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Circulating tumor cells share RNAmodules with early
embryo trophectoderm and with metastatic cancer

Metastasis is the primary cause of cancer-related deaths,
accounting for an estimated 66% to 90% of fatalities [1]. It
is a multistep process involving the dissemination of circu-
lating tumor cells (CTCs) and their colonization of distant
organs [2, 3]. A higher number of detected CTCs in cancer
patients is associated with shorter survival [4].
We analyzed 544 single-cell RNA sequencing (scRNA-

seq) profiles of bona fide CTCs, identified as keratin-
positive and aneuploid, from over 3,000 putative CTC
profiles available in public databases, as detailed in Sup-
plementary Table S1. Most of the CTCs originated from
patients with breast cancer (n = 502, 92.3%), while a
smaller number were derived from patients with prostate
cancer (n= 42). All experimental methods are described in
the Supplementary Materials and Methods.
All bona fide CTCs were positive for KRT18 and neg-

ative for PTPRC (CD45), as expected. Three main CTC
subgroups were identified (Supplementary Figure S1). We
labeled the two epithelial (EPCAM+) subgroups as epithe-
lial A (epiA) and epithelial B (epiB), while the third
subgroup was mesenchymal (VIM+/EPCAM−). CAV1 and
AXL showed the highest specificity for mesenchymal
CTCs, whereas LY6E was the most distinctive gene for
epiB CTCs (Supplementary Tables S2–S4). Further anal-
ysis revealed that mesenchymal and epiB, but not epiA
CTCs, were actively engaged in the cell cycle, as inferred
using the R package Tricycle (Supplementary Figure S1).
The biological implications of these three CTC subgroups
are highly relevant. Mesenchymal CTCs expressed signif-
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icantly lower levels of KRT18 and other keratins, such
as KRT19 and KRT7, compared to epithelial CTCs. Con-
versely, vimentin, another class of intermediate filaments,
was highly expressed in mesenchymal CTCs. The shift
from keratins to vimentin is a hallmark molecular event
in epithelial-to-mesenchymal transition (EMT). EMT reg-
ulators ZEB1, ZEB2, and SNAI2 were upregulated in
mesenchymal CTCs, indicating that EMT was responsi-
ble for their origin. These findings highlight the need to
prioritize the detection and targeting of epiB and mes-
enchymal CTCs. PD-L1 (CD274), an important target for
immunotherapy in clinical practice, was expressed in only
a small fraction of mesenchymal CTCs and even less in
epithelial CTCs (Supplementary Figure S2). In contrast,
two other immune checkpoint genes, CD276 (B7-H3) and
PVR (CD155), were highly expressed in CTCs, compara-
ble to their expression in trophoblasts. This suggests an
immuno-evasive phenotype common tomostCTCs, driven
by the expression of CD276 and PVR.
Is there a functional relationship between CTCs and

trophoblast cells, as suggested by the co-expression of
genes such as CD276, SP6, and LY6E (Supplementary
Figure S3)? To address this question, we examined poten-
tial links between CTCs and the placenta or early embryo
by integrating scRNA-seq profiles of CTCs with those from
normal and cancerous breast tissue, early embryos and
first- and second-trimester human placenta (Figure 1A,
Supplemental Figures S4,S5). The UMAP plot positioned
CTCs within a region enclosed by metastatic breast can-
cer cells, early embryonic cells, and trophoblast cells.
We further explored these interrelations using divisive
hierarchical spectral clustering (Figure 1B), which con-
firmed that CTCs, trophoblast cells, and embryonic cells
share similar RNA profiles (Supplementary Figure S6 and
Supplementary Table S5). To validate these findings, we
mapped the CTCs onto the transcriptional landscape of
embryo developmental [5] (Figure 1C). A subset of CTCs
(n = 72 out of 544, p-value < 0.001) aligned with the
trophectoderm (TE), the blastocyst cells that give rise
to the trophoblast, facilitating embryo attachment and
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subsequent invasion to form the placenta. Notably, these
TE-like CTCs were predominantly from the epiB subgroup
(64 out of 72, Fisher Test p-value < 0.001) and were fre-
quently in the S phase of the cell cycle (Supplementary
Figure S7). To further investigate the similarity between
epiB CTCs and TE, we performed a transcriptomic cor-
relation analysis across all cell types. In the resulting
correlation plot (Figure 1D), epiA CTCs clustered among
breast cancer subtypes, while epiB and mesenchymal
CTCs clustered with early embryonic stages. In partic-
ular, epiB CTCs showed strong similarity to TE and its
precursors, pre-lineage cells. This analysis confirmed the
strong relationship between epiB CTCs and the TE lineage
previously observed.
We hypothesized that the similarity between epiB CTCs

and early embryonic stages arises from functional conver-
gence. Specifically, we proposed that key traits essential

for the functionality of CTCs (invasiveness and immune-
evasion) are encoded in the human genome as part of
the trophectodermal program, which leads to the extrav-
illous trophoblast and ultimately to the placenta. To test
this hypothesis, we investigated transcription factors that
were upregulated and had active gene regulatory networks
(GRNs) in both epiB CTCs and TE or its precursors, pre-
lineages (Figure 1E). While epiB CTCs exhibited several
active GRNs, only CEBPA and ILF2 were shared with
TE. Furthermore, while ILF2 was ubiquitously expressed
across the dataset, the upregulation of CEBPA mRNA was
predominantly restricted to epiB CTCs and TE (Supple-
mentary Figure S8). Additionally, we identified several
GRNs that appeared to be specific to either epiB or
mesenchymal CTCs (Figure 1E).
Is it possible to define a cellular path for cancer estab-

lishment and progression in breast cancer, given the

F IGURE 1 Integration of scRNA-seq from CTCs, normal and cancer breast samples, and embryonic cell types. (A) UMAP plot of the
CTC, cancerous and normal breast tissue, and embryonic cell types upon Scanorama integration. All three CTC subgroups were located in a
UMAP space defined by metastatic breast cancers (CA, on the left), EVTs (on the top and right-hand side), and a small cluster of
syncytiotrophoblast (STB, bottom and right-hand side). The colors in the legend correspond to the different cancer or cell subgroups in the
integrated dataset. (B) Divisive hierarchical spectral clustering of CTCs, metastatic and non-metastatic primary tumors, metastatic lymph
nodes, trophoblasts, and embryonic cell types. Nodes were pruned with the “smart prune” set to 0.5 median absolute deviation. Spectral
clustering confirmed that CTCs, trophoblasts, and embryo cells possessed similar RNA profiles, as they were clustered together (dashed light
blue oval). The color of the clusters and of branches correspond to the relative composition in the different cell types. The cluster size is
proportional to its numerosity. (C) CTCs mapped onto the trophectoderm (TE) space in the embryonic development reference map. An
interactive online tool based on the human embryogenesis reference was used to map the CTCs onto the human embryo using their
scRNA-seq profiles [5]. The left and top panels show the embryonic reference map with the locations of the major cell types during
development. Seventy-two CTCs (out of 544) mapped to the embryonic trophectoderm (TE), the tissue that originates trophoblasts (positive
samples are red dots in the top/right panel, indicated by the arrow). As a positive control, trophoblast cells correctly mapped to their expected
area (positive samples are red dots in the bottom/right panel). Conversely, in negative control tests (bottom/left panel), no cells from
non-metastatic cancer (400 samples each for TNBC, ER+, and HER2+ breast cancer subtypes) or normal breast epithelial cells (n = 703) were
classified as TE or other embryonic cell types. Thus, the CTCs had a highly significant excess of cells similar to TEs (chi-square test, p-value <
0.001). The TE-like CTCs predominantly belonged to the CTC epithelial B subgroup (64 out of 72, Fisher Test p-value < 0.001) and were
frequently in the S phase of the cell cycle (Supplementary Figure S7). (D) The correlation matrix shows that the transcriptome of epithelial B
CTCs has the strongest similarities with those of trophectoderm (TE) and prelineage embryonic cells (Prelin). We performed a correlation
analysis of the aggregate expression for all cell types, including CTCs, normal and cancerous breast samples, early embryos, and trophoblasts,
in the integrated dataset. In the correlation plot, epithelial A CTCs clustered among the cancer subtypes, while epithelial B and mesenchymal
CTCs clustered among early embryonic stages. In particular, epithelial B CTCs showed the highest similarity with TE and its precursor
prelineage cells (green oval). (E) Active gene regulatory networks (GRNs) in CTCs and embryonic cell types. We used single-cell regulatory
network inference and clustering (SCENIC) to reconstruct gene regulatory networks [10]. EpiB and mesenchymal CTCs displayed divergent
transcription programs and various specific GRNs. Only epiB CTCs shared regulation by the master gene CEBPA with TE (dashed dark blue
oval). When considering activated GRNs, epiB CTCs clustered with TE and early embryonic cell types. (F) We investigated the paths and
lineages leading from normal breast epithelial cells through the various breast cancer subtypes to metastatic lymph nodes and CTCs. The
inferred pseudo-time and reconstructed lineages were obtained using Slingshot [6] and the minimum spanning tree. The normal breast
clusters were correctly selected as the starting points by unsupervised analysis, ending with the epithelial A/B CTCs via cancer cell clusters
from ER+ and metastatic tumors. The mesenchymal CTCs followed a late diverging trajectory. The lineages for the breast cancer progression,
except for the TNBC subtype, included some common evolutionary segments preceding the emergency of CTCs. Abbreviations: CTC,
circulating tumor cell; CTCepiA, epithelial A CTC; CTCepiB, epithelial B CTC; CTCmes, mesenchymal CTC; N, normal breast; LN, metastatic
breast cancer lymph nodes; CA, the respective breast cancers related to LN; EVTw8, extravillous trophoblast at 8 weeks; EVTw24, extravillous
trophoblast at 24 weeks; STB, syncytiotrophoblast; CTB, cytotrophoblast; Epi/ICM, epiblast/inner cell mass; Prelin, prelineage; PrE, primitive
endoderm; TE, trophectoderm; TN, triple negative breast cancer; ER, estrogen receptor-positive breast cancer; HER2, human epidermal
growth factor receptor 2-positive breast cancer; scRNA-seq, single cell RNA sequencing; UMAP, Uniform Manifold Approximation and
Projection; GRN, gene regulation network.
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diversity of the scRNA-seq profiles in the dataset we
assembled? To reconstruct the lineages leading from nor-
mal breast tissue, through various breast cancer subtypes,
to metastatic lymph nodes and eventually to CTCs, we
inferred pseudotime using Slingshot [6]. Although the
analysis was unsupervised, the normal breast clusterswere
accurately identified as the starting points, culminating
in the epithelial A/B CTCs via intermediate cell clusters
from ER+ andmetastatic cancers (Figure 1F). The progres-
sion lineages for ER+ and HER2+ breast cancer shared
common evolutionary segments, ultimately leading to the
emergence of CTCs (Supplementary Table S6).
We finally identified RNA modules that could be rel-

evant to metastatic evolution. The genes upregulated in
CTCs, metastatic lymph nodes, and their respective pri-
mary tumors are shown in Supplementary Figure S9 and
listed in Supplementary Table S7. Two genes associated
with metastasis (ALDOA and PSMA6) were also upreg-
ulated in TE. The expression levels of RNA modules
implicated in progression are displayed, superimposed on
the UMAP plot, in Supplementary Figures S10–S12.
In this study, we aimed to characterize CTCs within

the context of the cancer environment using scRNA-
seq. We identified a mesenchymal CTC (VIM+/AXL1+)
subpopulation, distinct from the larger epithelial CTCs
(EPCAM+) population. Importantly, we further divided
the epithelial CTCs into two divergent subgroups: epiA,
characterized by high CD24/CDH1 expression, and epiB,
marked by elevated levels of the stem cellmaster regulators
SOX2/CEBPA. Notably, epiB and mesenchymal CTCs, but
not epiACTCs, exhibitedmitotic activity. Of clinical signif-
icance, CD276 and PVR, but not PD-L1, were the primary
immune checkpoint genes expressed in CTCs. CD276, like
PD-L1, is an immune checkpoint that suppresses tumor
antigen-specific immune responses and is a target of anti-
cancer agents such as enoblituzumab [7], and CAR T cells
[8]. We propose that CD276 and PVR could serve as targets
for novel immunotherapeutic strategies to eliminate CTCs.
In conclusion, we identified a novel CTC subtype, epiB,

along the lineages of breast cancer progression, character-
ized by high levels of the stem cell master regulator CEBPA
and significant mitotic activity. For the first time, we also
demonstrated a link between this CTC subgroup, epiB,
and the embryonic trophectoderm. EpiB CTCs may utilize
elements of the TE genetic program to invade the vascula-
ture, achievemetastasis, and implement fetal-like immune
tolerance. The RNA modules involved in cancer progres-
sion that we identified, particularly those of mesenchymal
and epithelial B CTCs, could have clinical applications in
detecting minimal residual disease [9] and in identifying
novel molecular targets in metastasis.
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