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Background: Circulating tumor DNA (ctDNA) isolated from plasma contains genetic mutations that can be repre-
sentative of those found in primary tumor tissue DNA. These samples can provide insights into tumoral hetero-
geneity in patients with advanced gastric cancer (AGC). Although trastuzumab has been shown to be effective in
first-line therapy for patients with metastatic gastric cancer with overexpression of human epidermal growth
factor receptor 2 (HER2), the mechanism of AGC resistance is incompletely understood.
Methods: In this prospective study, we used targeted capture sequencing to analyze 173 serial ctDNA samples
from 39 AGC patients. We analyzed cancer cell fractions with PyClone to understand the clonal population struc-
ture in cancer, and monitored serial samples during therapy. Serial monitoring of ctDNA using the molecular
tumor burden index (mTBI), identified progressive disease before imaging results (mean: 18 weeks).
Findings: We reconstructed the clonal structure of ctDNA during anti-HER2 treatment, and identified 32
expandingmutations potentially related to trastuzumab resistance.Multiple pathways activating in the samepa-
tients revealed heterogeneity in trastuzumab resistance mechanisms in AGC. In patients who received chemo-
therapy, mTBI was validated for the prediction of progressive disease, with a sensitivity of 94% (15/16). A
higher mTBI (≥1%) in pretreatment ctDNA was also a risk factor for progression-free survival.
Conclusions: Analysis of ctDNA clones based on sequencing is a promising approach to clinical management, and
may lead to improved therapeutic strategies for AGC patients.
Fund: This work was supported by grants from the National International Cooperation Grant (to J.X.; Project No.
2014DFB33160).
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Imagingmethods combinedwith serumbiomarkers have been com-
monly used to evaluate the efficacy of therapy for solid tumors [1].
Serum-based protein biomarkers, such as carcinoembryonic antigen
(CEA), carbohydrate antigen 125 (CA125), and carbohydrate antigen
19-9 (CA19-9), have limitations with regard to sensitivity and specific-
ity [2–5]. Imaging has limitations in measuring bone, pleural, and peri-
toneal disease [6]. In addition, radiation exposure limits the frequency
of using computerized tomography (CT) scans [7]. There is an urgent
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need for a highly sensitive, standardized and validated blood-based
assay that may be used for the accurate detection of early relapse and/
or progression of disease.

Non-invasive circulating tumor DNA (ctDNA) sequencing in plasma
provides a potential tool for real-timemonitoring of tumor load [8–10],
and may be used in concert with imaging modalities to improve accu-
racy [11] as well as to improve the early detection of non-measurable
metastases and occult lesions [12]. Molecular characteristics in ctDNA
can provide clues for the temporal evolution of tumor-resistant clones
[13]. Although many studies have described the use of ctDNA in late-
stage tumors, the detection of a single gene or a fewmutation positions
to predict treatment outcome or clinical prognosis has limited value be-
cause of tumor heterogeneity among patients [14–18]. These methods
have been unable to detect mutations that occur in additional regions
along with tumor evolution, which may cause secondary resistance.
The current clinical application of whole-exome sequencing is limited
by its high cost [19]. In terms of calculating the ctDNA fraction,
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before this study

Trastuzumab has previously been shown to be an effective first-
line therapy for patients with metastatic gastric cancer with over-
expression of human epidermal growth factor receptor 2 (HER2);
however, the mechanism of resistance and how resistant clones
evolve in advanced gastric cancer (AGC) is incompletely under-
stood. Circulating tumor DNA (ctDNA) sequencing, a method of
liquid biopsy, provides a potential tool for real-time monitoring of
the tumor during treatment. However, tumor heterogeneity limits
the value of the ctDNA detectingmethod,which is based on a sin-
gle gene or a few mutation positions, in predicting treatment out-
comes or clinical prognoses.

Added value of this study

In this study, based on targeted capture sequencing and temporal
evolution analyzing, ctDNA clonal mutations derived from tumor
tissue were used in monitoring tumor burden, and 32 expanding
mutations potentially related to trastuzumab resistancewere iden-
tified. Moreover, in this study, we also confirmed that, in patients
who received chemotherapy, mTBI was validated for the predic-
tion of progressive disease with a sensitivity of 94% (15/16). A
higher mTBI (≥1%) of the clonal structure in pretreatment ctDNA
was also a risk factor for progression-free survival.

Implications of all the available evidence

This study provides a broad, clinically applicable method of using
ctDNA to predict disease progression, and highlights the potential
prognostic utility of mTBI for the identification of high-risk groups.
It demonstrates for the first time that the co-occurrence of multi-
ple resistant mutations in high-heterogeneity AGC, and suggests
the possibility of combination of trastuzumab with other targeted
agents.
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methodology based on mean variant allele frequency (VAF) of all de-
tected mutations allows the use of ctDNA for molecular monitoring in
patients, but could underestimate the ctDNA fraction in cell-free DNA
(cfDNA) because of intra-tumor heterogeneity [20]. Currently, no
widely applicable and accurate ctDNA-based method has been devel-
oped to monitor ctDNA and to explain resistance mechanisms in highly
heterogeneous solid tumors such as advanced gastric cancer (AGC).

Studies on tumor evolution have provided evidence that clonal mu-
tations (truncal mutations, occurring early and central on the phyloge-
netic trees) exist in all or almost all tumor cells [21,22]. Compared
with subclonal mutations, these clonal mutations present a higher can-
cer cell fraction (CCF) and VAF in ctDNAwhen they are released into pe-
ripheral blood, compared with subclonal mutations (Fig. S1). With the
development of a pan-cancer panel, targeted capture sequencing may
cost-effectively detect gene regions to identify cancer-associated muta-
tions in ctDNA for clonal structure reconstruction and the exploration of
potential drug resistance mechanisms during treatment [23]. Themean
VAF of clonal mutations, defined as molecular tumor burden index
(mTBI), could help standardize the applicability and accuracy of
ctDNA inmonitoring tumor burden in highly heterogeneous gastric car-
cinoma [24]. Serial ctDNA sequencingmay reveal drug-resistancemuta-
tions during treatment [21].

In this study, we validated ctDNA clonal mutations derived from
tumor tissue, and determined the mTBI of serial ctDNA samples in
patients with AGC who were undergoing anti-human epidermal recep-
tor 2 (HER2) treatment. We demonstrated that the mTBI could be used
as a sensitive biomarker to predict disease progression compared to
standard imaging modalities in AGC patients, and that targeted capture
identified potential trastuzumab-resistant clones during disease pro-
gression. We further validated the feasibility of using mTBI in AGC pa-
tients receiving chemotherapy, and showed that mTBI can serve as a
predictive marker of treatment outcome.

2. Materials and methods

2.1. Patients and samples

Patients with AGC were drawn from the Fifth Medical Center, Gen-
eral Hospital of PLA, Beijing, China. The cohorts included 21 AGC pa-
tients receiving chemotherapy plus trastuzumab, and 18 AGC patients
receiving chemotherapy alone. Patients all signed a written consent
form prior to the study. Study protocols were approved by the respec-
tive institutional review boards. According to the Response Evaluation
Criteria in Solid Tumors (RECIST), version 1.1, we evaluated the clinical
response of all patients every 6–8 weeks.

Serial peripheral blood (10 mL) and matched formalin-fixed,
paraffin-embedded (FFPE) tissues were obtained (details in Supple-
mentary Materials and Methods).

2.2. Pan-cancer panel sequencing

DNA was isolated from all normal cell samples, serial peripheral
blood, and matched tissues samples using commercial kits (Qiagen,
Hilden, Germany). The KAPA Library Preparation Kit (Kapa Biosystems,
Wilmington, MA, USA) was next used to prepare indexed Illumina NGS
libraries. A custom SeqCap EZ Library (Roche NimbleGen, Madison, WI,
USA)was used to perform target enrichment according to themanufac-
turer's protocol. Coordinates of selected regions and genes of each ver-
sion are listed in Table S1.

2.3. Identification of somatic mutations in tumor tissue and ctDNA

Somatic mutations were detected in circulating and tissue DNA.
Non-synonymous mutations annotated by ANNOVAR were used in
clonal structure reconstruction (details in Supplementary Materials
and Methods).

2.4. Clone structure and mTBI analysis

PyClone was employed to analyze the clonal structure, based on a
Bayesian clusteringmethod. An independent input was used to analyze
the clonal structure in ctDNA and the tissue for ctDNA at baseline and
matched tissue samples, respectively. For serial ctDNA, multiple inputs
of each sample were used to analyze serial clonal population. Cancer
cell fractionwas calculatedwith themean of predicted cellular frequen-
cies. The cluster with the highest mean VAF was identified as the clonal
cluster, andmutations in this clusterwere clonalmutations.Meanwhile,
other clusters andmutations were considered subclonal. In each ctDNA
sample, mTBI was analyzed using the mean VAF of clonal mutations.
The ΔmTBI was calculated based on the mTBI of the first ctDNA sample.

2.5. Pathway analysis of expanding clones

SIFT and PolyPhen2 were used for predicting the functional impact
of an amino acid substitution caused by mutations. WebGestalt carried
out pathway enrichment analysis to investigate the distribution of
genes affected by somatic mutations and CNVs within the KEGG data-
base [25].
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2.6. Statistical analysis

The linear association between CNV and ΔmTBI was tested with
Pearson correlation analysis. Multivariate Cox proportional hazards
analysis (enter method) was performed considering the clinical charac-
teristics and mTBI at baseline. Kaplan-Meier survival plots were gener-
ated for mTBI at baseline using log-rank tests. All statistical analyses
were performed with SPSS (v.21.0; STATA, College Station, TX, USA) or
GraphPad Prism (v. 6.0; GraphPad Software, La Jolla, CA, USA) software.
Statistical significance was defined as a two-sided P-value of b0.05.

3. Results

3.1. Patient characteristics and mutation detection

Patients with AGC with HER2 overexpression, who received chemo-
therapy plus trastuzumab at the AffiliatedHospital, Academy ofMilitary
Medical Sciences, Beijing, China, were enrolled from July 2013 to Janu-
ary 2017. HER2-positive status was defined as immunohistochemistry
(IHC) 3+ or IHC 2+/fluorescence in situ hybridization (FISH)+.
Tumor tissues and serial plasma samples were collected from twenty-
one AGC patients (P01–P21) receiving chemotherapy plus trastuzumab
(Table 1). Seventeen patients were confirmed by FISH. Eight patients
(38%) were IHC 2+ and nine patients (43%) were IHC 3+. A mean of
five (2–9) plasma samples were available for mutation detection.
Targeted capture sequencing revealed a mean effective depth of cover-
age of 464× in tissues and 1673× in plasma samples (Table S2). A total
of 121 and 146 functional mutations were identified in 14 paired tissue
and plasma samples, respectively, with a detection rate of 100%
(Table S2). All pretreatment plasma samples presented at least one
tumor-confirmed single nucleotide variant (SNV) or insertion-deletion
(InDel). In addition, 31 and 36 copy number variations (CNVs) were de-
tected in paired tissue and plasma samples, respectively. Most fre-
quently, CNVs occurred in the ERBB2, CDK12, TOP2A, CCNE1, MET, and
RARA genes. The CNVpositive predictive values of ERBB2 obtained by se-
quencing, according to FISH results from 12 patients (6 patients with
Table 1
Clinical characteristics of patients with AGC.

Characteristic Patients (n = 21)

Age (years)
Median (range) 58 (35–61)

Sex, no. (%)
Male 17 (81)
Female 4 (19)

ECOG performance status
Median (range) 1 (0–2)

Stage, no. (%)
IIIA 2 (10)
IIIC 2 (10)
IV 17 (80)

Tumor differentiation, no. (%)
Well/Moderate 8 (38)
Poor 13 (62)

Lauren type, no. (%)
Diffuse 4 (19)
Intestinal 7 (33)
Mixed 10 (48)

Gastroesophageal junction involvement, no. (%)
Yes 10 (48)
No 11 (52)

Liver involvement, no. (%)
Yes 15 (71)
No 6 (28)

Lung involvement, no. (%)
Yes 10 (48)
No 11 (52)

Prior chemotherapy regimens, no.
Median (range) 0 (0–3)

Abbreviations: ECOG, Eastern Cooperative Oncology Group
IHC 2+ and 6 patients with IHC 3+), were 58.33% (7/12 patients) and
66.67% (8/12 patients) in tissue and plasma, respectively. Four paired
samples (P03, P13, P15, and P19) were negative, and another paired
sample (P07) was plasma-positive but tissue-negative. The remaining
two patients (P10 and P20) had immunohistochemistry (IHC) scores
of 3+ and positive sequencing in both tissue and plasma samples
(Fig. S2). These results suggest that intra-tumor heterogeneity influ-
ences CNV analysis in both tissue biopsy and plasma.

3.2. Consistency of clonal mutation between tissue and ctDNA

We investigated whether clonal mutations in plasma samples were
derived from thematched tumor that presented the highest CCF. Muta-
tions in 14 paired samples were clustered separately, using a Bayesian
algorithm with PyClone [26]. An average cluster number of 10 (2−21)
was obtained in pretreatment ctDNA. CCF of each mutation was pre-
dicted by PyClone. Clusters with the highest average VAF were identi-
fied as clonal. The clonal cluster with the highest CCF contained 1–3
mutations. Of the total of 20 clonal mutations identified in ctDNA, 19
mutations were identified in tissue, with median CCF values of 89%
(95% CI, 81%–93%) in ctDNA and 88% (95% CI, 81%–94%) in tissues
(Fig. 1A). Only onemutation in P11 (PAX5p.V132I) presented as a clonal
mutation, withmutated TP53 and PTPRD in ctDNA but not in tissue (CCF
in plasma= 91%, CCF in tissue = 28%). Further validation of this clonal
mutation in ctDNA during the disease progression of P11 showed that
PAX5 p.V132I was still clustered with mutated TP53 and PTPRD, with
the highest CCF. This likely reflects what we already know about sam-
pling bias of selected tissue specimens, which confounds resolution of
the clonal status of mutations, and illustrates the problems of using tis-
sue alone as the gold standard [27].

3.3. ctDNA monitoring with clonal mutations

Having demonstrated that clonal mutations with the highest CCF in
ctDNA were derived from a tissue truncal clone, we next determined
whether themean VAF of a clonal mutation, defined asmTBI, could pre-
dict disease progression in AGC patients. Previous studies have reported
that a single gene could be used to monitor tumor load [15]. We ana-
lyzed TP53, whichmutated with the highest recurrence (55%) in gastric
cancer [28–31], and obtained a patient coverage of 70.6% (12/17,
Fig. 1B) in pretreatment ctDNA.

We continuously monitored mTBI in plasma samples collected ap-
proximately every 2–4 treatment cycles in 21 patients (Table S4). Clin-
ical progression of disease (PD) was evaluated in 15 of these patients,
and ΔmTBI was calculated based on mTBI of the first ctDNA sample
(12/15 was baseline). We found that ΔmTBI increased before (6 pa-
tients) or at (9 patients) PD. This approach provided 3–48 weeks
(mean of 18 weeks, Fig. 1C and Fig. S3) lead time in the detection of
PD compared to RECIST (Response Evaluation Criteria in Solid Tumors,
version 1.1) during conventional follow-up with CT. In addition, the av-
erage CNV detected in serial ctDNA sampleswas significantly associated
with ΔmTBI (Pearson r = 0.41, P = .002, Fig. S4). For P16, both CT and
ΔmTBI increased at cycle ten of anti-HER2 therapy, eventually leading
to palliative surgery. In five other non-PD patients, mTBI showed slight
fluctuations, with a maximum increase of 0.6% (Fig. S5).

3.4. Expanding clones and resistance to trastuzumab

Subclones in ctDNA were revealed to change dynamically while
monitoring the therapeutic response in serial ctDNA samples. The clonal
evolution of P19, who underwent three cycles of chemotherapy (cape-
citabine/cis‑platinum) plus trastuzumab, showed a new subclone with
a KRAS Q61R mutation that emerged in ctDNA at the seventh week of
treatment. This subclone expanded at the ninthweek,when CT imaging
showed new metastases in lung and liver (Fig. 2).
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To assess whether expanding clones were related to resistance to
trastuzumab, mutations at PD and baseline of each patient were com-
pared. Out of 112 mutations at baseline, 59 (52.68%) were detected
after the treatment. Meanwhile, 86 secondary mutations emerged at
PD. Mutations detected at PD with absolute increased VAF values of
≥2% or with a CCF increase of ≥2-fold compared with that of baseline
samples were considered high-confidence expanding clones. Genes
with increases in CNV in ERBB2 were also identified as expanding



Fig. 2. Changes in ctDNA, imaging, and serum biomarker during progressive disease in patient P19. (A) CT: Imaging shows newmetastasis in lung and liver. Therapy: treatment strategies
and procedures. Sampling date: ctDNA sampled at baseline, the second treatment cycle, and when disease progressed. Characteristics of molecular clones: The diagram illustrates clone
structure and selection in serial ctDNA. CEA: The levels of CEA increased during treatment. (B) Mutations identified in serial ctDNA. CEA, carcinoembryonic antigen; XP, capecitabine
(xeloda)/cis‑platinum; T, trastuzumab; P, cis‑platinum; VAF, variated allele frequency.
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clones. Analysis of all 10 patients with paired PD and baseline ctDNA
samples revealed 32 expanding mutations that were identified with
high confidence in nine patients, including a KRAS CNV in a patient
with a short benefit time (18 weeks, Table S5). The key pathways
most frequently altered by these expanding mutations were MAPK (7
mutant genes, P= 5.09e-03) and RAS (8 mutant genes, P= 6.11e-03).

Next, we grouped all 32 mutations into three levels based on the re-
ported clinical or biological evidence, as follows. Level 1, published clin-
ical or biological evidence supports the variation associated with the
resistance to trastuzumab; Level 2, published clinical or biological evi-
dence supports the activated gene (2a) or pathway (2b) associated
with the resistance to trastuzumab, and the variation was predicted to
functional by both SIFT and PloyPhen-2 [32,33]; Level 3, expanding
clones harbor the variation, but no published clinical or biological evi-
dence supports its association with trastuzumab resistance (Fig. 3A).
Level 1 included only CNVs of EGFR andMET [34,35]. Ninety-one percent
of the mutations had no clear clinical or biological evidence supporting
their relationshipwith trastuzumab resistance, although 35% of themu-
tations occurred in resistant genes or pathways (Fig. 3B). Interestingly,
we found that multiple pathways were simultaneously activated in
the same patients. Clone temporal evolution of serial ctDNA samples
during the treatment of P07 showed a decline in the abundance of
TP53 p.H193R, which was a potential functional mutation in the p53
pathway (level 2b, Clone 3, Fig. 3C). The abundance of this clone in-
creased as disease progressed. Meanwhile, a new EGFR CNV clone
emerged in ctDNA (Level 1, Clone 5, Fig. 3C), which was reported to
be related to trastuzumab resistance by increasing signaling from
HER2/EGFR complexes. During the disease progression of P14, the
abundance of clonal KRAS CNV (Level 2b, Clone 1, Fig. 3D) and subclonal
IGF1R p.P1257S (Level 2a, Clone 8, Fig. 3D) mutation increased in serial
ctDNA samples. These observations may reflect heterogeneity in mech-
anisms of drug resistance in AGC.
Fig. 1. Clonal mutations detected in paired samples and used to monitor serial ctDNA from p
mutations in baseline ctDNA and matched tissues. (B) Patient counts and fractions of detected
progressive disease. Top: Tumor burden changed based on baseline status. The gray line indic
marked in red font at PD. Bottom: serial changes of CNV detected in ctDNA. Patient P07 receiv
PD, progressive disease; NA, no available CT result; PS, palliative surgery; mTBI, molecular tum
3.5. Validation of mTBI for the prediction of progressive disease

In addition to the chemotherapy plus trastuzumab cohort, we
also validated mTBI sensitivity for the prediction of progressive dis-
ease in a group of patients that received chemotherapy alone. Eigh-
teen patients, including two patients with baseline blood only,
were enrolled in the chemotherapy group (Table S6). We analyzed
72 serial samples of ctDNA from 16 patients, without knowledge of
their clinical results according to RECIST 1.1. The median mTBI was
1% (ranging from 0 to 65.89%). A cutoff value of 0.6% increased the
amount of mTBI, which was previously mentioned to be the maxi-
mum increase in non-PD patients, and was therefore selected to im-
prove specificity. In 15 of 16 patients, mTBI increased to exceed the
cutoff before or at clinical PD, demonstrating 94% sensitivity
(Fig. 4A). Analysis of mTBI detected disease progress earlier than
did CT in three patients, with an average lead time of 9 weeks. The
only false-negative patient (PC05), with peritoneal metastasis, re-
ceived four cycles of treatment with oxaliplatin/capecitabine and
progressed due to malignant pleural effusion.
3.6. Pretreatment mTBI as a prognostic factor in AGC

We next analyzed whether the mTBI of pretreatment ctDNA
could be used as an indicator to evaluate clinically relevant risk
groups in AGC. Baseline ctDNA samples were collected from 31 pa-
tients who had received chemotherapy plus trastuzumab, or chemo-
therapy alone, and had been followed up for 14 to 173 weeks
(median = 67 weeks). Progression-free survival (PFS) was shorter
in patients with high (≥1%) mTBI (median PFS, 21 weeks; 95% CI,
18–74 weeks) than patients with lower (b1%) mTBI (median PFS,
49 weeks; 95% CI, 13.5–31.5 weeks; HR, 13.75; 95% CI, 2.69–70.24;
atients who received chemotherapy plus trastuzumab. (A) Relationship between clonal
TP53 mutation in different studies. (C) The mTBI of ctDNA before treatment and during
ates CT imaging results. The red line indicates ΔmTBI results. Progressive metastases are
ed palliative surgery with continuous evaluation of PR. BL, baseline; PR, partial response;
or burden index; CT, computed tomography.



Fig. 3. Expandingmutations and trastuzumab resistancemechanism in AGC. (A) Levels of evidence of expandingmutations related to resistancemechanism, based on clinical or biological
evidence reported and on predicted function. (B) Distribution of levels of expanding mutations. (C) Clonal temporal evolution in ctDNA of patient P07 during treatment. TP53 mutation
(Clone 3) and EGFR CNV (Clone 5) expanded at progressive disease. (D) Clonal temporal evolution in ctDNA of patient P14 during treatment. KRAS CNV (Clone 1) and IGF1R mutations
(Clone 8) expanded at progressive disease.
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P= .002; Fig. 4B; Table 2). Analysis in both subgroups of chemother-
apy plus trastuzumab and chemotherapy alone, also showed pre-
treatment mTBI as a prognostic factor (chemotherapy plus
trastuzumab subgroup, P = .002; chemotherapy subgroup, P =
.066; Fig. S6). Other thresholds of pretreatment of mTBI were evalu-
ated, and were found to be associated with worse outcomes (pre-
treatment mTBI of 0.8%, P = .026; pretreatment mTBI of 2%, P =
.027; Fig. S7). HER2 positivity was significantly associated with PFS,
as determined by COX multivariate analysis (P = .037). HER2-
positive patients had a significant longer PFS than did HER2-
negative patients. Greater age was another clinical characteristic
that was significantly associated with OS (P = .021). However, pre-
treatment mTBI and HER2 status had no correlation with overall sur-
vival (OS).
4. Discussion

Monitoring tumor load and analyzing drug-resistant genes with
ctDNA has been previously reported in colorectal cancer, lung cancer,
breast cancer, and other solid tumors [36–39]. Spatiotemporally, clinical
and biological heterogeneity are key challenges for detection methods
based on a single gene or a fewmutations. A targeted capture sequenc-
ing and clone structure reconstructing approach was used to under-
stand clonal evolution in ctDNA. We applied this method in 173
ctDNA samples from 39 AGC patients to monitor serial changes and an-
alyze themechanism involved in trastuzumab resistance. ThemTBI, cal-
culated from mean VAF of clonal mutations, achieved high patient
coverage and sensitivity for broad clinical applicability in predicting dis-
ease progression. Higher mTBI values were demonstrated to be a risk



Fig. 4. Validation of mTBI in relation to progressive disease and treatment outcome. (A) Increasing mTBI predicts progressive disease during the period (x-axis) in 16 patients receiving
chemotherapy only. Red triangles indicate an increase in mTBI exceeding the cutoff (≥0.6%). Gray triangles indicate an increase in mTBI below the cutoff (≥0.6%), or no increase. Purple
vertical lines indicate clinical progressive disease. (B) Chemo validation group. Kaplan-Meier analysis of progression-free survival in patients with high pretreatment mTBI (≥1%)
compared with patients with low pretreatment mTBI (b1%) in AGC.
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factor for PFS. Clonal evolution during treatment demonstrated the
probability of multiple resistance mechanisms for trastuzumab in AGC.
These results highlight the advantages of using ctDNA as a biomarker
to detect progression with an increased lead time, with unclear survival
advantage.

Detecting ctDNA with a single hotspot gene, such as TP53, is chal-
lenged by the limited detectability coverage in cancer patients
(50–70%). In our study, combinations of targeted capture sequencing
and clone analysis have improved patient coverage to 100% and enabled
the detection rate of increasingmTBI prior to clinical progression,with a
mean lead time of 18 weeks. These findings, along with drug-resistant
gene analysis and the development of therapeutic strategies (e.g.,
targeted and immunological therapy), may inform future trial designs
based on earlier interventions in advanced or early disease directed by
ctDNA [23,40]. Further work will characterize whether ctDNA analyses
may be used to stratify patients who are at high risk for recurrence,
with the goal of sparing low-risk patients from the toxicities of unneces-
sary systemic therapies.

The high heterogeneity of histological and morphological char-
acteristics of AGC makes clinical classification and lesion measure-
ments difficult to accurately assess [41,42]. Molecular classification,
including HER2 status and mTBI, performed at baseline and used as
a prognostic and predictive factor in AGC, can be meaningful. The
abundance of clonal mutations has been demonstrated to be re-
lated to tumor size in early-stage lung cancer [43]. A higher
amount of pre-operative ctDNA, likely related to large primary le-
sions or occult metastases, is associated with worse prognosis in
Table 2
Multivariate Cox proportional hazards analysis.

Variable PFS

HR (95% CI)

Age (≥65 years versus b65 years) 0.79(0.28–2.25)
Gastroesophageal junction involvement (yes versus no) 0.52(0.15–1.73)
Differentiation (poor versus well/moderate) 0.45(0.12–1.66)
Lauren (diffuse versus intestinal/mixed) 0.91(0.21–3.98)
HER2 status (positive versus negative) 0.26(0.07–0.92)
Liver or lung involvement (yes versus no) 0.72(0.2–2.57)
Baseline mTBI (≥1% versus b1%) 13.75(2.69–70.2

Abbreviations: HER2, human epidermal growth factor receptor-2; mTBI, molecular tumor bur
dence interval.

* p ≤ 0.05
operable colorectal cancer [44]. To our knowledge, this report is
the first to show that the mTBI of pretreatment ctDNA is a potential
factor to predict treatment outcome in AGC. Our report suggests
that patients with higher mTBI are at high risk for earlier progres-
sion and require closer response monitoring. Moreover, enrolling
cohorts of patients with higher mTBI into clinical trials may enrich
for higher risk patients.

Our study analyzed clonal temporal evolution in ctDNA and ob-
served expanding clones that are likely related to drug resistance to
trastuzumab. Most of these mutation clones were enriched in the
MAPK and RAS pathways, and were consistent with a previous report
in patients on trastuzumab with late-stage breast cancer [45,46]. A re-
cent study published in Gut has explored the efficacy of predictive
markers, and demonstrates the substantial contributions of PIK3CA/
R1/C3 and ERBB2/4mutations substantial contributions to trastuzumab
treatment, resulting and resulted in a poor progression-free survival of
HER2 + mGC patients [47]. However, there have been limited studies
focused on trastuzumab resistance in AGC. As already shown in our re-
sults, CNVs in the resistance resistant genes EGFR and MET CNV were
identified in AGC patients, suggesting the possibility of combining of
trastuzumab with other targeted agents. Of even more interest, we ob-
served that the mean VAF of clonal mutations, defined as molecular
tumor burden index (mTBI), could help standardize the applicability
and accuracy of ctDNA in monitoring tumor burden in highly heteroge-
neous gastric cancer. This result underlines the heterogeneity of gastric
cancer, and indicates challenges in drug research and therapeutic
strategy.
OS

P HR (95% CI) P

0.658 0.16(0.03–0.76) 0.021*
0.283 1.39(0.34–5.69) 0.647
0.231 1.69(0.29–9.7) 0.556
0.9 4.49(0.74–27.31) 0.103
0.037* 0.58(0.09–3.64) 0.561
0.617 2.34(0.45–12.07) 0.311

4) 0.002* 8.19(0.83–80.95) 0.072

den index; PFS, progression-free survival; OS, overall survival; HR, hazard ratio; CI, confi-
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One false-negative patient with malignant abdominal effusion was
diagnosed as having progressive disease. This result may be due to the
fact that ctDNA fromperitonealmetastasis can lead to variable shedding
and causing a low abundance of ctDNA in peripheral blood [47].We also
sequenced paired ctDNA from paired peripheral blood and ascites and
found a significantly increased abundance in ascites compared with
that in peripheral blood (36% versus 11.6%，P b 10−5; data not
shown). In patients with malignant ascites, ctDNA extracted from asci-
tes might be an appropriate supplement to serial monitoring.
5. Conclusions

Despite the relatively large number of samples and long follow-up
time in our study, our conclusions may be affected by the small number
of patients. Large-scale studies of ctDNA will be required to validate the
parameters of mTBI. For expanding clones, a series of biological func-
tional experiments will need to be designed to verify whether advanta-
geous mutations lead to drug resistance. In addition, certain technical
improvements are needed, such as the inclusion of more SNP locations
in the panel, to increase the sensitivity of CNV detection [48].

Mounting data suggests that ctDNA may have the capacity to
track resistance before conventional imaging modalities. Whether
this is clinically meaningful is an active area of investigation. In
high-heterogeneity cancers, targeted capture sequencing has several
advantages over single-gene sequencing. Understanding the clonal pop-
ulation structure in cancer by investigating expanding mutations in
ctDNA during treatment is a promising approach for uncovering drug
resistance mechanisms. Although our study included only a small co-
hort of patients with AGC, our study highlights the potential utility of
mTBI for the identification of high-risk groups and tracking the progres-
sion of cancer.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ebiom.2019.04.003.
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