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Objective: Patients with HER2-positive metastatic breast cancer (MBC) benefit from

trastuzumab-based therapy but eventually develop intrinsic or acquired resistance. Whether

plasma HER2 gene copy number (GCN) could predict survival after trastuzumab treatment

remained controversial. We evaluated the prognostic value of plasma HER2 GCN using low-

coverage whole-genome sequencing (LC-WGS).

Methods: The plasma was collected from HER2-positive MBC patients whose pre-therapeutic

samples were available before first-line trastuzumab-based treatment. Plasma DNAwas extracted

and assessed by LC-WGS for HER2 GCN. The optimal cut-off point for HER2 GCN to shorter

survival was determined by receiver operating characteristic (ROC) curve analysis.

Results: A total of 49 patients were retrieved from 2013 to 2017, among whom 21 had

multiple organ involvement (≥3 sites). Variations of HER2 GCN in pre-therapeutic plasma

ranged from 1.89 to 23.86 (median = 2.59). ROC analysis identified the optimal cut-off point

for HER2 GCN as 2.82 (P = 0.005), with 23 patients had high-level HER2 GCN and 26 in

the low-level group. Both progression-free survival (PFS, P = 0.032) and overall survival

(OS, P = 0.006) were adversely associated with high-level HER2 GCN. In multivariate

analyses, high HER2 GCN was independently associated with shorter PFS [hazard ratio

(HR) = 2.042, P = 0.037], while both high HER2 GCN (HR = 4.909, P = 0.004) and more

metastatic organs (HR = 4.019, P = 0.011) were negative prognostic factors for OS.

Conclusion: In this population of patients with HER2-positive MBC, individuals with high

HER2 GCNs in plasma had worse prognosis after trastuzumab-based therapy. Plasma HER2

GCN may be a prognostic marker in these patients.

Keywords: gene copy number, HER2-positive, metastatic breast cancer, whole genome

sequencing, plasma

Background
Human epidermal growth factor receptor 2 (HER2) is overexpressed or amplified in

approximately 20–30% of invasive breast cancer (BC) cases.1 HER2 overexpres-

sion leads to increased tumor proliferation, more aggressive tumor behavior, and

poor prognosis, whereas qualifies patients for anti-HER2 treatment.2,3 The combi-

nation of monoclonal antibody trastuzumab (and more recent, combination with

pertuzumab) with chemotherapy has been shown to improve the progression-free

survival (PFS) and overall survival (OS) in patients with metastatic breast cancer

(MBC), and to reduce the risk of recurrence and improve survival in patients with

early-stage disease.3–5
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However, despite the established benefit of trastuzumab-

based therapy for patients with HER2-positive (HER2+)

MBC, a subset of patients do not respond to the combined

treatment and have poor survival.3,4 Understanding the bio-

logic and clinical variables that predicting resistance is com-

plex and remains problematic in clinical practice. Several

alternative HER2-targeted treatment options exist, with new

and effective therapies in development.6–8 Identifying

patients less likely to respond to standard first-line therapy

would allow the evaluation of alternative therapeutic options

earlier in the treatment course.7–9

HER2+ BC harbors wide variations in HER2 gene copy

number (GCN), and high levels of HER2 gene amplification

prove to be associated with worse prognosis in some studies,

representing a potential factor for the differing responses

to the combination therapy with trastuzumab and

chemotherapy.10–14 Interestingly, the HER2 status of primary

tumors and metastases are not always concordant.15

Furthermore, the availability of metastatic tumor tissue is

limited, and repeated biopsies are impractical.16 Thus, the

clinical application of circulating tumor DNA (ctDNA), a

non-invasive “liquid biopsy”, provides the opportunity for

serial sequencing and analysis.9,16,17 Measurement of geno-

mic mutations in ctDNA has been suggested to have prog-

nostic value in several cancer types, such as colorectal

cancer, malignant melanoma, and breast cancer.17–19

However, little is currently known about the impact of

different levels of plasma HER2 amplification on prog-

nosis and response to trastuzumab-based therapy. Multiple

studies have focused on the clinical significance of HER2

GCN in the ctDNA of BC patients, but the results were

controversial owing to their small scale or the relatively

low accuracy of the detection methods used, such as

droplet digital PCR (ddPCR).16,20–22 Therefore, we eval-

uated the amplification of HER2 GCN in the plasma using

low-coverage whole-genome sequencing (LC-WGS) and

studied its prognostic role in HER2+ MBC patients.

Materials and Methods
Study Design
Patients with HER2+MBCwho had pre-therapeutic plasma

samples were consecutively retrieved from our medical

record system between June 2013 and June 2017. The

included patients should meet all of the following criteria:

(1) histologically confirmed of HER2+ BCwith recurrent or

de novo metastatic disease; (2) received trastuzumab-based

therapy (with either chemotherapy or endocrine therapy) as

first-line treatments; (3) had measurable disease according

to the Response Evaluation Criteria in Solid Tumors criteria

(RECIST) version 1.1.23 Patients were excluded if they had

clinically significant cardiac dysfunction, other types of

malignant diseases, or an Eastern Cooperative Oncology

Group (ECOG) performance status of >2.

The plasma samples were collected from patients with

written informed consent for their samples to be used in

the future. The research protocol was approved by the

Medical Ethics Committee of Peking University Cancer

Hospital (No. 2016KT92), and conducted in accordance

with the reporting recommendations for tumor marker

prognostic studies (REMARK) guidelines.24

The clinicopathological characteristics and the

response to drug treatment, evaluated by computed tomo-

graphy every two or three cycles of treatment and categor-

ized as complete response (CR), partial response (PR),

stable disease (SD), or progressive disease (PD) according

to the RECIST 1.1 criteria, were extracted from their

medical records. Raw survival data were obtained from

the patients’ attending physician or through phone-call

follow-up every six months. PFS was defined as the time

from the start of trastuzumab-based therapy to first disease

progression or death, and event-free patients were cen-

sored at last follow-up. OS was measured from disease

recurrence or metastasis until death from any cause or last

contact.

Blood Sample Processing
Whole blood (4 mL) was collected in the EDTA tubes and

then centrifuged at 1600 g for 10 min at 4°C. The super-

natant was then transferred to a fresh tube and centrifuged

for a second time at 16,000 g for 10 min at 4°C. The

plasma was temporarily stored at −80°C until DNA extrac-

tion. At least 5 ng of the ctDNA extracted from 500μL of

plasma for each case was subjected to generate LC-WGS

library as previously described.25,26 Sequencing was per-

formed on an Illumina HiSeq 2500 sequencer (Illumina,

San Diego, CA, USA). The quality of library was checked

by quantitative-PCR and Bioanalyzer (Agilent, USA).

Approximately 5 million sequencing reads were obtained

from each sample.

Data Analysis and HER2 GCN

Calculation
The ctDNA data were analyzed as previously described by

an observer who was blinded to all clinical data.25,26
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Briefly, the raw were demultiplexed and converted to

FASTQ format in Illumina Consensus Assessment of

Sequence and Variation (CASAVA, version 1.8.2) soft-

ware. The low-quality bases and adapters were removed

from the FASTQ file using Trimmomatic (version 0.35).

High-quality reads were mapped to the hg19 reference

genome using BWA (version 0.7.12-r1039) and unique

mapped reads were extracted. The reference genome was

divided into non-overlapping observation windows (bins)

of 1 Mb/200 Kb in size. The read number and guanine-

cytosine (GC) content in each bin were computed. GC bias

correction was performed for each 1% GC content. The

bin read count was normalized by GC content and a

reference dataset using R (version 3.00) to represent the

relative copy number of HER2 gene.

Statistical Analysis
All statistical analyses were performed using SPSS soft-

ware (version 19.0) and GraphPad Prism (version 7.0). To

assess whether an increased HER2 GCN affected treat-

ment efficacy of trastuzumab-based therapy, we defined

patients with progression or death within 24 weeks as the

poor survival group, and the others as good survival group.

A receiver operating characteristic (ROC) curve was used

to evaluate the prediction performance of plasma HER2

GCN, and Youden index was calculated to determine the

optimal cutoff points.

Pearson’s χ2 test and Fisher’s exact test were per-

formed to determine the relationship between HER2

GCN and clinicopathological parameters as appropriate.

Survival curves based on HER2 GCN were estimated

using the Kaplan-Meier survival analysis and compared

by Log-rank test. Univariate and multivariate analyses

were performed using Cox proportional hazards model

with backward elimination method based on the likeli-

hood ratio test. Variables with a P value of >0.10 in the

multivariate analyses were removed. All tests were two-

tailed, with a P value of <0.05 considered statistically

significant.

Results
Patients’ Characteristics
In total, 49 consecutive female patients who had pre-ther-

apeutic plasma were included. Clinicopathological charac-

teristics of the study population are summarized in Table 1.

The median age of the included patients at diagnosis was

50 years (range, 29−79 years). Seven of 49 (14.3%) patients

were initially diagnosed with MBC, and 42 (85.7%) experi-

enced recurrence or metastatic disease after surgery, among

whom, 14 (33.3%) patients underwent re-biopsy and HER2

Table 1 Clinicopathological Characteristics of the HER2-Positive

Metastatic Breast Cancer (n = 49)

Characteristic Number (%)

Age (years)

Median (range) 50 (29–79)

<50 24 (49.0)

≥50 25 (51.0)

Menopausal status

Premenopausal 15 (30.6)

Postmenopausal 34 (69.4)

ECOG score

0 43 (87.8)

1−2 6 (12.2)

Hormone-receptor status

ER and/or PR positive 31 (63.3)

ER and PR negative 18 (36.7)

Neo/adjuvant trastuzumab therapy

Yes 8 (16.3)

No 41 (83.7)

Disease status at treatment

Relapsed 42 (85.7)

Initially metastatic 7 (14.3)

Metastasis organs

Skin or chest wall 18 (36.7)

Lymph node 37 (75.5)

Bone 20 (40.8)

Lung 14 (28.6)

Liver 20 (40.8)

Brain 1 (2.0)

Others† 11 (22.4)

Visceral metastasis

Yes 29 (59.2)

No 20 (40.8)

Number of metastatic organs

<3 sites 28 (57.1)

≥3 sites 21 (42.9)

Concomitant agents

Taxanes alone 28 (57.1)

Taxane-based 10 (20.4)

Others 11 (22.5)

Note: †Others include pleura, peritoneum, ovary, or pericardium.

Abbreviation: ECOG, Eastern Cooperative Oncology Group.
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conversion from negative to positive was observed in one

patient (Case 12 in Table S1). Thirty-one (63.3%) patients

were hormone-receptor positive, while visceral metastases

were identified in 29 (59.2%) patients. Most of the patients

(77.6%) received taxanes as the concomitant agents admi-

nistrated with trastuzumab at first-line.

Plasma HER2 GCN and Clinical

Characteristics
The GCN of HER2 in the plasma collected just before the

start of treatment is presented in Table S1 and Figure 1

(median 2.59, range 1.89−23.86). ROC analysis was per-

formed to determine the optimal cut-off points that

Figure 1 Comparison of HER2 gene amplification in tumor tissues by FISH (A−C, primary or metastatic, original magnification ×1000) and corresponding plasma by NGS

(D−F). The x-axis (D−F) shows the 10,000 kb region adjacent to HER2, with each dot representing the gene copy number (GCN) of each 200 kb segment. The enlarged red

dot denotes the HER2 gene locus. (A−F) HER2 amplification was identified in both the tumor tissues and plasma samples of cases 1, 6, and 49, but HER2 GCN in the

metastatic plasma (F) of case 49 was lower than in the primary tumor tissues (C).
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distinguished patients with shorter survival. As shown in

Figure 2, the AUC of ROC curve was 0.758 [95% con-

fidence interval (CI) 0.606−0.911; P = 0.005], and the

optimal cut-off point for HER2 GCN was 2.82. The rela-

tionship of plasma HER2 GCN with various clinicopatho-

logical factors is presented in Table 2. Of the patients with

higher levels of HER2 GCN (HER2-high, >2.82), 69.6%

(16/23) developed more than three organ metastases com-

pared with 19.2% (5/26) patients with low-level HER2

GCN (HER2-low, P < 0.001). In addition, there were

also significant differences in aspects of liver metastasis

(56.5% vs 26.9%, P = 0.035) and bone metastasis (65.2%

vs 18.5%; P = 0.001).

Baseline HER2 GCN and Patient Survival
The follow-up was performed until August 2019, with a

median follow-up time of 29.0 months (range, 5.3−75.7
months). During the follow-up period, disease progression

was observed in 35 patients (71.4%), and 21 patients (42.9%)

died. The tumor response to trastuzumab-based therapy is

summarized in Table 2, and more patients in the HER2-high

group developed PD at the first efficacy evaluation (26.1% vs

3.9%). Kaplan-Meier survival analysis showed that patients

in HER2-high group had significantly shorter PFS (median

PFS, 6.6 months vs 24.8 months; P = 0.032), compared with

Figure 2 Optimal cut-off points determined by receiver operator characteristic

(ROC) curve. Plasma HER2 GCN of 2.82 was identified as the optimal cut-off point

for distinguishing patients with worse prognosis.

Table 2 Clinicopathological Characteristics and HER2 GCN

Status (n = 49)

Characteristic HER2 GCN [N (%)] P

value
≤2.82

(n = 26)

>2.82

(n = 23)

Age (years) 0.195

<50 15 (57.7) 9 (39.1)

≥50 11 (42.3) 14 (60.9)

Menopausal status 0.224

Premenopausal 6 (23.1) 9 (39.1)

Postmenopausal 20 (76.9) 14 (60.9)

ECOG score 0.141

0 25 (96.2) 18 (78.3)

1−2 1 (3.8) 5 (21.7)

Hormone-receptor status 0.130

ER and/or PR positive 19 (73.1) 12 (52.2)

ER and PR negative 7 (26.9) 11 (47.8)

Neo/adjuvant trastuzumab

therapy

1.000

Yes 4 (15.4) 4 (17.4)

No 22 (84.6) 19 (82.6)

Metastasis organs

Skin or chest wall 7 (26.9) 11 (47.8) 0.130

Lymph node 18 (69.2) 19 (82.6) 0.277

Bone 5 (19.2) 15 (65.2) 0.001*

Lung 8 (30.8) 6 (26.1) 0.717

Liver 7 (26.9) 13 (56.5) 0.035*

Brain 0 1 (4.3) NE

Others 3 (11.5) 8 (34.8) 0.085

Visceral metastasis 0.419

Yes 14 (53.8) 15 (65.2)

No 12 (46.2) 8 (34.8)

Number of metastatic

organs

<0.001*

<3 sites 21 (80.8) 7 (30.4)

≥3 sites 5 (19.2) 16 (69.6)

Concomitant agents 0.975

Taxanes alone 15 (57.7) 13 (56.6)

Taxane-based 5 (19.2) 5 (21.7)

Others 6 (23.1) 5 (21.7)

Tumor response

Complete response 1 (3.9) 0

Partial response 15 (57.7) 12 (52.2)

Stable disease 9 (34.6) 5 (21.7)

Progressive disease 1 (3.9) 6 (26.1)

Note: *Significant difference at α value of 0.05.

Abbreviations: ECOG, Eastern Cooperative Oncology Group; NE, not estimable.
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HER2-low patients (Figure 3). Similarly, OS (median OS,

27.6 months vs not estimable; P = 0.006) was also signifi-

cantly shorter in HER2-high patients.

Cox analyses were performed to evaluate the effects of

pre-therapeutic HER2 GCN on the PFS and OS of HER2+

MBC patients (Table 3). Univariate analyses revealed that

HER2-high patients exhibited an association with shor-

tened PFS [hazard ratio (HR) = 2.042, 95% CI 1.045

−3.991; P = 0.037] and OS (HR = 3.468, 95% CI 1.355

−8.877; P = 0.009) (Table 3). When adjusting for hor-

mone-receptor status, history of neo/adjuvant trastuzumab

therapy, and metastatic lesions, HER2 GCN proved to be

the only independent negative prognostic factor for PFS

(HR = 2.042, 95% CI 1.045−3.991; P = 0.037). As for OS,

however, both high-level HER2 GCN (HR = 4.909, 95%

CI 1.684−14.305, P = 0.004) and more organ metastases

(≥3, HR = 4.019, 95% CI 1.369−11.803, P = 0. 011) were

proved to be related with worse OS.

Dynamics of Plasma HER2 GCN During

Trastuzumab-Based Treatment
The surveillance value of plasma HER2 GCN for trastu-

zumab-based therapy was investigated in 21 patients, and

a total of 36 plasma samples were analyzed. Changes in

the levels of HER2 GCN were compared with the perfor-

mance of radiographic measurements according to

RECIST criteria (v1.1). Eleven out of 21 candidates were

identified to be HER2-high at baseline. In those whose

plasma was available at ≥3 time points, most patients

exhibited a decrease in HER2 GCN when benefiting

from treatment, with increased HER2 GCN concurring

with (case 7 and case 22) or even preluding (case 10,

case 19, and case 28) disease progression (Figure 4A).

Otherwise, fluctuations of HER2 GCN in HER2-low

patients were not predominant, with the exception of

Case 27 who had a notable increase of HER2 GCN at

disease progression (Figure 4B).

Discussion
HER2-positive MBC is incurable but can be treated with

the extensive use of trastuzumab.4 Traditionally, patients

with HER2 overexpression as detected by IHC or gene

amplification as determined by FISH can derive substan-

tial benefit from trastuzumab-based therapy.21 However,

several studies suggest that clinical outcomes after trastu-

zumab-based therapy still vary among different levels of

HER2 GCN.12,27 Due to the critical role of HER2 status

for tailoring the therapeutic management of MBC patients,

we designed a noninvasive and repeatable method for

serial quantification of HER2 GCN in plasma samples

based on the LC-WGS technique and verified its clinical

implication in prognosis prediction.25,26

We retrospectively assessed 49 HER2+ MBC patients

who had pre-therapeutic plasma in our center and observed

that patients with high-level HER2 GCN (>2.82) were

associated with worse prognosis even after trastuzumab-

based therapy. In multivariate analyses, high-level HER2

GCN proved to be an independent negative factor for PFS;

whereas, interpreting its value on OS needed to be tem-

pered, as these patients seemed to have more organ invol-

vement, and both of them were associated with shorter

survival. The specific mechanisms accounting for the unfa-

vorable prognosis for HER2-high patients remain

unknown.28 A previous study reported that patients with

an incremental gain in HER2 GCN in metastatic tissue had

Figure 3 Kaplan–Meier survival curve for progression-free survival and overall survival according to baseline HER2 gene copy number (GCN). (A) PFS was significantly

shorter in HER2-high patients. (B) OS was significantly shorter in HER2-high patients. HER2-low, HER2 GCN of ≤2.82; HER2-high, HER2 GCN of >2.82.
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worse outcomes even after trastuzumab-based therapy,

which implied that the increase in HER2 GCN during

tumor progression may predict an intrinsically more

aggressive disease.29,30 In a cohort of MBC patients,

Bates et al also identified a subset with high HER2 expres-

sion associated with trastuzumab resistant and shorter

survival.31 Thus, we speculate that the continuous expres-

sion and over-crowding of HER2 protein on the cytomem-

brane, caused by the high-level HER2 amplification, might

increase the crosstalk with other receptor and extensive

activation of the downstream signal.27 And the anti-HER2

therapy based on trastuzumab and chemotherapy maybe

not enough for patients with multiple metastasis site and

high-HER2 GCN.5

Our results were concordant with several studies with

respect to the impact of tumor tissue HER2 GCN on

patients’ prognosis.27,30,32 In the adjuvant setting, Xuan

et al quantified HER2 GCN in 291 HER2+ BC patients

and identified a subgroup of HER2-high patients with poor

prognosis.27 A recent analysis in 278 patients with early

breast cancer also demonstrated that patients whose

tumors revealed high HER2/CEP17 ratios (>8) exhibited

impaired survival.33 Moreover, several compelling evi-

dence also suggested that HER2 GCN levels can predict

treatment response to trastuzumab. Subgroup analyses of

both the HERA and N9831 trial supported the notion that

patients with high HER2 GCN might fail to benefit from

adjuvant trastuzumab treatment.12,34 In MBC, previous

studies also reported a trend of shorter survival in patients

with high-level HER2 amplification, and an increase in

HER2 GCN from primary tumors to metastasis was asso-

ciated with shorter OS.10,30 However, the role of HER2

GCN seemed to be undetermined in the metastatic setting,

as some studies in which FISH data were obtained only

from primary tumor tissues showed opposite results.35–37

Serial ctDNA tracking makes it possible to timely detect

HER2 GCN in the metastatic setting and to reasonably fore-

cast the clinical outcomes. Guan et al measured the HER2

GCN in ctDNA of 105 patients based on LC-WGS, similar to

that of our study, found a high concordant rate of 86.5%

(sensitivity, 77.1%; specificity, 95.8%) compared with pri-

mary tumor tissues, which surpassed those of previous

results.26 And in the 41 patients, they revealed a positive

relationship between high-level HER2GCN (≥4) and PR rate

to multi-line chemotherapy. In our present study, the ROC

analysis was applied, and 2.82 was the optimal cut-off that

discriminated between patients with good and poor out-

comes. Our results, however, indicated that high-levelT
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HER2 GCN was a negative prognostic factor for both PFS

and OS after trastuzumab-based therapy. Moreover, HER2-

high patients were associated with more organ metastases,

and the sequential HER2 GCN seemed to decrease first and

then increase again, which was concurrent with trastuzumab

benefit and disease progression, respectively. Previous stu-

dies have demonstrated the value of ctDNA longitudinal

analysis on monitoring the tumor response and it was

correlated with the changes in tumor burden.9,38 Although

the study by Sorensen et al failed to observe the prognostic

value of baseline HER2 amplification, they revealed a reduc-

tion in HER2GCN that was correlated with favorable benefit

from trastuzumab-based therapy.21 Other former studies on

HER2 amplification using NGS also suggested its associa-

tion with the effects of trastuzumab emtansine (T-DM1) and

pyrotinib.16,22

Figure 4 Dynamic changes of plasma HER2 gene copy number (GCN) in response to trastuzumab-based therapy. (A) Changes in HER2 GCN in six HER2-high patients who

had three or more blood samples. Levels of HER2 GCN decreased in response to treatment. Notable increase in HER2 GCN and tumor load was concurrently detected in

case 7 and case 22, while case 10, case 19, and case 28 had an increased GCN preluding disease progression. (B) Changes in HER2 GCN were not predominant in HER2-low

patients, except for case 27 who exhibited an increase of HER2 GCN at disease progression.

Abbreviations: PR, partial response; PD, progressive disease.
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Unlike HER2 GCN tracking in ctDNA, the potential

clinical significance of serum HER2 extracellular domain

(ECD) has been investigated for two decades.39 HER2

ECD can be released into the blood via alternative initiation

of translation or proteolytic cleavage, but its correlation with

the status of tissue HER2 is not prominent.40 The cut-off

value of elevated HER2 ECD is recommended to be ≥15 ng/
mL, and it has been proposed as a promising biomarker for

patients’ prognosis and for monitoring the disease status in

HER2+ BC patients, similar to HER2 GCN in ctDNA.41

However, the use of serum HER2 ECD to guide adjuvant

therapy or to predict trastuzumab benefit was not recom-

mended by the American Society of Clinical Oncology,

because the evidence was not strong enough.42

We acknowledge that our study has some limitations due to

the inherent characteristic of retrospective data collection and

its small sample size. First, the dynamic sampleswere obtained

at various time points, and only in half of patients. However,

the values of HER2 GCN remain stable when the patients

continue to achieve treatment benefit (Figure 4), implying

that samples obtained in a period of the same disease status

may have similar clinical significance. But integrated analyses

of plasma HER2 GCN at regular time points are imperative in

evaluating the prognostic andmonitoring value of serial HER2

GCN sequencing. Second, a comparison ofHER2GCNvalues

between metastatic tumor tissues and plasma was lacking,

because HER2 gene amplification by FISH was not available

for all metastatic patients in this retrospective study. Finally, a

training set that validated ourfindingswas lacking in this study,

because of the limited sample size. A large-scale, prospective

study will be performed to validate our findings in the future.

And furthermore, ROC analysis has been performed to deter-

mine the optimal cut-off that distinguished patients with

shorter survival,which could avoid the introduction of artificial

bias. Despite these limitations, our data and those of others

imply the clinical value of HER2 GCN analysis in MBC

patients.

Conclusions
In conclusion, the present study showed that patients with high

HER2 GCN (>2.82) in pre-therapeutic plasma may have

worse survival after first-line trastuzumab-based therapy in

our HER2+ MBC cohort. Therefore, analysis of plasma

HER2 GCN by LC-WGS may have a potential value in

prognosis predicting after trastuzumab-based treatment, and

serve as a complement, apart from the conventional tissue

HER2 GCN analysis and imaging assessment, for a more

effective management of HER2+ MBC in first line.
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