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A B S T R A C T   

The mechanism by which heterogeneous-sized circulating tumor cells (CTCs) in gastric cancer (GC) patients are 
resistant to the targeted therapy and/or chemotherapy remains unclear. This study investigated prognostic value 
and genomic variations of size-heterogenous CTCs, in an attempt to unravel the molecular mechanisms under-
lying the therapeutic resistance, which is relevant to poor prognosis in GC. Aneuploid CTCs, detected in 111 
advanced GC patients, were categorized into small (≤white blood cell [WBC], 25.54%) and large (>WBC, 
74.46%) cells. Pre-treatment patients possessing ≥3 baseline small CTCs with trisomy 8 (SCTCstri) or ≥6 large 
multiploid CTCs (LCTCsmulti) showed an inferior median progression-free survival. Moreover, the cut-off value of 
≥6 LCTCsmulti was also an effective prognosticator for poor median overall survival. Single cell-based DNA 
sequencing of 50 targeted CTCs indicated that SCTCstri and LCTCsmulti harbored distinct gene variations respec-
tively. Mutations in the KRAS and Rap1 pathway were remarkably abundant in SCTCstri, whereas several unique 
mutations in the MET/PI3K/AKT pathway and SMARCB1 gene were identified in LCTCsmulti. Obtained results 
suggested that SCTCstri and LCTCsmulti exhibited different mechanisms to therapy resistance and correlated with 
patients’ poor outcome.   

1. Introduction 

Circulating tumor cells (CTCs) are highly variable in phenotype, 
genotype, and cell size. The excessive heterogeneity of CTCs fosters the 
escape of tumor cells from immune surveillance and therapeutic pres-
sures, resulting in facilitated distant metastasis and tumor relapse [1,2]. 
Great efforts have been made to unravel the molecular characteristics of 
CTCs to target therapeutic resistance, the metastatic process and the 
recurrence of cancers [3,4]. 

Aneuploidy, one of the hallmarks of malignant neoplastic cells [5,6], 
has been recognized to relate to genomic instability and the develop-
ment of tumoral drug resistance [7]. The examination of aneuploid 
chromosome 8 (chr8) by the centromere probe 8 (CEP 8) to identify solid 
tumor cells has been approved by the USFDA (United States Food and 
Drug Administration). In particular, diverse copy numbers of aneuploid 
chr8 in CTCs were found to correlate with the intrinsic and acquired 
chemo-resistance in gastric cancer (GC) patients [8]. Moreover, multi-
ploid chr8 also participated in the acquisition of human epidermal 
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growth factor receptor 2 (HER2) phenotype on GC CTCs. This provides a 
growth advantage for neoplastic cells against therapeutic pressure, 
leading to the development of resistance to either chemotherapy alone 
[8] or chemotherapy plus targeted therapy [9] in GC patients. In addi-
tion to chromosome aneuploidy, mutations in several oncogenes in 
cancer cells have demonstrated their association with therapeutic 
resistance in a variety of carcinoma patients. For instance, a higher 
degree of aneuploidy is associated with a higher frequency of KRAS 
(Kirsten rat sarcoma 2) and TP53 (Tumor Protein 53) mutations in 
colorectal cancer [5]. KRAS activation promotes 
epithelial-to-mesenchymal transition (EMT), which facilitates the tran-
sition of malignant cells to cancer stem-like cells (CSCs) and hence 
promotes metastasis [10]. Phosphatidylinositol-4, 5-bisphosphate 3-ki-
nase catalytic subunit alpha (PIK3CA) mutations negatively impact the 
effectiveness of trastuzumab-based chemotherapy in GC [11]. 

Aside from molecular heterogeneity, CTCs also notably display het-
erogeneous morphology in both large and small cell sizes [12], and each 
category of cells possesses distinct clinical utility. In contrast to large 
CTCs (LCTCs, >white blood cell (WBC)), the small cell size CTCs (SCTCs, 
≤WBC) are known to be relevant to anti-apoptosis [13], EMT [14], 
resistance to immunotherapy [15], cancer metastasis and progression 
[16] as well as post-surgical recurrence [17]. This suggests that under-
lying molecular mechanisms, which are yet to be elucidated, impact and 
regulate CTCs’ size plasticity, thus exhibiting clinical significance 
including either intrinsic or acquired resistance to therapeutic regimens. 

In the present study, extending beyond our previous studies [8,9,18, 
19], we took advantage of cell nuclear size and the surface 
molecule-independent subtraction enrichment (SE)-iFISH strategy to 
comprehensively co-investigate how cell morphology and karyotype, in 
terms of small and large cell size CTCs bearing different copy numbers of 
chr8, correlate with GC patients’ prognosis, including progression-free 
survival (PFS) and overall survival (OS). Furthermore, single-cell 
sequencing (SCS) was performed on the targeted GC SCTCs and LCTCs 
to pinpoint the unique genetic variants, in an effort to explore the 
mechanisms regarding how therapeutic resistance is developed in 
different sizes of CTCs in GC patients. 

2. Materials and methods 

2.1. Patient enrollment and specimen collection 

A total of 111 advanced GC patients were enrolled at the Peking 
University Cancer Hospital from January 2015 to February 2017. All 
patients (≥18 years-old), with Karnofsky performance status (KPS) ≥
70, had locally advanced, recurrent, and/or histopathologically 
confirmed metastatic adenocarcinoma at either stomach or gastro-
esophageal junction. Patients were subjected to first-line paclitaxel or 
cisplatin-based chemotherapy with or without trastuzumab based upon 
histopathological HER2 status. Our cohort was first described in a pre-
vious study [9], in which we excluded four patients with double primary 
tumors. 

Clinical responses were evaluated once in every six weeks by 
computed tomography (CT) scanning according to the Response Eval-
uation Criteria in Solid Tumors (RECIST, version 1.1). Responses were 
categorized as stable disease (SD), partial response (PR) or progressive 
disease (PD). Censoring occurred if patients were still alive at last 
follow-up. 

Six milliliters (ml) of blood was periodically collected from all the 
recruited 111 patients at baseline. Among 111 subjects, 103 of them 
received longitudinal CTC assessment performed right before the 
beginning of each treatment cycle. The remaining eight patients were 
not available for the scheduled post-therapeutic assessments due to 
unforeseen clinical complications. 

Consent forms signed by all subjects were approved by the Ethics 
Review Committees of Peking University Cancer Hospital, Beijing, 
China. The written consent forms were received from each patient prior 

to blood collection. The clinical study was performed according to the 
principles of the Declaration of Helsinki. 

2.2. SE-iFISH and single cell collection 

The experiment was performed according to the manufacturer’s 
protocol (Cytelligen, San Diego, CA, USA) with minor modifications [9]. 
Briefly, six ml of peripheral blood was collected into a tube containing 
ACD anti-coagulant (Becton Dickinson, Franklin Lakes, NJ, USA). Blood 
samples were centrifuged at 200×g for 15 min at room temperature. 
Sedimented blood cells were gently mixed with 3.5 ml of hCTC buffer, 
loaded on the non-hematopoietic cell separation matrix in a 50 ml tube, 
and subsequently centrifuged at 450×g for 5 min. The entire solution 
containing WBCs and tumor cells above the red blood cell (RBC) layer 
was collected into a 50 ml tube, and subsequently incubated with 300 μl 
of immuno-magnetic beads conjugated to a cocktail of anti-leukocyte 
mAbs at room temperature for 30 min. WBCs bound to immuno-beads 
were depleted using a magnetic separator. Solutions free of magnetic 
beads were collected and spun at 500× g for 4 min. Sedimented cells 
were subjected to subsequent iFISH. 

Dried monolayer cells on the coated CTC slides were hybridized with 
CEP8 Spectrum Orange (Vysis, Abbott Laboratories, Chicago, IL, USA). 
Samples were subsequently incubated with anti-CD45 monoclonal 
antibody conjugated to Alexa Fluor (AF) 594. After washing, samples 
were mounted with mounting media and subjected to the automated 
Metafer-i•FISH® CTC 3D scanning and image analysis system co- 
developed by Carl Zeiss (Oberkochen, Germany), MetaSystems (Altlus-
sheim, Germany) and Cytelligen [18]. Fluorescence in situ hybridization 
(FISH) was performed using centromere probe 8 (CEP8, Vysisy and 
Abbott, Abbott Park, IL, USA). CTCs with > disomy 8 were defined as 
aneuploid. CTCs were defined as DAPI+ and CD45− with aneuploid 
Chr8. 

Isolation of the targeted aneuploid SCTCs and LCTCs identified by 
iFISH was performed by means of a non-laser microscopic single cell 
manipulator (NMSCM, Cytelligen) as previously described [9]. 

2.3. Whole-genome amplification and next generation sequencing of the 
single CTCs 

The whole-genome amplification of single CTCs was performed using 
Single Cell WGA Kit (MDA) (CWBIO, Beijing, China) according to the 
manufacturer’s instructions. Following the MDA reaction, clean up was 
performed using MagBead DNA Purification Kit (CWBIO, Beijing, 
China). Briefly, 100 μL of CMPure beads was added to each sample (50 
μL) according to the manufacturer’s instructions, and in the last step, 
beads were resuspended in 70–100 μL of nuclease-free water (pH 8). The 
cleaned-up products were subsequently moved to a new PCR plate. 
These MDA products were quantified using the Quant-IT PicoGreen 
dsDNA assay kit (Invitrogen), and products with concentrations greater 
than the negative control were selected for next generation sequencing. 
After whole-genome amplification of the genome of a single CTC and 
MDA products clean up, qPCR was performed for 8 randomly selected 
loci (Supplementary Table S1) to check the genomic integrity of the 
whole-genome amplification product. DNA samples with five of eight 
loci amplified by qPCR with a reasonable Ct number (Ct = 20–35) were 
used for subsequent analyses. Among the CTCs that failed to meet the 
criteria for inclusion, most did not show a reasonable Ct number at all 
eight loci, which indicated failure to transfer CTCs to the PCR tube 
during the micro-pipetting step. 

For each CTC sample, cancer hotspot panel (50 targeted genes) li-
braries were prepared using the TarSight Tumor 50 Library Prep Kit 
(CWBIO), quantified using the Library Quantification Kit for Illumina 
(Kapa Biosystems), and sequenced by an Illumina HiSeq X Ten system 
(read lengths of 2 x 150 bp). 
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2.4. Detection of short variant 

Adapters and low-quality bases (Phred score below 20) were trim-
med off using Trim Galore. Reads were aligned to the human reference 
genome hg19 using BWA-MEM and default parameters. Local realign-
ment and base quality recalibration (BQR) were performed using the 
GATK. Alignment and coverage metrics as well as PCR duplicate 
marking were computed using Picard tools. 

Somatic short variants were called by Mutect2 with default param-
eters. We included all mutations that passed all the internal filters as 
well as mutations that failed the“clustered_events”and “homo-
logous_mapping_event”filters. Annotation of mutations and effect pre-
diction were done using SnpEff. It annotates and predicts the effects of 
variants on genes (such as amino acid changes). Clinical mutations were 
also associated with Catalogue of Somatic Mutations in Cancer (COS-
MIC) Ids. 

2.5. Statistical analysis 

For survival analysis, all statistical analyses were performed with 
SPSS 21.0 software (IBM Corp., New York, USA). PFS was defined as the 
time from initial treatment to the date that clinical progression was 
confirmed or was censored at the last follow-up. OS was defined as the 
time from initial treatment to the date that death occurred or was 
censored at the last follow-up. Kaplan–Meier survival plots for PFS or OS 
were generated based on the number of CTCs, and the survival curves 
were compared using log-rank tests. Cox proportional hazards regres-
sion was used to determine the hazard ratios of PFS or OS under different 
cutoff values of CTCs. Comparison of significant mutations between 
heterogeneous-sized CTCs was done using non-parametric tests such as 
Fisher’s exact test, based on the binary mutation profiles. G: Profiler was 
used for significantly mutated pathways (SMPs) analysis [20,21]. 
Exclusively mutated genes in heterogeneous-sized CTCs were respec-
tively treated as an unordered query, and statistical tests were con-
ducted based on the KEGG data sources. All the P values are two-sided. 
*P-values <0.05 were considered statistically significant. 

3. Results 

3.1. Small size CTCs with trisomy 8 (SCTCstri) and large size multiploid 
CTCs (LCTCsmulti) are dominant CTC components in GC 

Chr8 karyotypic characteristics in both non-hematologic SCTC (≤5 
μm nuclear size of WBC) and LCTCs (>5 μm nuclear size of WBC) were 
profiled in all 111 patients. Aneuploid chr8 in CTCs, i.e., triploid 8 (3 
copies of chr8), tetraploid 8 (4 copies of chr8) and multiploid 8 (≥5 
copies of chr8) were examined (Fig. 1A). Among those subjects, 62 of 
them received chemotherapy alone, and 49 patients received trastuzu-
mab plus chemotherapy. The clinical characteristics of enrolled GC pa-
tients is shown in Table 1. Out of 111 patients, 102 subjects had ≥1 CTC 
detected (102/111 = 91.9%), with a median value of 10 cells (Inter- 
quartile range (IQR): 3–28.5/6 ml) (Table 1). Among those 102 patients, 
79 subjects had both SCTCs and LCTCs, 10 patients had only SCTCs, and 
the remaining 13 patients had LCTCs detected exclusively. As shown in 
Fig. 1B, out of 13226 CTCs, 25.54% (3378 out of 13226) were SCTCs and 
the remaining 74.46% (9848 out of 13226) were in large cell size. 

The clinical relevance of SCTCs was investigated. As shown in Fig. 1C 
and Supplementary Table S2, 80% of patients exclusively possessing 
SCTCs experienced liver metastasis compared to 38.5% in patients 
exclusively having LCTCs (Fig. 1C). This shows that the presence of 
SCTCs correlates with hepatic metastasis. Further insight into the kar-
yotype composition indicated that trisomy 8 constituted the highest 
percentage (65.93%) of SCTCs (SCTCstri), whereas the largest proportion 
(73.09%) of LCTCs were multiploid (≥5 copy numbers of Chr 8, 
LCTCsmulti) (Fig. 1D). 

3.2. SCTCstri and LCTCsmulti predominately contribute to therapeutic 
resistance and poor prognosis in GC patients 

Next, the clinical significance of the quantitative SCTCstri and 
LCTCsmulti at baseline was further evaluated. The correlation of pre- 
therapeutic total CTCs, SCTCs and LCTCs bearing different chr8 
ploidies with GC patients’ PFS and OS is shown in Fig. 2 and Supple-
mentary Figs. S1A and B. Both increased SCTCstri with a cut-off value of 1 
or 3 cells (Fig. 2A), and LCTCsmulti with a cut-off of 4, 5 or 6 cells (Fig. 2B) 
exhibited the most significant correlation with the shorter PFS. Although 
quantities ≥2 SCTCsmulti or ≥1 LCTCstetra also showed significant corre-
lation with inferior PFS, the percentages of these two subtypes of CTCs at 
baseline and PD were too low (Figs. 1C and 2A and B). Therefore, 
SCTCstri and LCTCsmulti are the significant major subtypes involved in 
poor PFS and development of chemo/targeted therapy resistance in GC 
patients. 

Kaplan-Meier curves of PFS in cohorts containing SCTCstri and 
LCTCsmulti are illustrated in Fig. 2C and D. As shown in Fig. 2C, the 
median PFS (mPFS) of patients with ≥ 3 SCTCstri was 3.13 months (95% 
CI: 2.54–3.73 months) compared to 4.70 months (95% CI: 3.92–5.48 
months) in patients containing < 3 SCTCstri (*P = 0.019). As shown in 
Fig. 2D, patients possessing ≥ 6 LCTCsmulti had a mPFS of 3.13 months 
(95% CI: 1.56–4.70 months) which was significantly shorter than 4.70 
months (95% CI: 3.87–5.53 months) in patients having < 6 LCTCsmulti 

(*P = 0.037). Additional analysis in Fig. 2E demonstrated that ≥ 6 
LCTCsmulti (median OS (mOS): 10.3 months [95% CI: 9.50–11.10 
months] vs. 17.80 months [95% CI: 13.71–21.90 months]) rather than 
SCTCtri is a prognosticator for lower OS (Supplementary Fig. S1C). 

Further analysis of longitudinal variation of SCTCstri and LCTCsmulti 

following chemo/targeted therapy resistance developed in 53 patients 
(53/111 = 47.75%) is depicted in Fig. 3A and B. Increase in both total 
quantity and average number of SCTCstri (A) and LCTCsmulti (B) in PD 
patients was observed. Obtained results were further supported by the 
individuals’ progression heatmap analysis (Fig. 3C and D), showing that 
both SCTCstri and LCTCsmulti were the major subtypes elevated in PD 
patients. 

Taken together, obtained results imply that both the SCTCstri and 
LCTCsmulti significantly correlated with chemo/targeted therapy resis-
tance in GC patients. 

3.3. SCTCstri harbor mutated KRAS gene and LCTCsmulti possess MET and 
SMARCB1 mutational signatures identified by the single cell sequencing 

The karotypic characteristics of SCTCs and LCTCs and their distinct 
roles in chemo-/targeted therapeutic resistance and prognosis lead us to 
hypothesize that undefined molecular mechanisms may underlie the 
regulation of the size heterogeneity of CTCs in GC. To illustrate the 
molecular heterogeneity between SCTCs and LCTCs, 50-gene (Supple-
mentary Table S3) targeted SCS was respectively performed on each of 
the 53 single CTCs including 28 SCTCstri and 25 LCTCsmulti from six 
treatment-naïve HER2-negative patients. Among six patients, two sub-
jects had the available paired primary tumor, SCTCstri and LCTCsmulti. 
Mutations in the primary tumor were examined by the targeted bulk 
sequencing. 

To demonstrate that diverse subtypes of CTCs detected by SE-iFISH 
originated from the same primary tumor, seven SCTCstri and four 
LCTCsmulti from the two patients with their matched primary tumor 
specimens were subjected to next-generation sequencing. As shown in 
Fig. 4A, SCTCstri, LCTCsmulti and the primary tumor revealed 23, 31 and 
12 gene variations, respectively. Seven out of twelve gene variations 
(58.33%) in the primary tumor were shared by SCTCstri or LCTCsmulti, 
suggesting that SCTCstri and LCTCsmulti originated from the same primary 
tumor. The neoplastic cells, shed from primary lesion into peripheral 
circulation, may undergo further evolution to acquire heterogeneous 
genetic alternations and cell morphologies. 

To investigate whether particular genetic alternations may associate 
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Fig. 1. Circulating gastric cancer cells in heterogeneous sizes. (A) Typical images of aneuploid small CTCs (SCTCs, ≤WBC, white arrows in upper three panels) and 
large CTCs (LCTCs, >WBC, white arrows in lower three panels). CD45+ cells in each image are WBCs. The anti-CD45 antibody is used to exclude WBCs in this 
experiment. Bar, 5 μm. (B)The histogram represents percentages of SCTC or LCTC in all the detected CTCs. (C) The percentages of patients with hepatic metastasis in 
exclusively SCTC-positive (N = 10) or LCTC-positive patients (N = 13). *P = 0.046 (D) Pie charts represent the proportions of triploid, tetraploid and multiploid chr8 
in SCTCs (C) or LCTCs (D) in all the detected SCTCs or LCTCs. 
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with cell size variation and karyotypic plasticity of CTCs, systemic 
comparison was performed on the identified mutations obtained from 
28 SCTCstri and 25 LCTCsmulti, including all the point mutations, insertion 
and deletions (Indels) (Supplementary Table S4). As shown in Fig. 4B, 
several mutations including 14 non-synonymous mutations, two syn-
onymous mutations, and two stop-gain mutations were respectively 
identified in SCTCstri and LCTCsmulti. The difference, in terms of the 
identified specific gene or the numbers of mutations on the same gene, 
between the two categories of cells was statistically significant (*P <
0.05). Percentages of cells with the significantly different genetic vari-
ants in SCTCstri or LCTCsmulti were compared in Fig. 4C. In particular, 
KRAS A18V, G15S and V7A non-synonymous mutations were more 
frequently identified in SCTCstri, and high frequency of MET E1214A, 
E1214D, K1215E, K1215 N, F1216L, FGFR1 M2761, PIK3CA K440 N, 
and L687I mutations, however, were detected in LCTCsmulti. As sum-
marized in Fig. 4D, higher KRAS mutations were identified in SCTCstri, 
whereas LCTCsmulti had higher MET mutations. SMARCB1 mutations, 
identified exclusively in LCTCsmulti only, may play a significant role in 
regulating the clinical and biological functions of LCTCsmulti. 

3.4. Dysregulation of KRAS related-GTPase pathway in SCTCstri and 
abnormal SMARCB1-mediated chromatin remodeling in LCTCsmulti drive 
development of therapeutic resistance in GC patients 

To further compare significantly mutated pathways (SMP) related to 
therapeutic resistance in SCTCstri and LCTCsmulti, the distribution of 

differentiated mutated genes was examined across Kyoto Encyclopedia 
of Genes and Genomes (KEGG) pathways (Fig. 4E and F, Supplementary 
Tables S5 and S6). Top 10 SMPs in SCTCstri and LCTCsmulti were respec-
tively illustrated in Fig. 4E and F. Aside from common pathways in 
cancer and cancer carbon metabolisms, SCTCstri and LCTCsmulti also 
exhibited different SMPs. In SCTCstri, mutated genes with high frequency 
were identified in the Rap1 signaling pathway, whereas, in LCTCsmulti, an 
abundance of gene mutations was found in PI3K/AKT signaling 
pathway. RAP1 is a small GTPase which has high sequence similarity to 
another small GTPase, RAS, and both are involved in treatment- 
resistance in cancers [22]. In SCTCstri, existence of enriched mutant 
genes in the RAP1 pathway (Fig. 4E) and a high frequency of KRAS 
mutations indicate that small GTPase-mediated pathways primarily 
contribute to chemo-/targeted therapy resistance (Fig. 5). Regarding 
LCTCsmulti, in addition to the active treatment-resistance PI3K/AKT 
pathway, mutant SMARCB1 was exclusively identified in this category 
of cells. This mutation plays an important role in chromatin remodeling 
and transcriptional regulation [23], which implies that abnormal chro-
matin remodeling might also contribute to therapeutic resistance in 
LCTCsmulti (Fig. 5). Obtained results indicated that SCTCstri and LCTCsmulti 

respectively harbor distinct therapeutic resistance mechanisms 
involving diverse signaling pathways. 

4. Discussion 

It has been reported that CTCs in heterogeneous sizes correlated with 
distant metastatic sites and prognosis in prostate cancer [16] and he-
patocellular cancer [17]. However, molecular mechanisms underlying 
how CTCs’ size heterogeneity correlates to CTCs’ dissemination and 
resistance to therapy remains unclear. Accordingly, genomic mecha-
nisms in terms of heterogeneous-sized GC CTCs’ chemotherapeutic 
resistance were systematically investigated in the present study. 

Extending beyond our previous discoveries showing that the kar-
otypic plasticity in Chr8 is involved in the acquisition of HER2 pheno-
type in GC [9], we further demonstrated in the current study that GC 
SCTCs and LCTCs bear distinct karyotypic features. Trisomy 8 and 
multisomy 8 respectively constitute the principal karyotype in SCTCs 
(SCTCstri) and LCTCs (LCTCsmulti). Both particular subtypes of CTCs pre-
dominately contribute to chemo-/targeted therapeutic resistance in GC 
patients. 

Taking advantage of single CTC-based DNA sequencing, we explored 
genetic variation profiling in individual SCTCtri and LCTCsmulti [24,25]. 
These two subtypes of CTCs harbored completely different mutation 
patterns and SMPs. SCTCstri showed significantly higher frequency of 
mutated KRAS gene and more abundant mutations in Rap1 pathway, 
whereas significant mutations of MET gene and its downstream 
PI3K/AKT axis were identified in LCTCsmulti. Moreover, SMARCB1 mu-
tation was observed exclusively in LCTCsmulti, suggesting the abnormal 
chromatin remodeling in LCTCsmulti [26]. 

The mutated GTPase-KRAS gene and another GTPase-mediated Rap1 
pathway, which are the main features of SCTCstri, were demonstrated to 
drive development of therapeutic resistance in various types of 
neoplasm [22,27,28]. In GC, KRAS gene frequently mutates in 
chemotherapy-resistant mucinous adenocarcinomas [29]. Similarly, in 
HER2-positive metastatic GC, the higher frequently mutated KRAS gene 
was also found in the targeted therapy-resistant patients, more than in 
sensitive subjects [30]. Mechanism studies showed that the activated 
KRAS gene can promote EMT which facilitates transition of GC cells to 
CSCs, which accordingly leads to therapeutic resistance [10]. Moreover, 
the RAS gene may also induce therapeutic resistance by cooperating 
with another GTPase-RAP1 to initiate and sustain the ERK signaling 
pathway [11]. Indeed, activation of the Rap1 pathway was frequently 
observed in etoposide and cisplatin resistant GC [31]. 

Abnormal functions of the growth factor receptor MET gene and its 
downstream PI3K/AKT axis [32], which was mainly found in LCTCsmulti, 
constitute another canonical therapeutic resistance mechanism in GC 

Table 1 
Clinical characteristics of enrolled advanced GC patients.  

Characteristics* ALL (N = 111) 

Gender 
Male 92 (82.9%) 
Female 19 (17.1%) 

Age (Years) 
<60 44 (39.6%) 
≥60 67 (60.4%) 

Location 
Non-GEJ 65 (58.6%) 
GEJ 46 (41.4%) 

Lauren classification 
Intestinal 66 (59.5%) 
Diffuse 15 (13.5%) 
Mixed 21 (18.9%) 
Unknown 8 (7.2%) 

Liver metastasis 
Yes 59 (53.1%) 
No 52 (46.9%) 

Lung metastasis 
Yes 17 (15.3%) 
No 94 (84.7%) 

Peritoneal metastasis 
Yes 15 (13.5%) 
No 96 (86.5%) 

Bone metastasis 
Yes 12 (10.8%) 
No 99 (89.2%) 

Treatment regimen 
Trastuzumab combined chemotherapy 49 (44.1%) 
Chemotherapy alone 62 (55.9%) 
CTC (Median, IQR) 10 (3–28.5) 
SCTC (Median, IQR) (N = 87) 3 (1–6.5) 
SCTCtri (Median, IQR) (N = 79) 2 (0–5) 
SCTCtetra (Median, IQR) (N = 56) 0 (0–1) 
SCTCmulti (Median, IQR) (N = 30) 0 (0–1) 
LCTC (Median, IQR) (N = 86) 6 (2–20.5) 
LCTCtri (Median, IQR) (N = 55) 0 (0–2) 
LCTCtetra (Median, IQR) (N = 51) 0 (0–2) 
LCTCmulti (Median, IQR) (N = 85) 5 (1–16.5) 

*Abbreviations: GEJ: esophagogastric junction; CTC: circulating tumor cell; 
SCTC: small size CTC; LCTC: large size CTC; SCTCtri: triploid SCTC; SCTCtetra: 
tetraploid SCTC; SCTCmulti: multiploid SCTC; LCTCtri: triploid LCTC; LCTCtetra: 
Tetraploid LCTC; LCTCmulti: multiploid LCTC; IQR: inter-quartile range. 
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[32]. Aberrant mutation or amplification of the MET gene continuously 
activates PI3K/AKT axis and thereby enables GC tumor cells to acquire 
resistance to chemo-/targeted therapy, hence inducing cell death and 
reducing therapeutic effectiveness [33]. Accordingly, the inhibition of 

the MET/PI3K/AKT axis has been recognized as a potential strategy to 
reverse GC resistance [34]. 

Aside from the MET/PI3K/AKT axis, the mutated SMARCB1 gene 
was found exclusively in LCTCsmulti. The SMARCB1 gene, known as the 

Fig. 2. Increased SCTCstri and LCTCsmulti quantity significantly correlate with poor prognosis in GC. (A–B) Forest plots indicate the association of aneuploid SCTC (A) 
or LCTC (B) with progression-free survival (PFS) at different CTC cut-off values. Cut-off values varying from 1 to 3 cells for SCTCstri (A) and 1 to 6 cells for LCTCsmulti 

(B) are respectively examined. Odds ratio is odds of unfavorable cohort (SCTCstri 
≥ cut-off value of 1–3 (A) or LCTCsmulti 

≥ cut-off value of 1–6 (B)) versus the odds in 
the favorable cohort (SCTCstri <1 to 3 or LCTCsmulti <1 to 6). (C–D) Kaplan-Meier curves of PFS in relation to SCTCstri (C) or LCTCsmulti (D) enumeration. (E) Kaplan- 
Meier curves of OS in relation to LCTCsmulti quantity. The cutoff values adopted in (C), (D) and (E) are 3 cells/6 mL for SCTCstri and 6 cells/6 mL for LCTCsmulti. Patients 
with ≥3 SCTCstri have significantly shorter PFS than those with SCTCstri 

<3, while patients with ≥6 LCTCsmulti shows both shorter PFS and OS compared with those 
with <6 LCTCsmulti. 
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integrase interactor 1 (INI1), is an important subunit of the SWI/SNF 
(Switch/sucrose non-fermentable) chromatin remodeling complexes 
[35] SWI/SNF plays an important role in transcriptionally controlling 
drug resistance [36]. Loss of SMARCB1 in SWI/SNF complexes may 
induce up-regulation of multidrug resistance pump ABCB1 gene, 
resulting in doxorubicin resistance in human haploid cells [23]. Because 
loss of SMARCB1 leads to EZH2 (Enhancer of zeste 2 polycomb repres-
sive complex 2 subunit)-mediated proliferation in tumor cells [37], EZH 
inhibitor, tazemetostat, has shown encouraging anti-tumor activity in 
SMARCB1-deficient solid tumors [38], which might provide a potential 
strategy for the treatment of GC as well. 

Apparently, dysregulation of multiple pathways, rather than a single 
pathway, is always involved in therapeutic resistance. However, how 

these mechanisms function to foster constant resistance of tumor cells to 
therapeutic pressures is still unknown. The current study demonstrated 
that CTCs in different cell sizes possess distinct mechanisms to partici-
pate in therapeutic resistance. Dysregulation of the KRAS gene and the 
related-GTPase pathways constitutes the predominant mechanism that 
contribute to the therapeutic resistance in SCTCstri, whereas abnormal 
functions of MET/PI3K/AKT axis and SMARCB1-mediated chromatin 
remodeling mainly participate in the therapeutic resistant in LCTCsmulti 

(Fig. 5). Additional studies are required to further investigate the dy-
namic evolution of these mechanisms throughout treatments by using 
both baseline and therapeutic resistant clinical specimens. Moreover, 
single-cell RNA sequencing should be performed to pinpoint specific 
upregulated genes in SCTCstri and LCTCsmulti, which may provide 

Fig. 3. Chr8 triploid SCTCstri and multiploid LCTCsmulti are the principal subtypes of CTCs involved in therapeutic resistance in GC. (A–B) Quantitative comparison of 
different chr8 aneuploidy in SCTCs (A) or LCTCs (B) prior to treatment (baseline) and post progressive disease (PD). The histograms and heatmaps respectively 
indicate total and average number of the aneuploidies at baseline and post PD. (C and D) A heatmap shows quantitative variations in aneuploid SCTCs (C) or LCTCs 
(D) prior to treatment and post PD in individual PD patient. Increased or decreased CTC numbers are respectively indicated by red or blue color in the heatmap; the 
white color represents no detectable CTC. 
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potential novel therapeutic targets in GC. 
In conclusion, our study demonstrated that heterogeneous-sized GC 

CTCs bear distinct karyotypic features, which contribute to chemo-/ 
therapeutic resistance via diverse mechanisms. In SCTCstri, the 

dysregulated KRAS gene and the relative GTPase-mediated signaling 
pathway mainly contribute to the chemo-/targeted therapeutic resis-
tance and poor prognosis in GC patients. However, MET/PI3K/AKT axis 
activation and abnormal SMARCB1-mediated chromatin remodeling 

Fig. 4. SCTCstri and LCTCsmulti display distinct mutational signatures and significant mutated pathways (SMPs) identified by single cell targeted sequencing. (A) Venn 
diagram illustrates the number of gene variations in matched primary tumors, SCTCstri and LCTCsmulti from 2 patients. The overlapping area indicates the number of 
gene variations shared among samples. (B) Comparison of frequency of mutations in individual SCTCstri and LCTCsmulti. (C) Heatmap compares the proportions of 
SCTCstri and LCTCsmulti carrying mutations in all the sequenced SCTCstri or LCTCsmulti shown in (B) (D) Comparison of mutated genes in SCTCstri and LCTCsmulti. In (B), 
(C) and (D), only the mutational signatures (B–C) or mutated genes (D) that are significantly different between SCTCstri and LCTCsmulti are listed. (E–F) Top 10 SMPs in 
SCTCstri and LCTCsmulti are analyzed by the KEGG pathways mapper. The p values were calculated using Fisher’s exact test and depicted on a log scale (− log10 P 
value). The P values of all the listed pathways are lower than 0.05 (P < 0.05). 
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constitute the principal therapy-resistance mechanism in LCTCsmulti. 
Longitudinal profiling of CTCs in terms of morphologic and genomic 
heterogeneity will facilitate the identification of dominant CTC subtypes 
relevant to therapy resistance, thereby improving treatment strategies 
and efficacy. 
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SCTCstri small chromosome 8 triploid CTCs 
LCTCsmulti large chromosome 8 multiploid CTCs 
CT computed tomography 
EMT epithelial-to-mesenchymal transition 
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HER2 human epidermal growth factor receptor 2 
iFISH immunofluorescence staining-fluorescence in situ 

hybridization 
KRAS kirsten rat sarcoma 2 viral oncogene homolog 
KPS karnofsky performance status 
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PFS progression-free survival 
PR partial responses 
PD progressive disease 
PIK3C phosphatidylinositol − 4, 5-bisphosphate 3-kinase catalytic 

subunit alpha 
SCS single cell sequencing 
SD stable disease 
SMPs significantly mutated pathways 

Fig. 5. The diagram depicts different therapeutic resistant mechanisms in SCTCstri and LCTCsmulti, respectively. In SCTCstri (left panel), the dysregulated KRAS gene 
and the relative GTPase-mediated RAP1 signaling pathway mainly contribute to the chemo-/targeted therapeutic resistance and inferior prognosis. In LCTCsmulti 

(right panel), activation of MET/PI3K/AKT axis and abnormal SMARCB1-mediated chromatin remodeling promote development of therapeutic resistance in GC. 
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