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Abstract Human epidermal growth factor receptor 2

(HER2) is an effective therapeutic target in breast cancer.

However, not all patients benefit from trastuzumab-based

therapy. We aimed to investigate whether patients with dif-

ferent levels of HER2 amplification would experience dif-

ferent clinical outcomes with trastuzumab-based

chemotherapy. We quantified the HER2 gene copy number

(GCN) and HER2/centromere chromosome probe 17

(CEP17) ratio in 291 breast cancer patients with HER2

amplification confirmed by immunohistochemistry and

fluorescence in situ hybridization. The optimal cutoff points

for HER2 GCN and the HER2/CEP17 ratios for distin-

guishing positive results were determined by receiver oper-

ating characteristic (ROC) curve analyses. ROC analysis

identified optimal cutoff points for HER2 GCN and HER2/

CEP17 ratios as 11.5 and 6.5 (P = 0.039 and P = 0.012),

respectively. The DFS in patients with HER2 GCN \11.5

was significantly longer than in HER2 GCN C11.5 patients

(P = 0.015) according to Kaplan–Meier survival curves

analysis. Similarly, patients with HER2/CEP17 ratios\6.5

had a significantly longer DFS than those with HER2/CEP17

ratios C6.5 (P = 0.013). Moreover, patients with HER2

cluster amplification showed a worse survival than those

with HER2 non-cluster amplification (P = 0.041). This

study demonstrated a significant association between the

level of HER2 amplification and survival time in a relatively

large cohort of HER2-positive breast cancer patients un-

dergoing trastuzumab-based chemotherapy. Further inves-

tigations of more precise quantitative measurements and

larger cohorts are required to define this threshold.
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Introduction

Breast cancer is the most common cancer occurring in

women, with an average female lifetime risk of developing

breast cancer of 1 in 9 [1]. Each year, about 1.4 million

new cases of breast cancer are diagnosed worldwide, and

more than 4,50,000 deaths from the disease are reported

annually [2]. About 50 % of patients with early stage breast

cancer ultimately develop metastatic breast cancer [3].

Human epidermal growth factor receptor 2 (HER2) has

been identified as a crucial oncogene in breast cancer and is

involved in enhancing cancer cell survival, proliferation,

invasion, and metastasis via the PI3K/AKT and RAS/

MAPK tyrosine kinase pathways [4]. HER2 amplification

and HER2 protein overexpression occur in approximately

20–30 % of breast cancer patients and are associated with

high recurrence and a poor clinical outcome [5, 6]. As well
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as being a negative predictive and prognostic marker,

HER2 is also an effective therapeutic target through use of

the humanized monoclonal antibody trastuzumab and anti-

Her2 monoclonal antibodies pertuzumab and ertumax-

omab, selective small molecule tyrosine kinase inhibitor,

especially in combination with chemotherapeutic agents [7,

8]. Several large, multicenter, randomized trials found that

trastuzumab combined with chemotherapy produced sig-

nificantly more positive results in terms of higher objective

response, and the prolongation of progression-free and

overall survival in HER2-positive breast cancers compared

with [9–11]. However, not all patients benefit from

trastuzumab-based therapy, and clinical response rates

have been reported to range from 12 to 68 %, indicating

that there is a high correlation between response to

trastuzumab-based treatment and HER2 status [12, 13]. It

is therefore crucial to accurately determine the HER2 status

in breast cancer patients to ensure that they receive ap-

propriate anti-HER2 targeted therapies.

According to current guidelines proposed by the

American Society of Clinical Oncology/College of Amer-

ican Pathologists (ASCO/CAP), fluorescence in situ hy-

bridization (FISH) and immunohistochemistry (IHC) are

approved techniques to assess the status of HER2 ampli-

fication and HER2 expression [14]. The IHC scoring sys-

tem classifies the HER2 expression status into roughly four

grades, 0, 1?, 2?, and 3?, which describe HER2 ex-

pression in a large dynamic range from 2500 to 2 million

receptors per cell. However, when the IHC score is 2?, the

status of cancer cases cannot be accurately assessed and so

may be ambiguous. In comparison with the qualitative or

semiquantitative nature of IHC, FISH quantitatively mea-

sures HER2 amplification in breast cancer [14, 15]. How-

ever, cancer cases are usually identified as HER2 amplified

or non-amplified by the HER2/centromere chromosome

probe 17 (CEP17) ratio C2.0. Additionally, a wide varia-

tion from 2 to over 20 exists in HER2-amplified cases, and

it remains unclear whether this variation confers clinical

significance [16]. Moreover, different responses to

trastuzumab-based treatment and clinical outcome have

been observed in breast cancer patients regarded as having

an HER2-amplified status [16–19].

Currently, there is insufficient evidence to quantitatively

determine the association between the level of HER2 am-

plification and clinical parameters. In the present study,

therefore, we quantified the HER2/CEP17 ratio and HER2

gene copy number (GCN) in 291 breast cancer patients

with confirmed HER2 amplification, investigated whether

the patients with different levels of HER2 amplification

experienced different clinical outcomes following

trastuzumab-based chemotherapy and explored the pre-

dictive or prognostic role of HER2 amplification quantifi-

cation in breast cancer.

Materials and methods

Patients

Breast cancer patients were recruited from the Tumor

Hospital of Harbin Medical University and the Second

Affiliated Hospital of Harbin Medical University between

January 1st, 2007 and June 30th, 2009. The inclusion cri-

teria were complete clinical and pathologic data; Eastern

Cooperative Oncology Group performance status of 0–1;

adequate renal, hepatic, and hematologic function; cardiac

ejection fraction within the normal range; no metastatic

lesions before surgery; infiltrating ductal carcinoma; ver-

ified HER2 amplification; and treated with trastuzumab-

based adjuvant standard chemotherapy. Finally, a total of

291 patients were enrolled in the study. Follow-up ex-

aminations began from the date of surgery until June 2014.

Patients who developed recurrence or metastasis were

verified by adequate diagnostic imaging modalities and

pathology during the follow-ups. This study was approved

by the Local Commission for Medical Ethics and Clinical

Studies of Harbin Medical University.

Table 1 Classification of HER2 protein expression by immunohistochemistry

Score HER2 overexpression assessment Staining pattern

0 Negative No staining is observed or membrane staining that is incomplete and is faint/

barely perceptible and within B10 % of tumor cells.

1? Negative Incomplete membrane staining that is faint/barely perceptible and within

[10 % of tumor cells.

2? Equivocal Circumferential membrane staining that is incomplete and/or weak/moderate

and within [10 % of tumor cells or complete and circumferential

membrane staining that is intense and within B10 %of tumor cells.

3? Positive Circumferential membrane staining that is complete, intense, and within

[10 % of tumor cells.
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Methods

IHC

All breast cancer tissues were formalin-fixed and paraffin-

embedded. Tissue sections were cut into 4-lm-thick sections

and mounted on a slide. IHC analysis was performed as pre-

viously described [11]. In brief, slides were incubated with an

anti-HER2 polyclonal antibody (Dako, Carpinteria, CA), and

positive staining of the cell membrane was considered to re-

flect HER2 protein expression. HER2 expression was scored

according to ASCO/CAP guidelines (Table 1) [14]. Sections

with strong membrane staining were used as positive controls.

FISH

FISH analysis was performed on paraffinized 5-lm-thick

sections using the Vysis LSI HER2 SpectrumOrange and

CEP17 SpectrumGreen Dual Color DNA probe kit (VysisPath

Vysion, Abbot Laboratories, Des Plaines, IL) in line with the

manufacturer’s instructions. In brief, sections were baked,

deparaffinized, dehydrated, deproteinized, and refixed. They

were then denatured and hybridized in a hybridization oven.

Finally, the sections were washed and counterstained with

40,6-diamidino-2-phenylindole (Invitrogen, Grand Island,

NY) for signal calculation. Scoring of HER2 and CEP17

probe signals was performed using a fluorescence microscope

(Olympus BX51). FISH results were interpreted depending on

two different scoring methods: (1) based on absolute HER2

GCN or (2) based on the HER2/CEP17 ratio. As proposed by

the ASCO/CAP guidelines [14], a HER2/CEP17 ratio C2.0 or

an HER2/CEP17 ratio\2.0 with an average HER2 GCN[6.0

signals/cell was considered HER2 positive.

Statistical methods

Disease-free survival (DFS) was calculated as the time be-

tween diagnosis and local recurrence, distant metastasis, or

death from breast cancer. To evaluate whether an increased

HER2 GCN and/or HER2/CEP17 ratio affected sensitivity to

trastuzumab-based adjuvant chemotherapy, we chose pa-

tients with recurrence or metastasis during the follow-ups

and defined them as the poor survival group. Other patients

were named the good survival group. We thought that the

patients with good survival time were sensitive to

trastuzumab-based adjuvant chemotherapy and vice versa.

To further evaluate the prediction performance of HER2

status, receiver operating characteristic (ROC) analysis was

performed. Sensitivity and specificity were calculated using

the optimal cutoff points on the ROC curves, which deter-

mined the maximum value of Youden index [20].

The Chi squared (v2) test was used to determine the

relationship between clinicopathological parameters and

optimal cutoff values. Survival curves were analyzed by

the Kaplan–Meier method, and the comparison between

curves was evaluated using the log-rank test. All statistical

analyses were carried out using IBM SPSS statistics ver-

sion 20.0 (SPSS Inc., Chicago, IL). Results were consid-

ered significant when P values were \0.05.

Table 2 Clinical characteristics of the HER2-positive trastuzumab-

treated breast cancer (n = 291)

Characteristics No. of the

patients (%)

Median (range)

Age (years)

Median age 48(19–74)

B48 163 (56.0)

[48 128 (44.0)

Tumor size (cm)

B2 125 (43.0)

[2 166 (57.0)

Histological grade

I 4 (1.3)

II 251 (86.3)

III 36 (12.4)

Nodal status

N0 160 (55.0)

N? 131 (45.0)

Menopause status

Pre- 172 (59.1)

Post- 119 (40.9)

BMI

\28 258 (88.7)

C28 33 (11.3)

ER status

ER? 147 (50.5)

ER- 144 (49.5)

PR status

PR? 121 (41.6)

PR- 170 (58.4)

HER2 status by IHC

0/1? 11 (3.8)

2? 128 (44.0)

3? 152 (52.2)

Ki67 status

\20 % 107 (36.8)

C20 % 184 (63.2)

P53 status

Positive 128 (44.0)

Negative 163 (56.0)

HER2/CEP17 ratio

Median 7(1.5–30)

BMI body mass index, ER estrogen receptor, PR progesterone re-

ceptor, IHC immunohistochemistry
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Results

Patient and tumor characteristics

A total of 291 tumor specimens were included in our study.

The characteristics of the enrolled patients are summarized

in Table 2. The patient median age was 48 years (range

19–74 years). The median tumor size was 4 cm. Over half

of all patients (59.1 %) were premenopausal, and 55 % had

no lymphatic metastasis.

HER2 status analysis

Of the 291 cases, two (0.7 %) were IHC level 0, nine

(3.1 %) were 1?, 128 (44.0 %) were 2?, and 152 (52.2 %)

were 3?. Representative images of HER2 protein over-

expression are shown in Fig. 1. Differences in tumor spe-

cimen HER2 GCN as shown by FISH can be seen in Fig. 2.

HER2/CEP17 ratios ranged from 2.0 to 26 (median 7).

Optimal cutoff points of HER2 GCN and the HER2/

CEP17 ratio

ROC analyses were applied to determine the optimal cutoff

point that distinguished between patients with shorter sur-

vival and those likely to resist trastuzumab-based adjuvant

chemotherapy. Regarding HER2 GCN, 11.5 was identified

as the optimal cutoff point for distinguishing refractory

patients from sensitive patients (P = 0.039) (Fig. 3a),

while 6.5 was identified for the HER2/CEP17 ratio

(P = 0.012) (Fig. 3b). The optimal HER2 GCN and

HER2/CEP17 ratio cutoff values were related with an IHC

3? result, as seen in Table 3.

Survival in terms of HER2 amplification

The optimal HER2 GCN cutoff point distinguished those

patients with a poor prognosis. Kaplan–Meier survival

curves analysis showed that the DFS in patients with a

HER2 GCN\11.5 was significantly longer than those with

HER2 GCN C11.5 (P = 0.015) (Fig. 4a). Similarly, pa-

tients with HER2/CEP17 ratios \6.5 had a significantly

longer DFS than those with HER2/CEP17 ratios C6.5

(P = 0.013) (Fig. 4b).

Patients were divided into two groups according to the

status of HER2 cluster amplification in the tissues. Kaplan–

Meier survival curves (Fig. 4c) demonstrated that the DFS

in patients with HER2 cluster amplification was sig-

nificantly shorter than in those with HER2 non-cluster

amplification (P = 0.041).

Discussion

Compared with hormone receptor-positive subtypes of

breast cancer, HER2-positive breast cancer has specific

clinicopathological features, including a higher histologic

grade, the expression of fewer hormone receptors, in-

creased metastases, and an adverse prognosis [21, 22]. The

discovery of HER2-target therapeutic regimes, such as

trastuzumab, has revolutionized the treatment for breast

cancer. This antibody directly binds the extracellular

Fig. 1 HER2 protein

expression as detected by IHC

(original magnification 9400):

a Negative (score 0), b Negative

(score 1?), c Equivocal (score

2?), d Positive (score 3?)
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domain of HER2 and exerts its therapeutic effects by in-

hibiting proliferation and the survival signaling pathway

and initiating antibody-dependent cellular cytotoxicity. To

date, trastuzumab-based treatment has become the standard

of care for HER2-positive breast cancers [23–25]; how-

ever, a series of clinical trials indicated that a high pro-

portion of cases with HER2-positive amplification failed to

benefit from such treatment [12, 26, 27].

Recent studies have attempted to explain that differences

in clinical outcome after trastuzumab-based treatment could

be associated with the level of HER2 amplification [24, 28–

30]. However, the results of these studies were controversial.

The main purpose of this study was to explore whether

patients with varying levels of HER2 amplification present

with different clinical outcomes to trastuzumab-based che-

motherapy and to identify a more appropriate threshold of

HER2 amplification. We applied ROC analysis to 291

HER2-positive patients (determined by FISH) to determine

the optimal threshold that discriminated between patients

with good and poor outcomes. Although several studies

previously suggested that the level of HER2 amplification

would predict the response to trastuzumab-based treatment

and prognosis, to our knowledge, this is the first time that the

threshold of the HER2/CEP17 ratio and HER2 GCN has

been used to distinguish treatment response and outcome in

HER2-amplified breast cancer patients.

Fig. 2 HER2 status identified

by FISH. Red signals represent

HER2, green signals represent

CEP17 (original magnification

9600). a HER2-negative status,

b high level of HER2-positive

status, HER2/CEP17 ratio C6.5,

c high level of HER2-positive

status, average HER2 GCN

C11.5, d high level of HER2-

positive status, clustered HER2

signals

Fig. 3 Optimal cutoff points

decided by ROC curves. ROC

curves analysis identified

a HER2 GCN 11.5 and b HER2/

CEP17 ratio at the 6.5 as the

optimal cutoff points

distinguishing refractory

patients from sensitive patients
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We showed that the low HER2 amplification group

(HER2/CEP17 ratio\6.5 or HER2 GCN \11.5) presented

with a significantly longer survival time, while the high

HER2 amplification group (HER2/CEP17 ratio C6.5 or

HER2 GCN C11.5) had a worse outcome with a sig-

nificantly shorter survival time. The different prognoses

could be explained by different responses to trastuzumab-

based treatment or even resistance to treatment. We spec-

ulate that a high level of HER2 amplification might cause

HER2 crowding on the cell surface, overactivation of the

downstream signal, or increased malignant biological

behavior that inhibits trastuzumab–HER2 binding, thus

abrogating the clinical response. However, the specific

molecular mechanisms involved in treatment efficacy re-

main to be fully validated.

In conclusion, our study demonstrated a significant as-

sociation between the level of HER2 amplification and

survival time in a relatively large cohort of HER2-positive

breast cancer patients. Compared with previous reports, our

study established the first threshold of the HER2/CEP17

ratio using ROC analysis. This enabled HER2 amplifica-

tion patients to be classified into those with high or low

Table 3 Association between

HER2/CEP17 ratio and HER2

GCN optimal cutoffs and

clinicopathological

characteristics in HER2-positive

trastuzumab-treated breast

cancer (n = 291)

Characteristic HER2 GCN HER2/CEP17 Ratio

\Optimal cutoff COptimal cutoff P \Optimal cutoff COptimal cutoff P

Age (years)

B48 61 102 0.263 41 122 0.789

[48 39 89 34 94

Tumor size (cm)

B2 46 79 0.457 34 91 0.685

[2 54 112 41 125

Histological grade

I/II 88 167 1.000 67 188 0.688

III 12 24 8 28

Nodal status

N0 56 104 0.902 46 114 0.060

N? 44 87 29 102

Menopause status

Pre- 64 108 0.259 43 129 0.785

Post- 36 83 32 87

BMI

\28 90 168 0.699 70 188 0.203

C28 10 23 5 28

ER status

ER? 58 89 0.084 45 102 0.062

ER- 42 102 30 114

PR status

PR? 48 73 0.133 38 83 0.077

PR- 52 118 37 133

HER2 status by IHC

0/1?/2? 62 77 0.001 47 92 0.003

3? 38 114 28 124

Ki 67status

\20% 43 64 0.125 32 75 0.266

C20% 57 127 43 141

P53 status

Positvie 41 87 0.534 29 99 0.345

Negative 59 104 46 117

Bold facing indicates statistical significance

P value as per v2 test

GCN gene copy number, IHC immunohistochemistry
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levels of amplification, which exhibited different clinical

outcomes. Our results suggest that another threshold could

exist in the level of HER2 amplification besides that for

trastuzumab treatment. Future work should investigate

more precise quantitative measurements in larger cohorts

to better define this threshold.
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