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Abstract

Background We previously demonstrated the potential of

circulating tumor DNA (ctDNA) for the amplification of

detecting HER2 in patients with gastric cancer (GC). In the

present study, we focused on the clinical courses of patients

who developed recurrence with GC, and investigated the

potential clinical utility of the ddPCR-based HER2 copy

number (CN) as a marker for the temporal and/or spatial

heterogeneities of GC during treatment progress.

Method We enrolled 30 healthy volunteers and 60

patients with GC who underwent surgery, including 17

patients who developed recurrence. Using ribonuclease P

RNA component H1 (RPPH1) as a reference gene, plasma

HER2 to RPPH1 ratios (the HER2 ratio) were determined

using ddPCR.

Results The preoperative plasma HER2 ratio correlated

with the tumor HER2 status (p\ 0.001), and sensitivity

and specificity were 0.733 and 0.933, respectively.

Analyses of plasma samples during the postoperative fol-

low-up periods revealed that high plasma HER2 ratios were

detected at the time of recurrence in 7 of 13 cases, which

were diagnosed as being HER2 negative at the time of

surgery. These results were supported by continuously

increasing HER2 ratios thereafter with the progression of

recurrent cancer.

Conclusion The plasma HER2 ratio determined by

ddPCR is a repeatable and noninvasive approach for real-

time evaluations of the HER2 status to monitor the effects

of treatments for patients with HER2-positive GC and

enable treatment options for patients with HER2-negative

GC but positive conversion of the HER2 status after

recurrence.

Keywords Gastric cancer � HER2 � DdPCR � ctDNA �
Liquid biopsy

Introduction

The amplification and overexpression of human epidermal

growth factor receptor 2 (HER2), which contributes to

cancer progression [1], have been reported in approxi-

mately 20 % of patients with advanced gastric cancer (GC)

and were shown to be associated with a more aggressive

phenotype and poorer survival in a meta-analysis [2]. A

phase III trial of trastuzumab for patients with HER2-

positive advanced GC (the ToGA trial) demonstrated that

the addition of trastuzumab to chemotherapy was signifi-

cantly beneficial in terms of overall survival versus

chemotherapy alone [3]. Based on these findings, the

administration of trastuzumab to patients with recurrent

GC was recommended by the European Medicines Agency

and the Japanese Gastric Cancer Association (JGCA) in
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2010 and 2011, respectively. They noted that trastuzumab

should be administered to patients with HER2-positive

tumors as routinely defined by immunohistochemistry

(IHC) 3? or IHC 2? with a positive fluorescent in situ

hybridization (FISH) result because the recurrent tumors

that developed in these patients were likely to be HER2

positive. However, the response rate to trastuzumab

remains insufficient, even in these eligible patients [3].

Furthermore, the number of patients eligible for trastuzu-

mab treatments is limited. Because the distribution of

HER2-expressing cells is known to be heterogeneous in

GC [4], HER-2 positivity in resected tumors may provide

insufficient information for determining eligibility for

trastuzumab treatments because of the temporal and spatial

intratumoral and intertumoral heterogeneities of this dis-

ease. Recurrent tumors from HER2-positive cases may

contain HER2-negative tumor cells as a major population,

whereas HER2 amplification/overexpression may be

acquired or HER2-positive cells existing as a minor pop-

ulation in resected tumors may be selected during treatment

progress in HER2-negative cases. Liquid biopsy has

recently attracted the interest of clinicians as a possible

approach that may overcome the influence of heterogeneity

[5, 6], with a number of studies being conducted to

investigate intratumoral heterogeneity [7–9]. The potential

of circulating tumor DNA (ctDNA) as the source of a

template in minimally invasive diagnostics is becoming

increasingly apparent for monitoring the status of tumors

with temporal and spatial heterogeneities [10–12].

The detection and quantitation of specific nucleic acid

sequences using a polymerase chain reaction (PCR) is

fundamental to a large body of research and a growing

number of molecular diagnostic tests, including HER2

amplification [13]. We previously demonstrated the pos-

sible clinical utility and usefulness of liquid biopsies using

real-time quantitative PCR (rqPCR), a second-generation

PCR-based quantification method in patients with GC [9].

However, quantitative information in rqPCR is obtained

from the cycle threshold (CT). Imperfect amplification

efficiencies affect CT values, which, in turn, limit the

accuracy of this technique for absolute quantitation, and

the Z score to separate positive and negative results needs

to be determined for each experimental set. One method

showing promise for improving the limit of detection for

nucleic acid quantification is digital PCR (dPCR), with a

number of studies highlighting the superior accuracy of

dPCR for copy number (CN) analyses [14, 15], including

HER2 amplification in circulating ctDNA in breast cancer

(BC) and GC [16, 17]. These studies demonstrated the

potential of HER2 amplification detected in preoperative

ctDNA by dPCR to precisely estimate the HER2 status of

tumors or prognosis of patients.

In the present study, we used digital droplet PCR

(ddPCR) to determine the HER2 CN status in ctDNA

samples collected from GC patients, and evaluated the

potential clinical utility of the ddPCR-based HER2 CN as a

marker for the temporal and/or spatial heterogeneities of

GC by monitoring the dynamics of the plasma HER2 CN

status during treatment progress.

Materials and methods

Patients and samples

Our study protocol was approved by the local Ethics

Committee and conducted in accordance with the Decla-

ration of Helsinki. All subjects gave their written

informed consent before participating. Samples were

blinded for analyses, and patients understood that the

results would not be made available to them. The study

cohort (Table 1) included 60 patients with GC who

underwent surgery and had tissue HER2 status determi-

nations between January 2009 and December 2014 at the

Kyoto Prefectural University of Medicine Hospital. Pre-

operative plasma samples were collected from all

patients. Of these, 36 patients were also included in our

previous study [6]. Control plasma samples were obtained

from 30 healthy adult volunteers by standard antecubital

venous puncture.

Patient demographic data and details regarding tumor

recurrence and subsequent management were recorded.

Computed tomography (CT) imaging was performed and

reviewed in a blinded manner to document treatment

responses according to the Response Evaluation Criteria in

Solid Tumors (RECIST), version 1.1 [18]. The pathologi-

cal classification of tumors was determined according to

the UICC classification [19]. The tissue HER2 status was

determined by FFPE using routine IHC and FISH methods.

Following the American Society of Clinical Oncologists/

College of American Pathologists guideline recommenda-

tions, IHC 0 and IHC 1? were both considered to be HER2

negative, whereas IHC 3? was defined as HER2 positive.

IHC 2? was considered equivocal; a case was considered

to be HER2 positive if it was IHC 2? plus FISH with a

threshold ratio [2.0 between the HER2 gene CN and

chromosome 17 centromere (HER2:CEP17). Trastuzumab

therapy was administered to HER2-positive cases with

recurrence. As traditional tumor markers, carcinoembry-

onic antigen (CEA) and carbohydrate antigen (CA) were

measured in each case, with cutoff values of 5.0 ng/ml and

37 U/ml, respectively. A DNA sample (POS2000) obtained

from a GC tumor was used as a positive control, and its

HER2 CN was confirmed in our previous study.
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Table 1 Clinicopathological features of 60 gastric cancer (GC) patients analyzed for preoperative plasma droplet digital PCR (ddPCR) HER2

ratios

Features n Tumor HER2 statusa Plasma HER2 amplificationb

Negative Positive pc Absent Present Pc

n % n % n % n %

Total 60 45 (75.0) 15 (25.0) 46 (76.7) 14 (23.3)

Gender

Male 44 33 (75.0) 11 (25.0) 1.0000 32 (72.7) 12 (27.3) 0.2099

Female 16 12 (75.0) 4 (25.0) 14 (87.5) 2 (12.5)

Age (years)

\70 38 30 (78.9) 8 (21.1) 0.3580 30 (78.9) 8 (21.1) 0.5857

C70 22 15 (68.2) 7 (31.8) 16 (72.7) 6 (27.3)

Location

Upper 21 14 (66.7) 7 (33.3) 0.2800 13 (61.9) 8 (38.1) 0.0514

Middle or lower 39 31 (79.5) 8 (20.5) 33 (84.6) 6 (15.4)

Histopathological predominantd

Differentiated 21 12 (57.1) 9 (42.9) 0.0212 12 (57.1) 9 (42.9) 0.0100

Undifferentiated 39 33 (84.6) 6 (15.4) 34 (87.2) 5 (12.8)

Size

\90 32 26 (81.3) 6 (18.8) 0.2317 28 (87.5) 4 (12.5) 0.0323

C90 28 19 (67.9) 9 (32.1) 18 (64.3) 10 (35.7)

Lymphatic invasion

Negative 14 12 (85.7) 2 (14.3) 0.2693 12 (85.7) 2 (14.3) 0.3415

Positive 46 33 (71.7) 13 (28.3) 34 (73.9) 12 (26.1)

Venous invasion

Negative 35 28 (80.0) 7 (20.0) 0.2924 27 (77.1) 8 (22.9) 0.9179

Positive 25 17 (68.0) 8 (32.0) 19 (76.0) 6 (24.0)

Depth of tumor invasione

pT1/2/3 25 20 (80.0) 5 (20.0) 0.4458 20 (80.0) 5 (20.0) 0.6038

pT4 35 25 (71.4) 10 (28.6) 26 (74.3) 9 (25.7)

N stagee

pN0 10 8 (80.0) 2 (20.0) 0.6833 8 (80.0) 2 (20.0) 0.7818

pN1–3 50 37 (74.0) 13 (26.0) 38 (76.0) 12 (24.0)

pStagee

pI/pII 13 11 (84.6) 2 (15.4) 0.3468 11 (84.6) 2 (15.4) 0.4279

pIII 47 34 (72.3) 13 (27.7) 35 (74.5) 12 (25.5)

HER2 status by IHC

0 24 24 (100.0) 0 (0.0) <0.0001 22 (91.7) 2 (8.3) <0.0001

1 16 16 (100.0) 0 (0.0) 15 (93.8) 1 (6.3)

2 7 5 (71.4) 2 (28.6) 6 (85.7) 1 (14.3)

3 13 0 (0.0) 13 (100.0) 3 (23.1) 10 (76.9)

Tumor HER2 statusa

Negative 45 – – 42 (93.3) 3 (6.7) <0.0001

Positive 15 – – 4 (26.7) 11 (73.3)

a Tumor HER2 status was determined by an immunohistochemistry (IHC) score of 3 or IHC score of 2 with a positive FISH score determined as

described in the ‘‘Materials and methods’’ section
b Plasma HER2 amplification was determined by the plasma HER2 ratio using ddPCR with 2.10 as a cutoff value
c p values are from the v2 or Fisher’s exact test and were significant at less than 0.05. Significant values are shown in boldface
d ‘‘Differentiated’’ corresponds to tubular adenocarcinoma or papillary adenocarcinoma, and ‘‘undifferentiated’’ corresponds to poorly differ-

entiated adenocarcinoma, signet-ring carcinoma, or mucinous adenocarcinoma
e Disease stage was defined in accordance with the International Union Against Cancer (UICC) 7th tumor-lymph node-metastases (TNM)

classification using surgical pathological findings
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Preparation and DNA isolation from plasma

samples

A 7-ml EDTA blood sample was obtained from each

patient before surgery and from 30 healthy volunteers.

Samples were also collected from 21 and 17 of the 60

patients 1 month after surgery and at recurrence, respec-

tively. In those 21 cases, samples were corrected repeatedly

after surgery in 6 cases with recurrence and 1 case without

recurrence. Plasma was immediately separated from the

cellular fraction using a three-spin protocol as described

elsewhere [20], and then stored at -80 �C for further

processing. Circulating ctDNA was isolated from 2 ml of a

plasma sample with a QIAamp Circulating Nucleatic Acid

kit (Qiagen, Hilden, Germany). The mean ctDNA amount

per 1 ml plasma was 13.61 ng.

HER2 CN analysis using ddPCR

Using ribonuclease P RNA component H1 (RPPH1) as an

internal control to assess the CN of the HER2 gene [6],

plasma HER2-to-RPPH1 ratios (the HER2 ratio) were

determined using ddPCR. Each sample was partitioned into

20,000 droplets, with target and control (background) DNA

being randomly, but uniformly distributed among the

droplets. As ctDNA samples are highly fragmented, pro-

duct sizes for ddPCR reaction of HER2 and RPPH1 are set

to be 90 bp and 92 bp, respectively. The following primers

were used for ddPCR: HER2 forward (50-CTCATCGCTC
ACAACCAAGT-30), HER2 reverse (50-CAGGGCA
TAGTTGTCCTCAA-30), the FAM probe for HER2 (50-FA
M-TGTGCGAGGCACCCAGCTCT-30), RPPH1 forward

(50-GTCAGACTGGGCAGGAGATG-30), RPPH1 reverse

(50-TGGCCGTGAGTCTGTTCC-30), and the HEX probe

for RPPH1 (50-HEX-TGCCTCCTTTGCCGGAGCTT-30).
Reactions were performed in 20-ll reaction volumes that

consisted of extracted DNA (4 ll), 29 ddPCR supermix

for the probe (10 ll), 20 lM HER2 forward primer

(0.9 ll), 20 lM HER2 reverse primer (0.9 ll), the HER2

FAM probe (0.25 ll), 20 lM RPPH1 forward primer

(0.9 ll), 20 lM RPPH1 reverse primer (0.9 ll), the

RPPH1 HEX probe (0.25 ll), and deionized distilled water

(1.9 ll). Emulsified PCR reactions were run in a 96-well

plate on a LifePro Thermal Cycler (BIOER, Hangzhou,

China). After a suitable annealing temperature had been

determined for distinguishing between positive and nega-

tive droplets (Fig. S1a), the plates were incubated at 95 �C
for 10 min, followed by 40 cycles of 94 �C for 30 s, 57 �C
for 60 s, and a 10-min incubation at 98 �C. The plates were
read on a Bio-Rad QX200 droplet reader (Bio-Rad, Her-

cules, CA, USA) using the QuantaSoft v1.4.0 software

(Bio-Rad) to assess the number of droplets positive for

HER2 and RPPH1.

HER2 CN analysis using rqPCR

A quantitative analysis of HER2 amplification using rqPCR

was performed on the cell-free DNA (cfDNA) samples of

30 healthy volunteers as previously described elsewhere

[6].

Statistical analysis

Spearman’s correlation coefficients were determined to

assess the relationships among CN data determined by

different methods. Nonparametric tests were used for

subgroup comparisons (Wilcoxon rank-sum test) and for

comparisons between paired samples in each subgroup

(Wilcoxon signed-rank test). The v2 or Fisher’s exact test

was used to assess the relationships between plasma HER2

ratio results and clinicopathological factors. All statistical

tests, except for paired tests, were two sided. Significance

was accepted at p values\0.05.

Results

Setting a cutoff value for ddPCR

We evaluated the reproducibility of ddPCR for evaluating

the HER2 CN. Using ddPCR, CNs for HER2, and an

internal control, RPPH1 of the positive control DNA

sample (POS2000) obtained from the GC tumor, the HER2

CN of which was confirmed beforehand, were found to be

1962 and 69.5 in 10 ng DNA, respectively. The range of

the reproducibility of ddPCR in a small amount of DNA

was determined using serial dilutions starting from 10 ng

of the POS2000 sample (Fig. S1b, S1c). The CNs of all

cfDNA samples used in the present study were within this

range in the ddPCR analysis.

To set a cutoff value for plasma HER2 to RPPH1 ratios

(the HER2 ratio), we determined the HER2 ratio of plasma

cfDNA (plasma HER2 ratio) obtained from 30 healthy

volunteers using two methods; ddPCR and rqPCR, and

compared the results obtained (Fig. 1a). The plasma HER2

ratios determined by these two methods were correlated

(Fig. 1a, right). The standard deviation (SD) of the plasma

HER2 ratio determined by ddPCR was smaller than that

determined by rqPCR (Fig. 1a, left), and the 95 % confi-

dence intervals (CI) of ddPCR and rqPCR were

0.945–1.052 and 0.923–1.077, respectively. Because the

means and SDs of the plasma HER2 ratios determined by

ddPCR in the normal cohort were 1.619 and 0.230,

respectively, we set the cutoff value for the plasma HER2

ratio at 2.1 for plasma HER2 ratios based on the mean plus

2 SD of the normal cohort (Fig. 1b). All results from the

normal cohort were less than this cutoff value.
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Sensitivity and specificity of the plasma HER2 ratio

for detecting the tumor HER2 status in GC

We measured plasma HER2 ratios in 60 patients with

HER2-negative or HER2-positive GC. The means and SDs

of the plasma HER2 ratios obtained were 1.790 and 0.383

in HER2-negative patients and 4.912 and 5.284 in HER2-

positive patients, respectively. Plasma HER2 ratios were

significantly higher in HER2-positive patients than in

HER2-negative patients (p = 0.0006; Wilcoxon rank-sum

test) (Fig. 1b). The sensitivity and specificity of the cutoff

value for plasma HER2 ratios (2.1) were 0.7333 and

0.9333, respectively, and the positive predicting value

(PPV) and negative predicting value (NPV) were 0.7857

0

5

0

5

h l h l i i i

a

b

c

Fig. 1 Potential of digital

droplet PCR (ddPCR) as a

method to evaluate the HER2

copy number (CN) status in

cell-free DNA (cfDNA)

samples. a Comparison between

ddPCR and real-time

quantitative PCR (rqPCR) in

cfDNA with 30 healthy

volunteers. Left: Standard

deviations (SD) of ddPCR and

rqPCR were 0.1432 and 0.2057,

respectively, when both means

were set to 1.00 (relative

quantity, RQ). Right: The

results obtained using both

methods were consistent

(q = 0.3939, p = 0.0313;

Spearman’s analysis). b Plasma

HER2 ratios for healthy

volunteers, gastric cancer (GC)

patients with HER2-negative

tumors, and those with HER2-

positive tumors. The cutoff

value for the plasma HER2 ratio

test to detect HER2

amplification in GC was

determined using the mean plus

2 SD of healthy volunteers.

Plasma HER2 ratios were

significantly higher in HER2-

positive patients than in HER2-

negative patients (p = 0.0006;

Wilcoxon rank-sum test). The

sensitivity, specificity, positive

predicting value (PPV), and

negative predicting value (NPV)

of the cutoff value to

discriminate patients with

HER2-positive from those with

HER2-negative GC tumors

were 0.7333, 0.9333, 0.7857,

and 0.9130, respectively.

c Comparison of plasma HER2

ratios before and 1 month after

surgery in 8 GC patients with

plasma HER2 amplification

before surgery (left) and 13

patients without plasma HER2

amplification before surgery

(right). Note that decreases in

plasma HER2 ratios were

observed in most patients with

plasma HER2 amplification
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and 0.9130, respectively. The same cutoff value (2.1) was

obtained when we determined the best discriminating level

of the HER2 ratio to separate HER2-positive patients from

HER2-negative patients by generating a receiver operating

characteristic curve and calculating the area under the

curve. In 36 cases with plasma HER2 ratios determined by

ddPCR in this study and rqPCR in our previous study [6],

sensitivity and specificity were higher in the ddPCR-based

method than in the rqPCR-based method (sensitivity and

specificity were 0.700 and 1.000 in ddPCR, and 0.400 and

0.962 in rqPCR, respectively). Because an absolute CN is

obtainable in digital PCR, which results in a more objective

evaluation without sharing the calibrator sample between

experiments and laboratories [21], these results may reflect

the greater accuracy and reproducibility of ddPCR over

rqPCR.

Plasma HER2 ratios were compared between pre- and

paired postoperative samples in 21 cases. These ratios were

significant lower in postoperative samples than in preop-

erative samples in patients with plasma HER2 amplifica-

tion before surgery (n = 8; p = 0.0091; Wilcoxon signed-

rank test) (Fig. 1c), which also supports the reproducibility

of the ddPCR-based method. Three cases with plasma

HER2 ratio higher than the cutoff value even 1 month after

surgery showed early recurrence 3, 3, and 5 months after

surgery, respectively.

Relationships between clinicopathological

parameters and plasma HER2 ratios determined

by ddPCR

The relationships between clinicopathological characteris-

tics and HER2 statuses determined by the two methods,

routine methods, and the plasma HER2 ratio in all 60

patients with GC are summarized in Table 1. The presence

of plasma HER2 amplification was associated with the

differentiated histopathological type as the routine method-

based tumor HER2 status. However, only plasma HER2

amplification positively correlated with tumor size

(Table 2, Fig. 2). Plasma HER2 ratios in HER2-positive

cases correlated with tumor sizes in Spearman’s analysis

(q = 0.6047, p = 0.0169; Fig. 2). Plasma HER2 ratios

also correlated with the FISH score (HER2:CEP17;

q = 0.5437, p = 0.0132, n = 20; Fig. S2). Because four

HER2-positive cases with negative plasma HER2 amplifi-

cation had smaller tumor sizes, the size of the HER2

amplification-positive tumor cell population and/or CN in

each cell may have affected the sensitivity to detect plasma

Table 2 Dynamics of plasma HER2 ratios in recurrent GC patients with adjuvant chemotherapy

Case ID Age (years) Gender Stage Type of recurrence Tissue Her2 statusa cfDNA HER2 amplificationb Trastuzumab

treatmentc

HER2 IHC FISH Pre-surgery Recurrence

1 63 F IIIC Lymphatic Negative 2 1.2 Negative 1.6 Positive 2.2 –

2 63 M IIIC Lymphatic Negative 1 – Negative 1.3 Positive 2.2 –

3 63 M IIIA Hematogenous Negative 2 1.5 Negative 1.6 Positive 2.1 –

4 62 M IIIB Peritoneal Negative 0 – Negative 1.4 Positive 2.9 –

5 70 M IA Hematogenous Negative 1 – Negative 1.9 Positive 2.1 –

6 53 F IIIC Peritoneal Negative 1 – Negative 1.8 Positive 3.3 –

7 75 M IIIA Peritoneal Negative 0 – Negative 1.7 Positive 2.1 –

8 59 F IIIC Peritoneal Negative 0 – Negative 1.6 Negative 1.5 –

9 67 M II Peritoneal Negative 0 – Negative 1.8 Negative 1.8 –

10 73 M IA Hematogenous Negative 0 – Negative 2.0 Negative 1.7 –

11 72 M IIIC Peritoneal Negative 1 – Negative 1.8 Negative 1.0 –

12 53 F IIIC Peritoneal Negative 1 – Negative 1.1 Negative 1.7 –

13 61 M IIIC Lymphatic Negative 1 – Positive 3.2 Negative 1.7 –

14 82 M IIIB Lymphatic Positive 3 – Positive 3.7 Positive 5.8 PR

15 65 F IIIB Hematogenous Positive 3 2.3 Negative 1.7 Positive 2.4 PR

16 72 F IIIC Lymphatic Positive 3 4.5 Positive 2.4 Positive 6.4 PR

17 61 M IIIA Peritoneal Positive 2 2.3 Negative 1.3 Negative 1.3 SD

Amplification-positive results are shown in boldface

PR partial response, SD stable disease
a Tumor HER2 statuses were determined by an immunohistochemistry (IHC) score of 3 or an IHC score of 2 with a positive FISH score

determined as described in the ‘‘Materials and methods’’ section
b cfDNA HER2 amplification was determined by the ddPCR plasma HER2 ratio test with 2.10 as a cutoff value
c Trastuzumab therapy for patients with HER2-positive gastric cancer was administrated on the basis of the European Medicines Agency criteria
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HER2 amplification in ctDNA, suggesting a possible

reflection on the amount of HER2-positive tumor cells by

the plasma HER2 ratio, even with the presence of hetero-

geneity in GC.

In HER2-negative cases, plasma HER2 ratios also cor-

related with tumor sizes in Spearman’s analysis

(q = 0.4093, p = 0.0052; Fig. 2). All three HER2-nega-

tive cases with positive plasma HER2 amplification had

larger tumor sizes. These results suggest that HER2-posi-

tive cells exist in tumors as a minor population and the

routine method to detect the tumor HER2 expression/am-

plification status underestimates or overlooks these cells.

Although it is possible that cells in minor populations may

be completely resected in surgery, some patients eligible

for trastuzumab therapy may be incorrectly assessed by the

routine method.

Dynamics of the plasma HER2 ratio

during therapeutic courses

We measured the plasma HER2 ratio in 17 GC patients at

the time of recurrence: 13 and 4 cases were HER2 negative

and HER2 positive in primary GC tumors, respectively. In

6 cases, including 4 and 2 cases with HER2-negative and

HER2-positive primary tumors, respectively, we conducted

repeated measurements of the plasma HER2 ratios and

compared them with clinical courses during the postoper-

ative follow-up period.

At the time of recurrence, plasma HER2 ratios in 7 of 13

patients with HER2-negative primary tumors (53.8 %)

were higher than the cutoff value (Table 2), suggesting that

the clonal population frequently changed from cells with-

out HER2 amplification to those with HER2 amplification

or the tumor frequently acquired HER2 amplification dur-

ing its progression. Changes in the plasma HER2 ratio

during the postoperative follow-up period with the clinical

data in four cases (cases 1–4) with recurrence are shown in

Fig. 3. In these 4 cases, increases in the plasma HER2 ratio

greater than the cutoff value were detected at the time of

clinically apparent recurrence, and positive plasma HER2

amplification was continuously observed in all cases during

the progression of metastatic tumors, with little or no

response to treatments with various chemotherapeutic

reagents (Fig. 3). Conventional tumor markers, such as

CEA and CA19-9, were less than their cutoff values

completely in cases 1 and 2 and partly in cases 3 and 4

during the clinical course. We conducted repeated mea-

surements of the plasma HER2 ratios in one HER2-positive

case (case 18) without recurrence as a control experiment

(Fig. S3). In this case, plasma HER2 amplification was

detected before surgery but plasma HER2 ratio decreased

after surgery and was continuously lower than the cutoff

value during the postoperative follow-up periods. These

results suggest that plasma HER2 amplification is a sensi-

tive and reproducible marker for recurrence if the recurrent

tumor contains cells with HER2 amplification, and that

anti-HER2 therapy may represent an effective reagent for

the treatment of these cases.

In four HER2-positive primary tumors, two cases (cases

15 and 17) were negative for a preoperative plasma HER2

ratio (Table 2); case 15 showed an effective response

(partial response, PR) to trastuzumab, but it appeared to be

minimal because of continuous elevations in the plasma

HER2 ratio as well as conventional tumor markers

(Fig. 4a). The two cases with plasma HER2 amplification

before surgery showed PR to trastuzumab (Table 2). In

case 14 with plasma HER2 amplification before surgery,

the plasma HER2 ratio increased at the time of recurrence,

but clearly and continuously decreased after the treatment

with docetaxel plus trastuzumab in accordance with clini-

cally significant efficacy detected by CT and CA19-9

(Fig. 4b).

Discussion

An important consideration in trastuzumab therapy is

temporal and/or spatial heterogeneity, which may change

the HER2 status during the clinical course because of

genetic differentiation accompanied by neoplastic pro-

gression and clonal selection by various factors including

the induction of chemotherapy. A previous study on breast

cancer showed the frequency of changes in HER2

expression in primary and distant metastatic tumors and

Fig. 2 Relationship between tumor size and the plasma HER2 ratio

in patients with GC. Black and red dots represent values for each

patient with HER2-positive and HER-2-negative GC, respectively.

Plasma HER2 ratios correlated with tumor sizes in patients with

HER2-positive and HER2-negative GC (p = 0.0169, and 0.0052,

respectively; Spearman’s correlation)
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emphasized the importance of confirming the expression

status of HER2 in recurrent lesions when considering

treatment strategies [22]. However, it is difficult to obtain

biopsy samples from recurrent tumors in most GC cases

because recurrence frequently develops intraabdominally,

such as peritoneal or local lymphatic metastases. The

plasma HER2 ratio with ddPCR represents a repeatable,

noninvasive, and high-throughput analytical approach that

a b

c d

Fig. 3 Changes in plasma HER2 CN status and other clinical

information during clinical courses of GC patients with HER2-

negative tumors. Cases 1–4 with HER2-negative tumors were treated

with anti-cancer drugs other than trastuzumab for postoperative

chemotherapy because of their ineligibility for trastuzumab treat-

ments. As increases in their plasma HER2 ratios were observed with

recurrence, repeated measurements of the plasma HER2 CN were

retrospectively performed during tumor progression. CDDP cisplatin,

CPT-11 irinotecan, DOC docetaxel, LN lymph node, S-1 tegafur,

gimeracil, and oteracil potassium combination, PTX paclitaxel, CEA

carcinoembryonic antigen, CA19-9 carbohydrate antigen 19-9. a Case

1 is a 63-year-old female patient who underwent surgery for GC with

pathological stage T4a, N3, M0, stage IIIC, an IHC HER2 score of 2,

and a negative fluorescent in situ hybridization (FISH) result. b Case

2 is a 63-year-old male patient who underwent surgery for GC with

pathological stage T2, N1, M0, stage IIA and an IHC HER2 score of

1. c Case 3 is a 64-year-old male patient who underwent surgery for

GC with pathological stage T3, N2, M0, stage IIIA, an IHC HER2

score of 2, and a negative FISH result. d Case 4 is a 64-year-old male

patient who underwent surgery for GC with pathological stage T4a,

N2, M0, stage IIIB, an IHC HER2 score of 0, and a negative FISH

result
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demonstrates the dynamics of the HER2 status in the

clinical courses of GC patients, and may offer an insight to

resolve this issue. Plasma HER2 amplification correlated

with the therapeutic effects of trastuzumab in patients with

HER2-positive tumors, suggesting that the plasma HER2

status is a sensitive marker that reflects responses and

resistance to anti-HER2 and other therapies. The positive

conversion of plasma HER2 amplification was observed

after recurrence in approximately half the patients with

HER2-negative tumors, suggesting that a larger number of

cases may become new candidates for trastuzumab therapy

at recurrence. In these cases, the plasma HER2 status is a

useful marker for monitoring therapeutic effects after

recurrence.

The present study had several limitations. The small

patient population and retrospective nature of the present

study do not allow us to draw any concrete conclusions

regarding the effectiveness of the ddPCR-based detection

of the HER2 CN status of ctDNA in GC patients. Further

studies using a larger number of patients and a

prospective design are needed. Another limitation is that

we had no HER2 status data for recurrent tumors

because of difficulties of access, even though

stable plasma HER2 ratios consistent with the results of

CT and/or other tumor markers were obtained by repe-

ated measurements during the clinical courses of several

cases. We also had no direct evidence to show that the

heterogeneity of HER2-positive cells affected the results

of the plasma HER2 ratio. A comparison of plasma

HER2 CN statuses with tumor HER2 statuses determined

using samples from multiple sites or the whole resected

area as well as recurrent tumors is needed to obtain

corroborative data to support our proposal. However, the

present study revealed that detection of the plasma

HER2 ratio using ddPCR in GC appears to provide an

opportunity for reconsidering treatment strategies

according to the HER2 status at different times during

the clinical course of each patient.

Acknowledgments This work was partially supported by JSPS

KAKENHI Grant Number 15K10110 (KO) and 26293304 (II). All

authors contributed to the final manuscript.

Compliance with ethical standards

Conflicts of interest E.O. received research funding from Chugai

Pharmaceutical Co., Ltd. (Tokyo, Japan). The funders played no role

in the study design, data collection and interpretation, decision to

publish, or manuscript preparation. None of the other authors have

any conflicts of interest to disclose.

a b

Fig. 4 Changes in plasma HER2 CN status and other clinical

information during clinical courses of GC patients with HER2-

positive tumors. Cases 14 and 15 with HER2-positive tumors were

treated with trastuzumab after recurrence because they were not

eligible for trastuzumab treatments. H trastuzumab. a Case 15 is a

65-year-old female patient who underwent surgery for GC with

pathological stage T4b (liver), N3, M0, stage IIIC, and an IHC HER2

score of 3. An increase in the plasma HER2 ratio was not observed

before or immediately after surgery, whereas plasma HER2 ampli-

fication was detected after peritoneal recurrence in her abdominal

wall. After trastuzumab therapy was initiated, her plasma HER2 ratio

declined and a partial response to trastuzumab therapy was achieved

(30.4 % reduction) once. Re-growth of the recurrent tumor was

observed 12 months after the initiation of this treatment with a slight

elevation in the plasma HER2 ratio. b Case 14 is an 82-year-old male

patient who underwent surgery for GC with pathological stage T4a,

N2, M0, stage IIIB, and an IHC HER2 score of 3. Although

postoperative abdominal hepatic and lymphatic recurrence was

detected by computed tomography (CT) 6 months after surgery, a

partial response to trastuzumab therapy was achieved 6 months after

the initiation of this treatment (disappearance of hepatic and

lymphatic metastases). Plasma HER2 amplification was positive

before and 1 month after surgery and at the time of recurrence.

Notably, a decrease in the plasma HER2 ratio was maintained during

the treatment with trastuzumab. CEA and CA19-9 were less than the

cutoff values during the whole clinical course
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