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Abstract

The human epidermal growth factor receptor (HER) family plays a vital role in the development of resistance to treatments
in estrogen receptor (ER)-positive breast cancer. This study investigated the correlation between protein and mRNA expres-
sions of the HER family in ER-positive breast cancer. We dissected regions of invasive cancer from the frozen tissues of 34
patients with ER-positive breast cancer using laser-capture microdissection, followed by evaluation of the mRNA levels of
the ER and HER family (EGFR, HER2, HER3, and HER4) using the quantitative reverse transcription polymerase chain
reaction (QRT-PCR) assay. In addition, we assessed the protein expressions of the ER and HER family using an immunohis-
tochemical (IHC) assay. A significant correlation was observed between the ER protein and mRNA expressions. For HER2,
HER3, and HERA4, protein expressions significantly correlated with mRNA levels. We established significant correlations
of the mRNA level between EGFR versus HER?2, as well as EGFR versus HER3. Furthermore, a significant correlation of
the mRNA level between HER2 and HER3 was illustrated. In conclusion, IHC evaluation may be reliable and representable
for mRNA. Hence, this study established a marked correlation between the mRNA expressions of HER family members in
patients with ER-positive breast cancer.

Keywords Estrogen receptor-positive breast cancer - Human epidermal growth factor receptor - Quantitative reverse
transcription polymerase chain reaction assay - Immunohistochemical assay - Laser-capture microdissection method

Introduction

Routine clinical practice has been using a combination of
immunohistochemical (IHC) analyses, including estrogen
receptor (ER), progesterone receptor, and human epidermal

P4 Sasagu Kurozumi
chachagot-a-mail @hotmail.co.jp

Department of General Surgical Science, Gunma

University Graduate School of Medicine, 3-39-22, Showa,
Maebashi-City, Gunma 371-8511, Japan

Division of Breast Surgery, Saitama Cancer Center, Saitama,
Japan

Research Institute for Clinical Oncology, Saitama Cancer
Center, Saitama, Japan

Division of Breast Oncology, Saitama Cancer Center,
Saitama, Japan

Department of Pathology, Saitama Cancer Center, Saitama,
Japan

Department of Diagnostic Pathology, Gunma University
Graduate School of Medicine, Maebashi, Gunma, Japan

Department of Breast Surgery, International University
of Health and Welfare, Chiba, Japan

@ Springer

growth factor 2 (HER?2) expression as well as the Ki67 labe-
ling index, to select treatment of early-stage breast cancer
[1]. In clinical practice, HER2 testing for protein expression
and gene amplification is typically used to ascertain patients’
eligibility for HER2-targeted therapies using trastuzumab
and contributes toward the improvement of the outcome
of patients with breast cancer [2, 3]. HER2 is included in
the human epidermal growth factor receptor (HER) fam-
ily, which comprises four members, EGFR (HER1), HER2,
HER3, and HER4. Recently, EGFR, HER3, and HER4 have
garnered attention and have been proposed as targets of
molecular-targeted therapy besides HER?2 for breast cancer,
such as lapatinib [4], neratinib [5], and pertuzumab [6].
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ER-positive breast cancer is characterized by clinical and
biological heterogeneity. Investigating tumor heterogeneity
is a major challenge for precise biological findings and treat-
ment selection for patients with ER-positive breast cancer [7,
8] Reportedly, ER is activated by signal cross talk between
estrogen and growth factors, including the HER family,
through transmembrane receptor phosphorylation [9, 10].
The cross talk between the ER and HER signaling pathways
in ER-positive tumors is thought to be responsible for the
lower response of these tumors to endocrine therapies and
HER2-targeted therapies [9, 11]. However, in ER-positive
breast cancer, the correlation for each member of the HER
family remains unclear.

Hence, this study aimed to assess the protein and mRNA
expressions of the HER family and compare these expres-
sions for each member of the HER family in ER-positive
breast cancer.

Patients and methods
Patient background and eligibility

In this study, we used frozen breast cancer samples obtained
from 34 female patients with ER-positive invasive breast
cancer diagnosed at the Saitama Cancer Center (Saitama,
Japan) from 1998 to 2000. All patients underwent breast
surgery without neoadjuvant treatment. Notably, all frozen
samples were collected from surgical resection tissues.

This study was conducted according to the tenets of
the Declaration of Helsinki, and the study protocol was
approved by the Institutional Review Board of the Saitama
Cancer Center (registration number: 379).

IHC evaluation of the ER and HER family

We examined ER and HER?2 protein levels using the IHC
assay. The sources of the primary antibodies were as fol-
lows: ER (1D5; DAKO, Denmark) and HER2 (HercepT-
est; DAKO, Denmark). We defined a positive or strong
expression for ER according to the nuclear labeling index
as expression levels > 1%. In addition, the degree of stain-
ing for ER was assessed using the Allred score, in which the
score was evaluated according to the proportion and inten-
sity of positive cells [12]. Accordingly, HER2 testing using
the IHC assay was assessed as follows: score 0, no staining
or membrane staining in < 10% of tumor cells; 1+, faint
perceptible membrane staining detected in > 10% of tumor
cells; 24, weak to moderate complete membrane staining
in >10% of tumor cells; and 3+, uniform, intense mem-
brane staining in > 10% of tumor cells [13]. In this study, we
defined the sample with HER2 IHC >2 as HER?2 positive.

We assessed EGFR, HER3, and HER4 protein levels
using the IHC assay. For EGFR IHC, 4-um paraffin sections
were dewaxed, incubated with a proteolytic-induced epitope
to retrieve the antigen for 7 min at room temperature (RT),
and incubated with anti-human EGFR mouse monoclonal
antibody (clone 2-18C9, DAKO) (x1) overnight at 4 °C. For
HER3 IHC, dewaxed sections were incubated in high-pH
antigen retrieval reagent for 40 min at 97 °C and incubated
with anti-human HER3 mouse monoclonal antibody (clone
DAK-H3-IC, DAKO) (x50) for 20 min at RT. For HER4
IHC, dewaxed sections were autoclaved in citrate buffer for
15 min and incubated with anti-human c-erb-4 rabbit poly-
clonal antibody (clone N/A, DAKO) (x50) for 60 min at
RT. Subsequently, sections were incubated with horseradish
peroxidase-conjugated polymer (Envision detection system,
DAKO) and detected using DAB. All IHC procedures were
performed by one technician under the supervision of one
pathologist. In the IHC evaluation of the EGFR and HER3
expression, we evaluated the grades of membrane staining
using the HER2 criteria. Samples with an THC score > 1
were assessed as positive. In the HER4 THC assessment, we
evaluated the cytoplasmic staining of cells and classified the
samples stained > 1% of cells as positive.

Laser-capture microdissection

We performed laser microdissection to precisely evaluate
the mRNA expression in breast adenocarcinoma cells and
the surrounding stroma. In addition, we examined the avail-
able histological sections using 8-pm sliced optimal cutting
temperature compound-embedded frozen samples stained
with cresyl violet to select the deepest invasive section
from the tumor. Subsequently, cells were transferred from
the slide onto the caps using PALM MicroBeam IV (Carl
Zeiss Microscopy). Finally, the total microdissected area was
adjusted approximately to 5x 10° pm? for each sample.

Quantitative real-time reverse transcription
polymerase chain reaction assay

We extracted total RNA from the microdissected samples
using the RNeasy Plus Micro Kit (Qiagen) according to the
manufacturer’s instructions. The extracted RNA was con-
verted to cDNA using a QuantiTect Reverse Transcription
Kit (Qiagen). In addition, all transcripts were quantified by
TagMan polymerase chain reaction (PCR) using the Brilliant
III Ultra-Fast QPCR Master Mix (Agilent Technologies) and
a Step One Real-Time PCR System (Applied Biosystems
Inc.). Samples with a mean of the triplicate cycle thresh-
old (CT) values for p-actin as the housekeeping gene <33
(¢) were determined eligible for further investigation. Of
note, the ACT value of the target gene (ACT =mean CT
target gene —mean CT housekeeping gene) was defined as
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the relative mRNA expression level. Table 1 presents the
sequences of gene-specific PCR primes and probes for ER,
EGFR, HER2, HER3, HER4, and p-actin.

Statistical analysis

For ER, the comparisons between protein expression using
the Allred score and mRNA expression using the ACT value
were assessed using the Kruskal-Wallis test. For the HER
family, the correlation of the protein expression using the
IHC scoring and the mRNA expression using the ACT value
was assessed using the Mann—Whitney U test. In addition,
the correlation between each mRNA expression (ACT value)
of the HER family was assessed using Spearman’s rank cor-
relation test. The relationship between HER family expres-
sion and various clinicopathological factors was analyzed
using the Chi-squared and Fisher’s exact tests. We defined
P <0.05 as statistically significant in this study. All statis-
tical analyses were conducted using the GraphPad Prism
7.03 (GraphPad Software Inc.) and SPSS v24.0 IBM Corp.)
software.

Results
Patient and tumor characteristics

Table 2 summarizes the characteristics of patients and
tumors in this study. The median age of the 34 patients
was 51 years (age range 41-84 years). At the initial surgi-
cal point, 17 patients reported being in the postmenopausal
stage. The pathological tumor sizes (pT) were as follows:
pT1, 17 patients (50.0%); pT2, 7 patients (20.6%); pT3, 2
patients (5.9%); and pT4, 8 patients (23.5%). Furthermore,
the pathological lymph node status (pN) was as follows:
pNO, 15 patients (44.1%); pN1, 8 patients (23.5%); pN2,
5 patients (14.7%); and pN3, 6 patients (17.6%). Twenty
patients (58.8%) had breast-conserving surgery, whereas 14
patients (41.2%) had mastectomy. In addition, 19 patients
(55.9%) underwent axillary lymph node dissection.

Table 2 Baseline patient and tumor characteristics

No. of patients %

Total 34 100
Menopausal status at diagnosis

Premenopausal 17 50.0

Postmenopausal 17 50.0
Pathological tumor size

T1 17 50.0

T2 7 20.6

T3 2 59

T4 8 23.5
Pathological nodal status

NO 15 44.1

N1 8 235

N2 5 14.7

N3 6 17.6
Pathological stage

I 13 38.2

A 4 11.8

1B 4 11.8

IIA 1 2.9

111B 6 17.6

1IC 6 17.6
Type of breast surgery

Breast-conserving surgery 20 58.8

Mastectomy 14 41.2
Axillary management

Sentinel lymph node biopsy alone 15 44.1

Axillary lymph node dissection 19 559
Estrogen receptor status (Allred score)

Score 5-6 7 20.6

Score 7-8 27 79.4

Distribution of patients stratified according
to the HER status

The distribution of patients stratified according to the THC
expression of EGFR was as follows: IHC 0, 33 patients
(97.1%); and THC 1+, 1 patient (2.9%). The distribution

Table 1 Primer and probe sequences used for the quantitative reverse transcription-polymerase chain reaction

Gene symbol Probe sequence

Forward sequence

Reverse sequence

ER CCACGTTCTTGCACTTCATGCTGTACA CTCCCACATCAGGCACAT CTCCAGCAGCAGGTCATA

EGFR CACGAGCCGTGATCTGTCACCACATAAT ACCTGCGTGAAGAAGTGTC CCGTCTTCCTCCATCTCATAG

HER?2 TATAAGGACCCTCCCTTCTGCGTGGC AATGGCTCAGTGACCTGT ACTTCCAGATGGGCATGT

HER3 CACTCAGGCCATTCAGAGTCCCAGGAC GCAACTCTCAGGCAGTGT TTGTACAGTGTCTGGTATTGGTTC

HER4 ACCCAAACAAGAATACCTGAATCCAGTGGA AGAGCTGGATGAGGAAGGTTA CGGGATTATCCAATGCTTGAA
GG

B-Actin CAATGATCTTGATCTTCATTGTGCTGGGTG GAGTACTTGCGCTCAGGAGGA ACGTGGACATCCGCAAAGA
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of patients stratified according to the HER2 IHC expres-
sion was as follows: IHC 0, 21 patients (61.8%); IHC 1+, 8
patients (23.5%); IHC 2+, 2 patients (5.9%); and IHC 3+,
3 patients (8.8%). In addition, the distribution of patients
stratified according to the HER3 IHC expression was as
follows: THC 0, 27 patients (79.4%); IHC 1+, 3 patients
(8.8%); and THC 2+, 4 patients (11.8%). Furthermore, the
distribution of patients stratified according to the HER4
IHC expression was as follows: IHC negative, 17 patients
(50.0%); and THC positive, 17 patients (50.0%). In this study,
THC-positive samples were only 1 tumor (2.9%) for EGFR, 5
tumors (14.7%) for HER2, 7 tumors (20.6%) for HER3, and
17 tumors (50.0%) for HER4 (Table 3). Figure 1 shows IHC-
positive cases for each HER family member. The median
relative expression of mRNA encoding using ACT values

was as follows: ER, —1.08 (2.86 to —3.17); EGFR, 6.17
(9.73 to 2.18); HER2, —0.70 (4.15 to —3.61); HER3, 0.43
(3.42 to — 1.60); and HER4, 2.26 (6.28 to — 1.11; Table 3).
The comparison between the HER family expressions and
clinicopathological factors is shown in Table 4.

Concordance between the mRNA and protein
expressions for the ER and HER family

The number of samples available for analysis was 34
(100%) for ER, 25 (73.5%) for EGFR, 33 (97.1%) for
HER?2, 34 (100%) for HER3, and 33 (97.1%) for HER4.
We observed a significant correlation between the ER
protein expression and the ER mRNA status (P =0.031).
For HER2, HER3, and HER4, protein expressions

Table 3 Distribution of mRNA and protein expression for the ER and HER family

HER family EGFR HER2 HER3 HER4
Protein expression

Status Positive Negative Positive Negative Positive Negative Positive Negative

Number 1(2.9%) 33(97.1%) 5(14.7%) 29 (85.3%) 7 (20.6%) 27 (79.4%) 17 (50.0%) 17 (50.0%)
mRNA (ACT value)

Median value - 6.20 -2.80 -0.53 0.012 0.55 0.95 2.60

Range of values 2.18 9.73t02.93 1.38t0—3.61 4.15t0 —1.94 1.44t0o—-1.60 3.42t0—-0.74 4.76to —1.11 6.28 to 0.49
Concordance between Not evaluated 0.0090 0.035 0.011

mRNA and protein

(p value)

Fig. 1 Positivity cases evaluated
using the immunohistochem-
istry (IHC) assay for the HER
family: a EGFR-positive (IHC
score 1+) breast cancer; b
HER2-positive (IHC score 3+)
breast cancer; ¢ HER3-positive
(IHC score 2+) breast cancer;
and d HER4-positive breast
cancer




Medical Molecular Morphology (2019) 52:90-98

94

(%S°S¥) 01 (%S¥9) Tl (%0°09) 11 (%0°09) 11 (%9°LY) 01 %y 11 (%9°69) 01 (%¥1¥) 8 ON

Lo (%S+9) 9 (%S'SP) S 001 (%008) 9 (%0°09) 9 001 (%0°05) 9 (%0'09) 9 8¢'0 (%980 T B¥1L) S BN
QOUALINONY

(%8°¢P) L (%€£99) 6 (%6729 6 (%1'LY) 8 (%8'89) 11 %¥'60) S (%E19) 6 (%LSE) S -1sod

€L0 (%6729 6 (%1'LY) 8 001 (%1°LY) 8 (%6°29) 6 8¢0°0 (%€19) S (%9°0L) T1 I1°0 %ELD € (%LTL) 8 -o1d
snje)s [esnedouayy

(%L799) 8 (%E€0) ¥ (%S°19) 8 (%5°8¢) ¢ (%8°€9) L (%T9%) 9 (%0°09) ¥ (%0°09) t INRIIESEN

91°0 (%1°8¢) 8 (%6'19) €1 810 (%6'TY) 6 (%1°LS) T1 €L°0 (%0°6%) 6 (%0°69) 11 00°1 (%T°LY) 8 (%629 6 II ‘1 °8&18
a3es [eor3ojoyred

(%119 11 (%6°8¢) L (%9729 01 %¥'LY) 6 B¥'LY) 6 (%9729 01 (%5°8¢) S (%S°19) 8 9ADISOd

LT°O (%E€e) S (%L799) 01 00'1 (%L L (%€7€9) 8 00°1T (%0°08) L (%0°09) L [340] (%€89) L BL1Y) S sAnESaN
snjess [epou [edrojoyleq

(%L99) 9 (%e€e) € (%009) 9 (%0°0%) (%0°09) S (%0°09) S (%1°LS) ¥ (%67TY) € ¥ eld

970 (%L'1%) 01 (%€89) 1 IL°0 (%8°SP) 11 %TH9) €1 00°1 (%8'LY) 11 %TTo) Tl L9°0 (%¥'17) 8 (%9°6S) 01 z11d
9z1s Jown) [ed13o[oyred
onea ¢ uerpow > ueIpow < anfea 4 ueIpour > uBIpow < onfea 4 ueIpouwr > uepow < onfea 4 ueIpauw > ueIpow < uorssardxe YN YW
IdH CJdH C4dH d4Dd Anwey YqH

(%1°69) €1 (%6°0%) 6 (%¥'98) 61 (%9°¢D € (%8'18) 81 (%T8D ¥ (%001) €T (%0°0) 0 ON

8T0 (%€€0) ¥ (%L99) 8 120 (%L99) 8 (%€€) v $9°0  (%L16) 11 (%€8) 1 Sse0  (BLTE) T (%€ T SOA
0UALINOY

(%1°LY) 8 (%6'29) 6 (%T'88) S1 %81 T (%T'88) S1 %811 T (%001) LT (%00) 0 -1s0d

00T (%629 6 (%T'LY) 8 o0 (%90L) 21 (%¥'60) S 001 (%¥'T8) ¥1 (%L € 001 (%1%6) 91 (%69 T -o1d
snje)s [esnedouayy

(%5°8¢) § (%5°19) 8 (%918) 11 (C3490)4 (%6'9L) 01 (%1°€0) € (%001) €1 (%0000 Al ‘III 33e18

870  (%I'LS)TI (%6°Th) 6 890  (%T9L) 91 (%8°€0) § S0 (%S06) 61 (%S6) T 00T (%T°56) 0T (%8 1 11 ‘I °3e1S
a3e3s Teo130[0YIRg

(%1°Th) 8 (%6°LS) 11 (%6°8L) ST (%110 ¥ (BLEL) ¥1 (%£920) § (%L16) 81 (%€ 1 QATISOd

670 (%0°09) 6 (%0°0t) 9 001 (%0°08) T1 (%002 € €50°0 (%001) ST (%00) 0 00T (%001) ST (%0°0) 0 SAESON
snje)s [epou [eorsojoyled

(%0°01) ¥ (%0°09) 9 (%0°08) 8 (%000 T (%0°08) 8 (%000 T (%001) 0T (%0°0) 0 ¥ ‘c1d

1L°0 (%T¥9) €1 (%8°6%) 11 00T (%T6L) 61 (%800 § 90 (%S°L8) 1T (%STD € 001 (%8°56) €T BT 1 z11d
9z1s Jown} [eJISo[oyIed
anea g EINSEEING QATISOJ  onjeA 4 EINI:REING QATIISOJ  ON[eA 4 EINSERRING QANISOJ  ON[eA 4 EINS LRI QATISOJ uorssardxe ursjoid
7IdH IdH CJdH J40d Anwrey yqH

s10)oe} [eor3ojoyredooruld pue uorssaidxe Afiwe) YHH uedamieq uostredwo) ¢ ajqel

pringer

Qs



Medical Molecular Morphology (2019) 52:90-98

95

significantly correlated with mRNA levels (HER2:
P=0.009; HER3: P=0.035; HER4: P=0.011). For
EGFR, we did not perform a statistical analysis because
only 1 patient had EGFR IHC-positive tumor (Table 3).

Correlation among mRNA expressions of the HER
family

For the HER3 mRNA expression, we observed a sig-
nificant correlation with the ER mRNA expression
(r=0.35; P=0.040), but not with other members
(Fig. 2). In addition, we determined a positive correla-
tion between the EGFR and HER2 mRNA expression
levels (r=0.60; P =0.002), as well as between the EGFR
and HER3 mRNA values (r=0.42; P=0.039). Further-
more, we observed a significant relationship between
the HER2 and HER3 mRNA expression levels (r=0.37;
P =0.036), respectively. Figure 3 illustrates scatter plots
of the mRNA expression values of different HER family
members.
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Discussion

Approximately, 70% of breast cancer cases were ER posi-
tive [14]. ER controls the expression of various genes and
proteins through genomic and non-genomic pathways. In the
non-genomic pathway of ER, growth factors on the cellular
membrane (including the HER family) primarily mediate
cancer cell proliferation [9, 13, 15]. This pathway may be
related to the development of resistance to treatments and
outcome in patients with ER-positive breast cancer [9]. A
recent clinical trial indicated that neratinib—a small-mole-
cule tyrosine kinase inhibitor of HER1, HER2, and HER4—
exhibited good efficacy in patients with hormone receptor-
positive and HER2-positive breast cancer [5]. In addition,
Pawlowski et al. reported an inverse correlation between the
EGFR/HER2 mRNA expressions and ER mRNA expres-
sion. Conversely, the HER3 mRNA expression positively
correlated with the ER mRNA expression in all subtypes
of breast cancer [15]. Our present study revealed a marked
correlation between the ER and HER3 mRNA expres-
sions in ER-positive breast cancer. Although the kinase
domain of HER3 lacks the catalytic function, HER3 is

ER vs. HER2
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Fig.2 Scatter plots for the comparison of mRNA expression values (ACT) between ER and HER members: a ER versus EGFR; b ER versus

HER2; ¢ ER versus HER3; and d ER versus HER4
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Fig.3 Scatter plots for the comparison of mRNA expression values (ACT) between HER family members: a EGFR versus HER2; b EGFR ver-

sus HER3; and ¢ HER2 versus HER3

transphosphorylated and acts as a potent signaling platform
through the heterodimer with other HER family members
[16, 17]. The current study suggested a positive correlation
between the HER3 and EGFR/HER2 mRNA expressions.
Reportedly, the upregulation of the non-genomic pathway
through HER3 with EGFR and HER2 may play a vital role
in the regulation of cell growth, differentiation, and other
factors involved in tumor formation in ER-positive breast
cancer [18]. Nevertheless, further research involving large
breast cancer cohorts is essential to elucidate the correlation
between the HER family-related pathway and resistance to
endocrine therapy, as well as disease progression in patients
with ER-positive breast cancer.

Tumor heterogeneity is considered to be correlated
with the response to molecular-targeted treatments includ-
ing endocrine therapy and trastuzumab in breast cancer.
In addition, it may be associated with poor prognosis in
patients with breast cancer [19, 20]. Notably, refining and
deciphering the molecular mechanisms which control tumor
heterogeneity in breast cancer are imperative to attain a
personalized approach to the management of patients with
breast cancer. It is speculated that the isolation of mRNA
from cancer cells using laser-capture microdissection may
enhance the sensitivity and accuracy of assessment for tumor
heterogeneity using the quantitative reverse transcription

@ Springer

polymerase chain reaction (QRT-PCR) assay approach.
Hofmann et al. reported that qRT-PCR is entirely consist-
ent with IHC using laser-capture microdissection for HER2
evaluation [21]. In this study, IHC assessment was shown
to be reliable and representable for the mRNA in the evalu-
ation of the ER and HER family expression. Furthermore,
this study suggested that the combination of qRT-PCR and
laser-capture microdissection may represent a valid alter-
native method for assessing the expression of the ER and
HER family. Nevertheless, further studies are warranted to
investigate opportunities for the development of a quantita-
tive evaluation approach for ER-positive breast cancer with
tumor heterogeneity.

Recent efforts have been focused on RNA-targeting
molecular drugs such as small interfering RNAs (siRNA),
microRNAs, and single-stranded antisense oligonucleotides
(AONs) [22-24]. Numerous clinical trials of RNA-targeting
molecular drugs have been conducted in various types of
cancer [22]. However, in breast cancers, almost all clinical
trials failed to show improved clinical outcomes and further
development is difficult at the present time [22]. Previous
in vitro and in vivo studies reported that a novel siRNA
agent silenced EGFR and HER?2 transcription, and inhibited
breast cancer cell growth and invasiveness [25, 26]. Further
biological and translational studies investigating the ability
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of new RNA-targeting molecular agents to down regulate the
mRNA expression of the HER family are warranted.

In conclusion, the expression grades of protein in par-
affin-embedded specimens correlated well with mRNA
expressions of HER2, HER3, and HER4 obtained from fro-
zen tissues of patients with ER-positive breast cancer. For
EGFR, the IHC-positive rate was very low without correla-
tion between the expressions of protein and mRNA. Hence,
this study established a marked correlation among the
mRNA expressions of each HER family member in patients
with ER-positive breast cancer.
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