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Background: Small cell lung cancer (SCLC) is a highly aggressive disease characterized by early metastasis. Ane- 

uploid CD31- disseminated tumor cells (DTCs) and CD31+ disseminated tumor endothelial cells (DTECs) residing 

in the bone marrow are generally considered as the initiators of metastatic process. However, the clinical signifi- 

cance of DTCs and DTECs in SCLC remains poorly understood. The aim of this study is to investigate the clinical 

implications of diverse subtypes of highly heterogeneous DTCs and DTECs in SCLC patients. 

Methods: Subtraction enrichment and immunostaining-fluorescence in situ hybridization (SE-iFISH) was applied 

to enrich and perform comprehensive morphologic, karyotypic, and phenotypic characterization of aneuploid 

DTCs and DTECs in 30 patients. Additionally, co-detection of circulating tumor cells (CTCs) and circulating 

tumor endothelial cells (CTECs) was conducted on 24 of the enrolled patients. Proof-of-concept of the whole 

exon sequencings (WES) on precisely selected different subtypes of CTCs or DTCs, longitudinally detected from 

a representative case with pathologically confirmed bone marrow metastasis, was validated to feasibly reveal 

genetic mutations in these cells. 

Results: DTCs, DTECs and their subtypes were readily detectable in SCLC patients. Comparative analysis re- 

vealed that the number of DTCs and DTECs was significantly higher than that of their corresponding CTCs and 

CTECs ( P < 0.001 for both). Positive detection of disseminated tumor microemboli (DTM) or disseminated tumor 

endothelial microemboli (DTEM) was associated with inferior survival outcomes ( P = 0.046 and P = 0.048). Pa- 

tients with EpCAM+ DTCs detectable displayed significantly lower disease control rate (DCR) (16.67% vs 73.33%, 

P = 0.019), reduced median progression-free survival (mPFS) and median overall survival (mOS) compared with 

those with EpCAM- DTCs ( P = 0.028 and P = 0.002, respectively). WES analysis indicated that post-treatment 

DTCs isolated from bone marrow at the time of disease progression shared more homologous somatic gene mu- 

tations with pre-treatment CTCs compared with post-treatment CTCs. 

Conclusions: Our findings suggest that bone marrow sampling and characterization of DTC subtypes provided 

a valuable tool for predicting treatment response and the prognosis in SCLC. Moreover, DTCs inherit a greater 

amount of homologous somatic information from pre-treatment CTCs, indicating their potential role in disease 

progression and treatment resistance. 
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. Introduction 

Small cell lung cancer (SCLC) is the most lethal subtype of lung can-

er, characterized by high growth rate and early metastasis. 1 Though

he use of immune checkpoint inhibitors (ICIs) has prolonged the over-

ll survival (OS) in SCLC, the majority of patients experience relapse

ithin a short period, and the prognosis remains discouraging. 2 In clin-

cal practice, limited disease SCLC (LD-SCLC) can potentially be cured,

ith a five-year survival rate of 15–20%, 3 whereas long-term survival is

are in extensive disease SCLC (ED-SCLC). 4 , 5 Since metastasis is a cru-

ial and lethal step in cancer progression, it is essential to identify tumor

ells with aggressive phenotypes to improve treatment response and ul-

imately achieve better clinical outcomes. SCLC is biologically distinct

rom other solid tumors due to the presence of early metastases; how-

ver, to date, there is few standard techniques to detect occult tumor mi-

rometastases. Though bone marrow aspiration/biopsy is recommended

y the National Comprehensive Cancer Network (NCCN) guidelines for

CLC to determine the precise disease stage in selected patients, 6 rou-

ine bone marrow smears in clinical practice are insufficient to dis-

riminate tumor cells with distinct aggressive phenotypes. Epithelial-to-

esenchymal transition (EMT) is a cellular differentiation program that

s instrumental in tumorigenesis and metastasis. 7 Tumor cells undergo-

ng EMT are more likely to enter the bloodstream and eventually estab-

ish metastatic colonies through a reverse process termed mesenchymal-

pithelial transition (MET). 8 Epithelial cell adhesion molecule (EpCAM),

 marker of the epithelial status of tumor cells, is a multi-functional

ransmembrane protein involved in the regulation of EMT. 9 By virtue

f expressing EpCAM, tumor cells are preferentially involved in the for-

ation of tumor metastasis and are predictive of inferior outcome. 10 

Metastasis formation is commonly initiated by the detachment of

ancer cells from primary lesions, leading to their intravasation into

he blood stream as circulating tumor cells (CTCs). 11 In addition to

D31- CTCs, which are correlated with tumor relapse and metastasis,

D31+ circulating tumor endothelial cells (CTECs) originating from tu-

or endothelial cells (TECs) within the tumor tissue have also been

hown to contribute to tumor growth and disease progression. 12 A frac-
ig. 1. The overall design of this study. Created with BioRender.com. CEP8, centrom

irculating tumor endothelial cells; DAPI, 4,6-diamino-2-phenyl indole; DNA, deoxy

ndothelial cells; DTEM, disseminated tumor endothelial microemboli; DTM, dissem

nsertion deletion; SE-iFISH, subtraction enrichment and immunostaining-fluorescen

equencing. 

336
ion of CTCs and CTECs are capable of migrating to distant sites and

esiding in bone marrow as disseminated tumor cells (DTCs) and dissem-

nated endothelial tumor cells (DTECs). 13 Circulating and disseminated

umor cells found in peripheral blood and bone marrow are commonly

onsidered as metastases-inducing cells capable of predicting poor sur-

ival. 14 Furthermore, it is postulated that phenotypic changes occur-

ing within tumor cell subpopulations during the EMT process play a

ecisive role in regulating their tumorigenic and metastatic function-

lity. 15 , 16 Though accumulating evidence supporting EMT as a critical

witch controlling tumor cell dissemination and treatment resistance, 17 

he functional and clinical significance of the epithelial subtype EpCAM+ 

TCs in SCLC remains poorly understood. 

In this study, building upon our previous findings regarding Ep-

AM expression on aneuploid CTCs and CTECs in NSCLC, we em-

loyed a novel EpCAM-independent subtraction enrichment (SE) strat-

gy to enrich heterogeneously sized disseminated rare cells (DRCs, i.e.,

TCs + DTECs) and circulating rare cells (CRCs, i.e., CTCs + CTECs)

n SCLC patients, followed by comprehensive in situ phenotypic, kary-

typic, and morphological characterization of DRCs and CRCs per-

ormed by the integrated immunostaining fluorescence in situ hybridiza-

ion (iFISH). Recognizing that tumor cells undergoing EMT play a role

n chemoresistance and disease progression, we evaluated the potential

rognostic value of the epithelial subtype EpCAM+ DTCs and DTECs in

redicting therapeutic response and prognosis in SCLC patients receiv-

ng first-line treatment. 

. Materials and methods 

.1. Study design 

This is a prospective, non-interventional, multicentre study (see

tudy design and workflow diagram in Fig. 1 ) which was conducted

t three teaching medical centers (Beijing Chest Hospital, Capital Med-

cal University; Cancer Hospital, Chinese Academy of Medical Sciences

nd Peking Union Medical College; and Beijing Xuanwu Hospital, Cap-

tal Medical University). Briefly, pathologically confirmed unresectable
ere probe 8; CNV, copy number variation; CTCs, circulating tumor cells; CTECs, 

ribo nucleic acid; DTCs, disseminated tumor cells; DTECs, disseminated tumor 

inated tumor microemboli; Epcam, Epithelial cell adhesion molecule; InDel, 

ce in situ hybridization; SNV, single nucleotide variation; WES, whole exon 
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CLC patients aged 18–75 years and had a performance status (PS) ≤ 2,

ith adequate organ function and evaluable tumor lesions were eligible

or this study. Patients with a history of other malignant tumors were

xcluded. All patients received the standard first-line treatment accord-

ng to NCCN/Chinese Society of Clinical Oncology (CSCO) guidelines

ere ultimately eligible for final analysis. The disease stage was catego-

ized by imaging evaluation including brain magnetic resonance imag-

ng (MRI), computed tomography (CT) of the chest and abdomen, ra-

ionuclide bone scanning, or positron emission tomography (PET) scan-

ing. Six to seven weeks (two cycles) after treatment initiation, evalua-

ion of clinical response was performed by means of CT or MRI according

o Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1

riteria. Responses were recorded as partial response (PR), progressive

isease (PD), or stable disease (SD). Bone marrow and their paired blood

amples were collected from pre-treatment SCLC patients. Quantitative

omparison of DRCs and CRCs was conducted and the relationship be-

ween EpCAM+ DTCs and treatment response was evaluated. Univariate

urvival analysis was applied to evaluate the prognostic significance of

pCAM+ DTCs and EpCAM+ DTECs in SCLC patients. This study is being

onducted in accordance with the Declaration of Helsinki Principles. All

atients gave written informed consent. 

.2. SE-iFISH 

SE-iFISH was performed according to the manufacturers’ instructions

Cytelligen, San Diego, CA, USA). Briefly, bone marrow and peripheral

lood samples were collected from each patient before treatment ad-

inistration. Samples were washed with PBS and subsequently loaded

n the nonhematopoietic cell separation matrix, followed by centrifu-

ation at 450 g for 5 min at room temperature to remove sedimented

BCs. Supernatants containing WBCs and tumor cells were incubated

ith anti-CD45 monoclonal antibody-coated magnetic beads (Promega,

adison, WI). WBC-bound immuno-beads were depleted by means of a

agnetic separator suitable for 50 ml tubes (Cytelligen). The remain-

ng WBC-free supernatants containing tumor cells were centrifuged and

esuspended in PBS, followed by spreading onto a Cytelligen-formatted

lide and dried overnight for subsequent iFISH processing. 

With regard to iFISH, the coated slides containing dried monolayer

ells were rinsed with PBS, followed by dehydration and subsequent

ISH hybridization with the centromere probe 8 (CEP8 SpectrumOr-

nge, Vysis, Abbott Laboratories, Chicago, IL, USA) for 3 h utilizing a

hermoBrite FISH Slides Processing System (Leica Biosystems, Buffalo

rove, IL, USA). Samples were subsequently incubated with the indi-

ated monoclonal antibodies against cellular proteins, including Alexa

luor (AF)594-anti-CD45 (Clone 9.4), Cy5-anti-CD31 (Clone WM59),

F488-anti-EpCAM (Clone 9C4), and Cy7-anti-vimentin (Vim) (Clone

D3) for 20 min in the dark. After washing, the mounting media con-

aining DAPI (Vector Laboratories, Burlingame, CA, USA) was added to

he samples. Conjugation of all the different fluorescent dyes to the ap-

lied antibodies was performed at Cytelligen. 

CTC slides were automatically scanned and analyzed by the Metafer-

 • FISH imaging system. Depicted in supplementary Table 1, the iden-

ification criteria for aneuploid CTCs and DTCs includes the follow-

ng: DAPI+ /CD45- /CD31- /EpCAM+ or- /Vim+ or- aneuploid cells. Crite-

ia for aneuploid CTECs and DTECs includes: DAPI+ /CD45- /CD31+ /

pCAM+ or- /Vim+ or- aneuploid cells. Small cell: ≤ 5 μm; large cell: > 5

m. A cell cluster is defined as more than two individual cells with clear

uclei adjacently staying together. Comprehensive characterization and

ubcategorization of aneuploid tumor cells were performed upon cell

ize, tumor marker expression and the degree of aneuploidy. 

.3. Whole exon sequencing (WES) and data processing 

WES was additionally performed on samples that are periodically

ollected from one patient who was pathologically confirmed bone mar-

ow metastasis at the time of disease progression. Samples from the sub-
337
ect covered pre-treatment CTCs, post-treatment CTCs and DTCs at the

ate of disease progression. Non-laser microscopic single-cell manipula-

or (n-MSM, Cytelligen) 18 was used to specifically isolate three of single

TCs or DTCs in each sample. The whole-genome amplification and se-

uencing library was prepared using the SMARTer® PicoPLEX® Gold

ingle-Cell DNA-Seq kit (Takara Biosystems) REPLI-g Single Cell Kit (Qi-

gen, Germany) following the manufacturer’s operation manual. The li-

rary was quality checked and sequenced on an Illumina HiSeq X Ten

latform and the sequencing depth is 100 ×. Reads sequenced from each

ample were first processed via fastp (v0.20.0) to cut adaptor sequences

nd trim based with low quality. Then, clean reads were mapped to

37 human genome via BWA-0.7.17. Sites harboring single nucleotide

ariation (SNV) and insertion deletion (InDel) were called employing

ATK (v4.1.2) with the pipeline of Mutect2. On the other hand, copy

umber variation (CNV) regions were called via Control-FREEC v11.5.

o extract genes affected by CNV regions, intersect in bed tools v2.28.0

oolset was used to identify intersection between CNV regions and hu-

an gene models recorded in Ensembl release 75. 

Variant allele frequency was calculated for each filtered SNV and

nDel site. Then, hierarchical clustering was conducted for all samples

ased on variant allele frequencies of filtered sites, number of mutations

n genes and copy numbers of genes, respectively. Following that, K-

eans clustering was conducted for all samples based on the same data

entioned above. Somatic signatures were identified for each sample

ia the R package. To determine how many signatures should be iden-

ified for each sample, the residuals sum of squares and the explained

ariance between the observed and fitted mutational spectrum were cal-

ulated for a series of numbers of signatures. All samples were clustered

ased on distributions of motifs in corresponding mutational spectrums.

lonal structures were analyzed via PyClone v0.13.1 for different sam-

le groups based on reference and alternative allele counts of shared

utations and copy number of regions covering these mutations. Den-

ity, parallel coordinates, and scatter drawings were plotted to show

lonal structure changing among different samples in the same group. 

.4. Statistical analysis 

All statistical analyses were conducted using SPSS 25.0 software

Chicago, IL, USA) and GraphPad Prism 8.0 (GraphPad Software Inc.,

an Diego, CA). Chi-square test and Fisher’s exact test were used to com-

are categorical data. Continuous variables were described as the mean

 standard deviation or the median and interquartile range (IQR) where

ppropriate and compared using the Mann–Whitney test. The primary

ndpoint was OS and secondary endpoints included progression-free sur-

ival (PFS) and disease control rate (DCR). Kaplan–Meier survival plots

ere generated based on DTCs and DTECs subtypes and compared us-

ng log-rank tests. All P values were two-sided. P < 0.05 was considered

tatistically significant. 

. Results 

.1. Patients’ characteristics and co-detection of DTCs and DTECs in SCLC 

A total of 30 eligible SCLC patients, including 15 limited stage and

5 extensive stage subjects, were prospectively enrolled from February

018 to January 2020. The clinical characteristics of the included pa-

ients are listed in Table 1 . Six-channel iFISH was applied to perform a

omprehensively phenotypic and karyotypic characterization of diverse

ubtypes of aneuploid DTCs and DTECs. Representative images of ane-

ploid DTCs or DTECs identified by iFISH are displayed in Fig. 2 . As

xhibited in Fig. 2 A–C, DTCs show different degrees of aneuploidy, het-

rogeneous morphologies, and phenotypes including large multiploid

 ≥ pentasomy 8) EpCAM+ /Vim- /CD31- DTCs (L CTCmulti , Fig. 2 A), small

pCAM- /Vim+ /CD31- triploid DTCs (S DTCtri , Fig. 2 B), and a triploid

pCAM- /Vim- /CD31- DTCs ( Fig. 2 C). Additionally, a large multiploid
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Table 1 

Clinical features of enrolled SCLC patients. 

Characteristics Limited stage patients, n (%) Extensive stage patients, n (%) 

Age, years 

≥ 60 11 (73.33) 10 (66.67) 

< 60 4 (26.67) 5 (33.33) 

Sex 

Male 12 (80.00) 12 (80.00) 

Female 3 (20.00) 3 (20.00) 

Smoking history 

Yes 13 (86.67) 12 (80.00) 

No 2 (13.33) 3 (20.00) 

PS 

0-1 14 (100.00) 13 (86.67) 

2 1 (0) 2 (13.33) 

Liver metastasis 

Yes 0 (0) 3 (20.00) 

No 15 (100.00) 12 (80.00) 

Bone metastasis 

Yes 0 (0) 4 (26.67) 

No 15 (100.00) 11 (73.33) 

Brain metastasis 

Yes 0 (0) 2 (13.33) 

No 15 (100.00) 13 (86.67) 

Treatment response 

PR 11 (73.33) 12 (80.00) 

SD 2 (13.33) 2 (13.33) 

PD 2 (13.33) 1 (6.67) 

Treatment regimens 

CE + radiotherapy 11 (73.33) 2 (13.33) 

EP + radiotherapy 2 (13.33) 0 (0) 

CE 1 (6.67) 10 (66.67) 

EP 1 (6.67) 1 (6.67) 

CE + ICI 0 (0) 2 (13.33) 

Abbreviations: CE, carboplatin and etoposide; EP, etoposide and cisplatin; ICI, Immune 

checkpoint inhibitors; PD, progressive disease; PR, partial response; PS, performance status; 

SD, stable disease; VALSG, Veterans Administration Lung Study Group. 
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TEC (L DTECmulti ) with phenotypes of EpCAM+ /Vim- /CD31+ is dis-

layed in Fig. 2 D. A small triploid EpCAM- /Vim- /CD31+ DTEC is ex-

ibited in Fig. 2 E. Fig. 2 F reveals an EpCAM+ /Vim- /CD31+ fusogenic

isseminated tumor microemboli (DTM) consisting of two cells. 

.2. Quantification analysis of DTCs and DTECs 

Quantification of DTCs and DTECs was performed and results re-

ealed DTCs presence in 28 out of 30 (93.33%) patients and EpCAM+ 

TCs could be detected in 8 out of 30 patients (26.67%). As for DTECs,

he positivity rate is 83.33% (25/30) and EpCAM+ DTECs were identi-

ed in 19 out of 30 patients (63.33%). 

Among the 30 enrolled subjects, 24 were available for the paired

TCs and CTECs detection. Obtained data demonstrated CTCs were

dentified in 22 out of 24 (91.67%) subjects and EpCAM+ CTCs could

e detected in 7 out of 24 patients (29.17%). However, the positive de-

ection of EpCAM+ CTCs was not consistent with that of EpCAM+ DTCs

nd only one patient harbored both EpCAM phenotype CTCs and DTCs.

ith regard to CTECs, result revealed the presence of CTECs in 15 out of

4 (62.50%) patients, while EpCAM+ CTECs were detected in 41.67%

10/24) patients and half of them meanwhile harbored EpCAM+ DTECs.

As for quantitative distribution, the number of DTCs and DTECs in

he enrolled patients ranged from 0 to 1380/3 ml and 0 to 75/3 ml while

he CTCs and CTECs counts in the subjects ranged from 0 to 277/3 ml

nd 0 to 5/3 ml respectively ( Fig. 3 Aa-b). Comparative analysis was per-

ormed between DTCs and CTCs, as revealed in Fig. 3 Ba, before treat-

ent the median values were 61.5 (red, IQR 13-245) for DTCs and 1

blue, IQR 0.5-2) for CTCs, the number of DTCs was significantly higher

han that of CTCs ( P < 0.001). We further conducted quantity compa-

ation of DTECs and CTECs, shown in Fig. 3 B, the median numbers of

TECs and CTECs were 20.5 (red, IQR 2-101) and 0.50 (blue, IQR 0-1)
338
espectively, significant quantitative difference was observed between

he two groups ( P < 0.001). 

Quantification of heterogeneously phenotypes of aneuploid DTCs

nd DTECs in 30 samples is depicted in Fig. 3 C and the composi-

ional waterfall map in Fig. 3 D. As revealed in Fig. 3 C, among a to-

al of 5954 DTCs enriched from the totality of bone marrow sam-

les, there were 745 EpCAM positive cells (745/5954 = 12.51%, blue

n Fig. 3 D-a) and 5209 EpCAM negative cells (5209/5954 = 87.49%,

reen in Fig. 3 D-a). Trisomy 8 constituted the principal karyotype

or EpCAM+ DTCs (360 cells, 360/5054 = 6.05%, blue), followed by

etrasomy (292 cells, 292/5954 = 4.90%, blue), monosomy (71 cells,

1/5954 = 1.19%, blue) and pentasomy 8 (22 cells, 22/5954 = 0.37%,

lue), whereas EpCAM- DTCs were heterogeneous in varieties of ane-

ploidy degrees of chr8 from trisomy (2890 cells, 2890/5954 = 48.54%,

reen), tetrasomy (1303 cells, 1303/5954 = 21.88%, green), penta-

omy (770 cells, 770/5954 = 12.93%, green) to monosomy 8 (246

ells, 246/5954 = 4.13%,green). Significant karyotype difference was ob-

erved between EpCAM+ DTCs and EpCAM- DTCs ( P < 0.001). 

Further numerical analysis of aneuploid DTECs and their EpCAM

ositive subtypes was performed and result indicated pentasomy 8 con-

isted the majority of both EpCAM+ DTECs and EpCAM- DTCs. Among

hose EpCAM+ DTECs, no haploid and triploid cells were detected and

he ratios of tetraploid and multiploid cells were 0.02% and 50.97%.

s for EpCAM- DTECs, there are no haploid and tetraploid cells identi-

ed and the positivity of triploid and multiploid cells were 0.71% and

8.29% respectively. 

.3. Prognostic roles of DTM and DTEM in SCLC patients 

The above analysis illustrates the counts of DTCs and DTECs are sig-

ificantly higher than their corresponding CTCs and CTECs. These abun-

ant tumor cells residing in bone marrow are heterogeneous and com-
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Fig. 2. Representative images of heterogeneous aneuploid DTCs and DTECs expressing EpCAM or Vim in SCLC patients by SE-iFISH. (A) A representative image of a 

large multiploid ( ≥ pentasomy 8) EpCAM+ /Vim- /CD31- DTCs (L DTCmulti ). (B) A representative image of a small EpCAM- /Vim+ /CD31- triploid DTCs (S DTCtri ). (C) A 

representative image of a small EpCAM- /Vim- /CD31- triploid DTCs. (D) A representative image of a large multiploid DTECs with phenotypes of EpCAM+ /Vim- /CD31+ 

(L DTECmulti ). (E) A representative image of a small triploid EpCAM- /Vim- /CD31+ DTEC. (F) A representative image of an EpCAM+ /Vim- /CD31- fusogenic dissemi- 

nated tumor microemboli. CEP8, centromere probe 8; DAPI, 4,6-diamino-2-phenyl indole. DTCs, disseminated tumor cells; DTECs, disseminated tumor endothelial 

cells; DTEM, disseminated tumor endothelial microemboli; DTM, disseminated tumor microemboli; Epcam, epithelial cell adhesion molecule; SCLC, small cell lung 

cancer; SE-iFISH, subtraction enrichment and immunostaining-fluorescence in situ hybridization; Vim, vimentin. 
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a  

o  
only exist as single cells, but can also assemble to form clusters. In our

tudy, the DTC and DTEC clusters, also termed as disseminated tumor

icroemboli (DTM) and disseminated tumor endothelial microemboli

DTEM), were progressively investigated. Obtained data indicated that

he DTM were identified in 8 out of 30 patients (26.67%). While the

ositive rate of DTEM is 46.67% (14/30), their contemporaneous cir-

ulating tumor microemboli (CTM) and circulating tumor endothelial

icroemboli (CTEM) were detected in only 8.33% (2/24) and 12.50%

3/24) patients respectively. 

The prognostic significance of DTM and DTEM was investigated and

heir relationship with survival was analyzed utilizing Kaplan-Meier

lots. Patients with the presence of DTM demonstrated a significantly

horter mOS of 11.53 months (95% CI: 9.98–13.08 months) compared

ith a mOS of 23.53 months (95% CI: 15.42–31.64 months) for those

ith the absence of DTM ( P = 0.046, log-rank test, Fig. 4 A). Similar re-

ults were observed with respect to the relationship between DTEM and

S. Patients with DTEM had significantly reduced mOS compared with

hose without DTEM [11.80 (95% CI: 10.28–13.32) months vs. 20.60

95% CI: 10.08–31.13) months, P = 0.048, log-rank test, Fig. 4 B]. 

.4. WES of CTCs and DTCs from a typical case with bone marrow 

etastasis 

Since bone marrow has been primarily envisioned as the home or-

an of CTCs and bone marrow niche can provide microenvironment for

upporting tumor cell dormancy, 19 we further investigated the molecu-

ar heterogeneity of CTCs and DTCs at different time points. WES was
339
erformed in three samples covering CTCs before treatment administra-

ion (t0 ) and CTCs and DTCs at the date of disease progression (t1 ) from

n ED-SCLC patient who was pathologically confirmed bone marrow

etastasis at the time of tumor progression. Systemic comparison was

onducted between CTCs(t0 ), CTCs(t1 ), and DTCs(t1 ). Shown in Fig. 5 A,

ur results demonstrated that gene mutation number in CTCs(t1 ) and

TCs(t1 ) is much lower than that of CTCs(t0 ). Moreover, compared

ith CTCs(t1 ), DTCs(t1 ) in bone marrow share more homologous so-

atic gene mutations with CTCs(t0 ). The number of SNV genotypes in

ach sample was analyzed and depicted in Fig. 5 B. Results confirmed

0 and 36 SNV mutations in CTCs(t0 ) and CTCs(t1 ), respectively. The

verlapping area indicated that there were 11 identical SNV mutations

hared between the two samples. Similar analysis was conducted be-

ween CTCs(t0 ) and DTCs(t1 ). Obtained data revealed the number of

NV mutations was 24 in DTCs(t1 ), with 16 overlapping mutations.

an-cancer mutated genes were listed in Fig. 5 C. There were 4 gene

utations identified in all three samples, 7 mutations were specific to

TC(t0 ), 1 mutation was specific to DTC(t1 ), and 12 mutations were

pecific to CTC(t1 ), indicating intra-tumor genomic heterogeneity both

patially and temporally. 

.5. EpCAM+ DTCs correlated with treatment response and predicted poor 

FS and OS 

To reveal the role of epithelial-type tumor cells in treatment response

ssessment, analysis was conducted to investigate whether the existence

f particular subtypes of EpCAM+ DTCs or EpCAM+ DTECs correlated
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Fig. 3. Quantification and molecular characterization of co-detected diverse subtypes of aneuploid disseminated rare cells (DTCs + DTECs) and circulating rare cells 

(CTCs + CTECs). (A-a) Quantitive distribution of pre-treatment DTCs and DTECs. (A-b) Quantitive distribution of pre-treatment CTCs and CTECs. (B-a) Shown are 

numbers comparison of detected DTCs and CTCs in each patient. Paired DTC and CTC values are connected by solid lines ( P < 0.001, Wilcoxon signed-rank test). 

(B-b) Shown are numbers comparison of detected DTECs and CTECs in each patient. Paired DTEC and CTEC values are connected by solid lines ( P < 0.001, Wilcoxon 

signed-rank test). (C) Quantitative analysis of molecularly characterized DTCs and DTECs with different phenotypes. Highest proportions of different subtypes are 

highlighted in red font. (D) Compositions of DTC (D-a) and DTEC (D-b) subtypes are depicted in a waterfall map. CTCs, circulating tumor cells; CTECs, circulating 

tumor endothelial cells; DTCs, disseminated tumor cells; DTECs, disseminated tumor endothelial cells. 
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Fig. 4. Kaplan–Meier survival analysis of DTM 

and DTEM on SCLC patients’ OS. (A) The OS 

curves of SCLC patients with negative and pos- 

itive DTM. (B) The OS curves of SCLC pa- 

tients with negative and positive DTEM. DTM, 

disseminated tumor microemboli; DTEM, dis- 

seminated tumor endothelial microemboli; OS, 

overall survival; SCLC, small cell lung cancer. 

Fig. 5. WES of CTCs and DTCs from an extensive disease small 

cell lung cancer patient with pathologically confirmed bone 

marrow metastasis at the time of tumor progression. (A) Gene 

mutation distribution of the three samples is graphically de- 

picted by the log value and summarized in the heatmap. (B) 

Venn diagram showed distribution of the overlap SNV muta- 

tions between each sample. (C) Pan-cancer mutation genes are 

listed as overlapped mutation genes (blue) and sample specific 

mutated genes (red). CTCs, circulating tumor cells; DTCs, dis- 

seminated tumor cells; WES, whole exon sequencing. 
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ith patients’ response to initial treatment regimens. All enrolled pa-

ients received standard treatment for at least 2 cycles and were avail-

ble to therapeutic efficiency evaluation, 23 (76.67%) achieved PR, 4

13.33%) showed SD, and 3 (10.00%) developed PD rapidly ( Fig. 6 A).

btained results indicated that the positive detection of EpCAM+ DTCs

ere significantly correlated with a decreased DCR ( P = 0.019 Fig. 6 B).

owever, no statistical significance in DCR was achieved between

pCAM+ DTECs and EpCAM- DTECs cohort patients ( P = 0.449, Fig. 6 B).

In light of the truth that tumor cells with the positive expression

f EpCAM may be indicative biomarkers for dismal prognosis, uni-

ariate analysis was performed to investigate the association between
341
pCAM+ DTCs and PFS or OS. Detailed progressive clinical status of

ach patient throughout therapy is shown in Fig. 7 A. Patients harbor-

ng EpCAM+ DTCs had a mPFS of 8.97 months (95% CI: 2.10–15.84

onths), which was significantly shorter than 10.63 months (95% CI:

.53–12.74 months) for patients possessing EpCAM- DTCs ( P = 0.028,

og-rank test, Fig. 7 Ba). Similarly, patients have EpCAM+ DTCs had

 significantly decreased mOS of 11.00 months (95% CI: 8.15–13.86

onths) than 24.30 months (95% CI: 18.14–30.46 months) for pa-

ients with EpCAM- DTCs ( P = 0.002, log-rank test, Fig. 7 Bd). Addi-

ional analysis of subgroup patients classified upon disease stages was

onducted. Results revealed that compared to patients with EpCAM- 
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Fig. 6. The relationship between EpCAM+ DTCs, EpCAM+ DTECs, 

and DCR in SCLC. (A) Response after two cycles of treatment ad- 

ministration in all enrolled SCLC patients. (B) Patients with positive 

detection of EpCAM+ DTCs were significantly correlated with a de- 

creased DCR ( P = 0.019), but no statistical difference in DCR was ob- 

served between EpCAM+ DTECs and EpCAM- DTECs cohort patients 

( P = 0.449). DCR, disease control rate; DTC, disseminated tumor cells; 

DTEC, disseminated tumor endothelial cells; Neg, negative; PD, pro- 

gressive disease; Pos, positive; PR, partial response; SD, stable disease; 

SCLC, small cell lung cancer. 
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TCs, patients with EpCAM+ DTCs showed significantly shorter PFS

13.73(95% CI:2.22–25.24) months vs. 3.6(95% CI: 0.27–6.99) months,

 < 0.001, log-rank test, Fig. 7 Bb] and OS [25.53(95% CI: 23.95–27.12)

onths vs. 4.37(95% CI: 0.00–8.92) months, P = 0.001, log-rank test,

ig. 7 Be] in LD-SCLC patients. However, no statistical significance was

chieved between the two groups in PFS [9.47(95% CI: 9.17–9.77)

onths vs. 6.13(95% CI: 2.16–10.10) months, P = 0.569, log-rank test,

ig. 7 Bc] or OS [11.53(95% CI: 10.39–12.67) months vs. 16.80(95%

I: 0.00–35.88) months, P = 0.563, log-rank test, Fig. 7 Bf] in ED-SCLC

atients. 

Correlation of EpCAM+ DTECs with prognosis was as well analyzed

tilizing Kaplan-Meier plots. Depicted in supplementary Fig. 1 A, base-

ine EpCAM+ DTECs did not demonstrate significant correlation with

atients’ poorer PFS [9.33(95% CI: 8.59–10.07) months vs. 10.63(95%

I: 8.69–12.57) months, P = 0.464, log-rank test]. Shown in supplemen-

ary Fig. 1 B, though patients in EpCAM+ DTECs cohort showed a shorter

OS than those in EpCAM- DTECs cohorts, there is no statistical signif-

cance between the two cohorts (12.30 m vs 24.87 m, P = 0.080, Log

ank test). 

. Discussion 

This prospective, non-interventional study represents a pioneering

ffort to offer clinical and genetic evidence regarding the diverse sub-

opulations of heterogenous DTCs and DTECs in bone marrow. The

tudy also places particular emphasis on evaluating the clinical signifi-

ance of the specific epithelial subtype EpCAM+ DTCs in SCLC patients.
342
The limited number of surgically resectable patients 20 , 21 poses a ma-

or challenge in SCLC research, as obtaining tissue samples from these

atients is not always feasible in clinical practice. Although the detec-

ion and analysis of CTCs from blood samples provides a non-invasive

lternative for assessing tumor cell heterogeneity and advancing our

nderstanding of tumor biology, 22 the survival of CTCs is hindered by

arious factors such as anoikis, shear forces, and immune system elimi-

ation. 23 The rarity of CTCs presents significant challenges, and explor-

ng alternative sampling locations is urgently needed to fully unlock the

rognostic and predictive potential of CTCs for optimizing the clinical

anagement of SCLC patients. 24 Bone marrow represents an accessible

nd nurturing nest for CTCs, as the fenestrated endothelium of capillary

eds facilitates tumor cell extravasation. 25 Once they exist the blood-

tream, CTCs reside in the bone marrow as DTCs and utilize perivascu-

ar niche to survive and colonize. 26 Previous studies have demonstrated

hat bone marrow can serve as a reliable reservoir, and the persistence

f DTCs is commonly related to metastasis and disease progression. 27 

owever, a bone marrow aspiration is not recommended according to

urrent NCCN guidelines for SCLC. 6 In this study, DTCs and DTECs re-

iding in bone marrow and contemporaneous CTCs and CTECs in blood

re detected and comprehensively characterized. Comparative analysis

evealed that DTCs and DTECs were significantly more abundant than

heir corresponding CTCs and CTECs in blood. These findings are con-

istent with previous investigation in breast cancer patients, 15 implying

hat the bone marrow provides a unique advantage in terms of tumor cell

uantity and may serve as a more optimal alternative sample location

or studying SCLC. Furthermore, WES analysis revealed spatial and tem-
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Fig. 7. Prognosis analysis of the EpCAM+ DTCs and EpCAM- DTCs cohorts of patients. (A) Progressive clinical status of each subject in the EpCAM+ DTCs (red) and 

EpCAM- DTCs (blue) cohorts is illustrated. (B) Kaplan–Meier survival analysis. (Ba) The PFS curves of overall SCLC patients with EpCAM+ DTCs and EpCAM- DTCs. 

(Bb-c) The PFS curves of patients with EpCAM+ DTCs and EpCAM- DTCs in limited-stage SCLC and extensive-stage SCLC cohorts. (Bd) The OS curves of overall SCLC 

patients with EpCAM+ DTCs and EpCAM- DTCs. (Be-f) The OS curves of patients with EpCAM+ DTCs and EpCAM- DTCs in limited-stage SCLC and extensive-stage 

SCLC cohorts. DTCs, disseminated tumor cells; Epcam, epithelial cell adhesion molecule; mo, months; mOS, median overall survival; PD, progressive disease; PFS, 

progression-free survival, Pos, positive; PR, partial response; SCLC, small cell lung cancer; SD, stable disease. 
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oral intra-tumor genomic heterogeneity. Importantly, post-treatment

TCs in the bone marrow exhibited a higher degree of homogenous

ene mutations with pretreatment CTCs, supporting the hypothesis that

he bone marrow is responsible for primary tumor cell dormancy. These

ndings further validate the crucial role of bone marrow sampling in

CLC research. 

CTCs are typically found circulating as single cells, but they can

lso occasionally aggregate to form clusters known as CTM in periph-

ral blood. Tumor cells exhibit high heterogeneity, and different clones

f cancer cells can show cooperative behavior, promoting mutual sur-

ival and metastatic ability. 28 CTC clusters, whether homotypic or het-

rotypic in composition, possess a greater ability to metastasize com-

ared with single CTCs, contributing to disease progression and metas-

asis colonization. 29 This study disclosed that the positivity of DTM and

TEM in bone marrow was much higher than the incidence of CTM and

TEM in the blood. This finding aligns with previous research, suggest-

ng a correlation between tumor cell clusters and the overall number of

umor cells. 30 Whether DTM and DTEM can be used to predict prognosis

n SCLC patients was further investigated. Survival analysis confirmed

hat baseline DTM-negative patients exhibited significantly longer OS

han those with DTM cluster-positive detection. Similar result was ob-

erved with respect to the association between DTEM and OS. Our data

alidated the notion that, in addition to the intrinsic biological func-

ions of cancer cells, intercellular communication between cancer cells

ay play a crucial role in disease progression. However, further investi-

ations are warranted to gain a better understanding of the underlying

echanisms of cancer cell-cell communication. 

Aside from enumeration of total DTCs and DTECs, we performed

urther in situ phenotypic and karyotypic characterization using iFISH to

epict the comprehensive atlas of DTCs and DTECs, and meanwhile con-

rm the presence of cells with epithelial traits in the bone marrow. Ane-

ploidy, characterized by chromosome gains and losses, is a hallmark of

alignancy that drives lethal progression in tumor cells. 31 The aberrant

lternation of chromosome 8 are one of the most common chromosomal

bnormalities in lung cancer patients. 32 Studies have demonstrated that

hromosome aneuploidy in carcinoma cells can influence the transcrip-

ion of multiple genes, 33 resulting in a variety of phenotypes that subse-

uently contribute to tumor cell heterogeneity, therapeutic resistance,

nd tumor relapse in cancer patients. 34 , 35 In the present study, kary-

type analysis disclosed a significant difference in the degree of chro-

osome aneuploidy between DTCs with or without EpCAM phenotype,

hich was consistent with our previous studies on other EMT-related

henotypes of CTCs. 36 These findings suggest that not only changes in

ell surface makers, but also alterations in the karyotype of chromosome

 are involved in the process of EMT. The discrepancy in karyotype com-

osition may be attributed to the biological functions of different tumor

ell types. 

Growing evidence has demonstrated the significant role of cancer

ells undergoing EMT in tumor initiation, chemoresistance, and disease

rogression in various carcinoma types, including lung cancer. Here, our

esult disclosed that the existence of EpCAM+ CTCs in blood was not

onsistent with the positive detection of EpCAM+ DTCs in bone marrow.

his can be attributed to the bone marrow providing a suitable microen-

ironment that induces an EMT-like program through the interaction be-

ween tumor cell and bone marrow niches, resulting in drug resistance

nd enhanced survival. 37 Therefore, we aimed to evaluate the clinical

ignificance of EpCAM+ DTCs in assessing tumor response and predict-

ng survival outcomes in SCLC patients. Our findings revealed that the

aseline presence of EpCAM+ DTCs was significantly correlated with

 decreased DCR, suggesting that positive detection of EpCAM+ DTCs

ay possess clinical utility in predicting SCLC patients’ drug resistance

o initial treatment. Survival analysis further confirmed that SCLC pa-

ients with baseline EpCAM+ DTCs exhibited significantly reduced OS

ompared with those without EpCAM+ DTCs, which was partly in line

ith our previous research on advanced NSCLC. Subgroup analysis re-
344
ealed that EpCAM+ DTCs can predict LD-SCLC but not ED-SCLC pa-

ients’ poor prognosis. These results suggested that the pre-therapeutic

pCAM+ DTCs may serve as prognosticators for poor treatment response

nd inferior clinical outcomes. In clinical trials, the EpCAM molecule can

erve as a descriptive therapeutic target for cancer and EpCAM-specific

ntibodies have been reported to effectively eliminate cancer cells. 38 , 39 

lthough no EpCAM targeted agents are currently available in SCLC,

ur results provide additional perspectives with respect to the develop-

ent of new EpCAM therapeutic agents for translation in the future and

pCAM+ DTCs may also serve as a promising biomarker for risk strat-

fication of SCLC patients. To further validate the clinical significance

f EpCAM+ DTCs, we are currently conducting expanded studies on a

arge cohort of SCLC patients. 

Our study has several limitations that should be acknowledged. First,

his study included a relatively small samples for analysis, which may

imit the statistical power of the research. Second, the WES data were

enerated from DTCs and CTCs only, without including primary tu-

or tissue, which may induce the conclusions less comprehensive. Fi-

ally, the underlying mechanism of EpCAM+ DTCs in treatment re-

istance and disease progression remains unclear and requires further

nvestigation. 

In summary, our study provides novel insights by demonstrating that

he bone marrow contains a significantly higher number of DTCs and

TECs compared with their contemporaneous CTCs and CTECs. Further-

ore, DTCs inherited more homologous somatic information from pre-

reatment CTCs compared with post-treatment CTCs. The identification

f the epithelial subtype EpCAM+ DTCs holds promise as a biomarker

or assessing initial treatment response and predicting survival outcomes

n SCLC patients. Bone marrow sampling and detection of pretreatment

pCAM+ DTCs may have implications in risk stratification and personal-

zed clinical management of SCLC patients. Additionally, the bone mar-

ow provides an optimal alternative site for studying the heterogeneous

ature of tumor cells. Further studies involving larger cohorts and serial

ollow-up samplings are warranted to further investigate bone marrow

TCs in SCLC. 
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