29}). It
seems that PIK3CA mutation status is more valuable
as a predictive factor for metastatic patients and neo-
adjuvant trastuzumab treatment.

Very often alongside PIK3CA mutation status,
PTEN expression is investigated. This is not surpris-
ing, as PTEN is a phosphatase and an antagonist of
PI3K. PTEN detaches 3° phosphate from PIP3 and
disturbs downstream signaling of activated PI3K.
In our study, 75% of tumors were classified as low
PTEN expressing. Other authors achieved results in
a wide range from 18 to 52% {12, 17, 22, 32}. We
discovered that patients with HER2-positive tumors
with strong PTEN expression had a 100% survival
rate. Some authors reported no relationship between
PTEN loss in HER2-positive tumors and response
to trastuzumab treatment {22, 33}, overall {33} as
well as relapse/metastasis-free survival {32, 33]. In
other studies shorter survival for individuals with
HER2 overexpressing tumors with PTEN loss {22,
32} or shorter time to progression {12} was noted.
Moreover, patients with reduced PTEN expression
were less likely to achieve a pathological complete
response {23]. All the above-presented discrepancies
could result from differences in methodological as-
pects or different clinical characteristic or treatment
schedules of analyzed groups.

Data concerning the influence of PTEN and
PIK3CA are not unequivocal. However, PTEN and
PIK3CA are only two out of many other points, in
signaling cascades activated by HER2 (PI3K/AKT/
mTOR and/or Ras/Raf/MAPK), which can be re-
sponsible for resistance to trastuzumab.

As AR has been suggested to upregulate PTEN
transcription in breast cancer cells {341, we also as-
sessed AR status. In our study, strong AR positivity
was found in 78.6% of cases. In a meta-analysis com-
prising 7693 patients, in ER-positive tumors, 74.8%
showed expression of AR, while among ER-negative
cancers, AR expression was seen in 31.8% of cases.
Among PR-positive tumors, 77.0% showed expres-
sion of AR, but for PR-negative cancers it was only
51.4% {35}. The discrepancy might be the effect of
different clinical characteristics of the populations in-
cluded in our study and studies eligible for meta-anal-
ysis. In our study, AR expression was more frequent
among EGFR immunonegative cases. To the best of
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our knowledge the aforementioned correlation was
not studied elsewhere.

In our study, AR immunopositivity was an indica-
tor of poor MFS in early breast cancer patients treat-
ed with trastuzumab in adjuvant setting. To the best
of our knowledge, survival according to AR expres-
sion was not analyzed in the above-mentioned group
of patients. Our results are consistent with results
reported for male breast cancer, where AR positivity
was related to shorter overall and disease-free survival
[36]. However, contrary results are reported in the
meta-analysis, which revealed that AR expression is
related to favorable overall and disease-free surviv-
al both in ER-positive patients and in negative ones

{351

Conclusions

The results of our study suggest that AR and
PTEN status might be considered as indicators of
trastuzumab sensitivity in the group of HER2-posi-
tive breast cancer patients treated with trastuzumab
in adjuvant setting.
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