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Vascular smooth muscle cell plasticity in the tumor
microenvironment

Smooth muscle cell (SMC) plasticity plays a prominent
role in the pathogenesis of multiple diseases. This phe-
nomenon is characterized by the loss of canonical SMC
marker gene expression (such as Acta2 and Myh11),
increased proliferation and migration, and the upregula-
tion of genes typically associated with other cell types,
such as macrophages [1–3]. This process is best described
in atherosclerosis, where phenotype switching, clonal
expansion, and the aberrant expression of inflammatory
and matrix proteins contribute to lesion progression and
plaque instability [1–4]. However, this phenomenon has
not been studied in the context of tumorigenesis. Here,
we investigated whether SMC diversity and plasticity play
a role in the tumor microenvironment (TME) using well-
established SMC-lineage tracing mouse models, single
cell RNA sequencing (scRNA-seq), and in silico ligand-
receptor predictions. Detailed studymethods are described
in the supplementary materials and methods section. The
goal of this work was to determine if vascular SMC plas-
ticity should be prioritized as a translational target in
oncology.
Two-colored Myh11 lineage tracing mice have native

cells that express tdTomato at baseline. Following tamox-
ifen administration, any cell expressing MYH11 will
lose tdTomato and instead express eGFP (Supplementary
Figure S1A-B). Syngeneic colon cancers (MC38) implanted
subcutaneously into the flanks of these two-colored mice
showed amarked and progressive investment of SMCs into
the tumor over an 11-day period (Figure 1A-B, Supplemen-
tary Figure S1C). High-resolution fluorescent microscopy
revealed the loss of the canonical SMC marker ACTA2
in the eGFP+ lineage traced cells, indicating that they
may have been misidentified using traditional histological
approaches (Figure 1C). eGFP+ cells were noted far from
discernible vasculature within the TME (Figure 1D-E),
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suggesting their migration away from endothelial net-
works into the tumor interstitium. Experiments using a
separate Rainbow lineage tracer revealed that the expan-
sion of these cells did not occur in a clonal fashion
(Supplementary Figure S1D-E) [5].
To more precisely define the diversity of these cells,

scRNA-seq was performed. Unbiased clustering and uni-
form manifold approximation and projection (UMAP)
analysis of the tumor data showed the representation of
all anticipated cell types, identified by their gene expres-
sion profiles (Supplementary Figure S1F). As expected,
eGFP-expressing cells were concentrated in the SMC
cluster but were also surprisingly prevalent within the
larger macrophage cluster (Figure 1F), representing 10%
of eGFP+ cells in total. To define the diversity of SMC-
derived cells in the TME, all cells expressing an eGFP
transcript ≥ 1 were subset and reanalyzed, identifying
eight distinct groups of tumor-associated lineage-traced
SMCs (Figure 1G). We then used Monocle3 pseudotem-
poral analysis to map the trajectory of transitioning SMC
(Supplementary Figure S1G). The trajectory starts with
high contractile gene expression, which diminishes as
the SMC adopt a more proliferative and non-traditional
phenotype, consistent with our immunofluorescent stain-
ing. The cluster furthest from the original contractile
cell state appears to take on a ‘macrophage-like’ pheno-
type, upregulating genes related to antigen presentation
and immune response relative to other SMC-derived cells
(Figure 1H, Supplementary Figure S1H). Studies using a
Dre-Cre reporter, which maps sequential upregulation of
macrophage-related genes in SMC-derived cells [4], sug-
gested that this phenomenon was not merely the result
of cell fusion (Supplementary Figure S1I-J). These results
demonstrate an unexpected level of SMC plasticity in
the TME, including the ability to transition toward a
macrophage-like cell (macSMC).
To understand the mechanism underlying the plasticity

from a contractile to a macSMC state, we utilized CellChat
to predict ligand-receptor interactions. A comparison of
predicted ligand-receptor pairs between the tumor and
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F IGURE 1 Phenotypic plasticity of smooth muscle cells in the tumor microenvironment. (A) Experimental design. Tamoxifen
administration to tdTomato-coloredMyh11 lineage-tracing mice induces SMC-specific eGFP expression. Mice are rested for 2 weeks before
subcutaneous implantation of MC38 tumors. Tissues are collected for analysis after 11 days of tumor growth. (B) Representative fluorescent
microscopy images of MC38 tumors showing progressive infiltration of native immune cells (tdTomato) and investment of SMCs (eGFP) in the
TME over days 5, 8, and 11. (C) Representative fluorescent microscopy images of lineage-traced SMCs (eGFP) with and without co-expression
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typical tumor-associated macrophages (TAMs) versus the
tumor and macSMCs revealed exactly one unique cell-cell
interaction (Figure 1I, Supplementary Figure S2A-C): the
cell surface ligand bone marrow stromal antigen 2 (BST2)
on tumor cells binding to the cell surface receptor paired
immunoglobulin-like receptor A2 (PIRA2) on macSMCs.
BST2 is a type II transmembrane protein that is upreg-
ulated in several cancer subtypes and thought to partly
promote tumorigenesis through its propensity for vascular
invasion [6, 7]. PIRA receptor complexes have been shown
to activate macrophage pathways via phosphorylation of
an immunoreceptor tyrosine-based activation motif and
ERK signaling [8].
To test these in silico predictions, primary murine aor-

tic SMCs were cultured with increasing concentrations
of recombinant BST2. Quantitative reverse transcription
polymerase chain reaction (RT-qPCR) showed decreased
expression of contractile genes and increased expression
of macrophage-associated genes, consistent with the in
vivo results (Figure 1J-K). SMCs incubated with recom-
binant BST2 also exhibited increased proliferation and
chemokinesis in migration assays (Figure 1L-M). When
apoptoticMC38 cells were coculturedwith SMCs, the pres-
ence of BST2 induced a modest but significant increase
in the phagocytic ability of SMCs, as assessed by FACS
phagocytosis assay (Figure 1N). BST2 also increased ERK
phosphorylation in SMCs, aligning with prior literature
on downstream PIRA signaling [8] (Supplementary Figure
S2D-E). Loss-of-function studies using siRNA targeting
PIRA2 diminished or abolished the effects of BST2 in sev-
eral assays, implicating PIRA2 as the interacting receptor
(Supplementary Figure S2F-J). Together, these data sug-

gest that signaling between BST2 and PIRA2 contributes
to the loss of canonical contractile markers in SMCs while
promoting behaviors typical of TAM, such as proliferation,
migration, and capacity for tumor cell phagocytosis.
To explore the translational relevance of this phe-

nomenon, MC38 cells were transfected with either a
BST2-targeting shRNA or a non-targeting shRNA (shCon-
trol) (Supplementary Figure S3A), then implanted into the
flanks of single-colored Myh11 lineage-tracing mice. Con-
sistent with previous studies [6], BST2-deficient tumors
were smaller, with reduced volume and weight at the time
of harvest (Figure 1O, Supplementary Figure S3B). SMC
content in the shBST2 tumors was significantly reduced,
both overall and as a percentage of the total quantified
cell number (Figure 1P). When using CD31+ endothelial
cell content to adjust for total tumor vascularization,
there were still significantly fewer SMC-derived cells in
the BST2-deficient tumors (Figure 1Q). By lineage-traced
scRNA-seq, the SMC-derived cells which persisted in
the TME were less likely to adopt a macrophage-like
profile and expressed fewer genes typically associated
with immunosuppressive TAMs (Supplementary Figure
S3C-F). These findings suggest that tumor cell expression
of BST2 may contribute to pathological SMC investment
in tumors, even after adjusting for differences in tumor
size and vessel ingrowth.
Limitations of this work include the possibility that

these macSMCs reflect cellular fusion within the TME
or macrophage phagocytosis. However, because we used
multiple lineage-specific reporter systems and conser-
vative doublet thresholds for SMC identification, we
consider this explanation less likely. Definitive exclusion

of smooth muscle alpha-actin (ACTA2) after tumor harvest at day 11; arrows designate SMCs lacking canonical ACTA2 expression. (D)
Lineage-traced SMCs (eGFP) co-stained for CD31, an endothelial marker. SMCs are observed both in proximity to vascular endothelium (V)
and without clear association (designated by arrows). (E) Computational analysis quantifying the proximity of eGFP+ cells to the nearest
blood vessel (BV) in immunofluorescent images from subcutaneously implanted MC38 tumors in two-coloredMyh11 lineage-tracing mice 11
days after implantation (n = 10 tumors). (F) UMAP and unbiased clustering of scRNA-seq data for all libraries, with eGFP expression shown
in different clusters. (G) UMAP and unbiased clustering of scRNA-Seq data for all eGFP-expressing cells (eGFP ≥ 1), annotated based on
differential gene expression (DGE) analysis. (H) FeaturePlot depicting macrophage gene expression in the UMAP of SMCs. (I) Diagram
illustrating the unique signaling pathway between tumor cells and SMC-derived macrophage-like cells versus tumor-associated macrophages
was through the BST2 cell surface receptor. (J-K) SMCs incubated with increasing concentrations of recombinant murine BST2 over 48 hours,
with RNA transcript levels of SMC markers (J) and macrophage markers (K) quantified by RT-qPCR and normalized to the 0.0 ug/mL BST2
condition (n = 9). (L) Proliferation assay of cultured aSMCs in the presence or absence of BST2, with confluence normalized to the condition
at time 0 (n = 3). Statistical analysis performed using two-tailed Wilcoxon-signed rank tests with Welch’s correction. (M) Representative
images of wound healing assay of aSMCs with or without BST2 treatment, with quantification presented in supplementary figures. (N) FACS
phagocytosis assay of aSMCs cultured with or without BST2 and exposed to apoptotic MC38 cancer cells. Percentage of total SMCs
phagocytosing cancer cells shown (n = 6). (O) Representative fluorescent microscopy images of shControl and shBST2 MC38 tumors
implanted in single-colored SMC lineage-tracing mice, with IF for endothelial cells (CD31) and representative confocal microscopy images.
(P-Q) SMC frequency as a percentage of total cells in shControl and shBST2 tumors (n = 9) (P), and ratio of tdTomato+ cells to CD31+ cells (n
= 9) (Q). Statistical analysis performed using two-tailed Wilcoxon-signed rank tests with Welch’s correction. ns = not significant. *P < 0.05,
**P < 0.005, ***P < 0.001, and ****P < 0.001. Abbreviations: BST2, bone marrow stromal cell antigen 2; FACS, Fluorescence-Activated Cell
Sorting; aSMCs, murine aortic smooth muscle cells; PIRA2, paired-Ig-like receptor A2; scRNA-Seq, single-cell RNA sequencing; SMC, smooth
muscle cell; TME, tumor microenvironment; UMAP, uniform manifold approximation and projection.
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of this possibility would require chimeric or parabiotic
models. Additionally, our studies used only male mice, as
the lineage tracer is located on the Y chromosome.
In summary, these studies provide novel insights into

the dynamic nature and remarkable plasticity of vascular
SMCs during tumorigenesis. We found that, in addition
to contractile and proliferative states, a small subset of
SMCs can adopt a phenotype with cancer-promoting,
macrophage-like features, possibly in response to direct
cell-cell interactions with the tumor interface. This phe-
nomenon, which would not have been observed without
the use of indelible lineage tracing systems, may repre-
sent a novel determinant of tumor progression. These
results also demonstrate that SMCs are potential con-
stituents of the TME and highlight their ability to function
beyond their classic role in vascular homeostasis, similar
to what has been observed in cardiovascular conditions
such as atherosclerosis [9]. Future studies will determine
whether targeting SMC plasticity can have a therapeu-
tic impact on the vascular compartment signature within
the TME [10], beyond what is currently achievable with
anti-VEGF therapies. If successful, targeting cancer neo-
vascularization may not only reduce nutrient delivery to
the developing tumor, but also alter its immunomodula-
tory landscape, thus providing an additional translational
strategy for oncologists.
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