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SUMMARY

Chemotherapy remains the first-line treatment for advanced esophageal cancer. However, durable benefits
are achieved by only a limited subset of individuals due to the elusive chemoresistance. Here, we utilize pa-
tient-derived xenografts (PDXs) from esophageal squamous-cell carcinoma to investigate chemoresistance
mechanisms in preclinical settings. We observe that activated cancer-associated fibroblasts (CAFs) are en-
riched in the tumor microenvironment of PDXs resistant to chemotherapy. Mechanistically, we reveal that
cancer-cell-derived S100A8 triggers the intracellular RhoA-ROCK-MLC2-MRTF-A pathway by binding to
the CD147 receptor of CAFs, inducing CAF polarization and leading to chemoresistance. Therapeutically,
we demonstrate that blocking the S100A8-CD147 pathway can improve chemotherapy efficiency. Prognos-
tically, we found the S100A8 levels in peripheral blood can serve as an indicator of chemotherapy responsive-
ness. Collectively, our study offers a comprehensive understanding of the molecular mechanisms underlying
chemoresistance in esophageal cancer and highlights the potential value of S100A8 in the clinical manage-
ment of esophageal cancer.

INTRODUCTION

Esophageal squamous-cell carcinoma (ESCC) emerges as a

prominent and lethal malignancy within the digestive system,

presenting a dismal 5-year survival rate of only 20%.1,2 Fluoro-

uracil (5-FU)/cisplatin (CDDP)-based chemotherapy is a stan-

dard treatment for localized ESCC.3,4 However, the current stan-

dard of care offers onlymodest relief for patients with ESCC. This

is exacerbated by the fact that most patients eventually suffer tu-

mor recurrence due to primary or acquired multidrug resistance,

and the underlying mechanisms of chemoresistance are not fully

understood.

The intractable tumor microenvironment (TME) remains one of

the key issues that impedes effective cancer management in

clinical practice. Mounting advances on the TME have revealed

its importance in driving cancer heterogeneity and treatment

resistance.5–8 Within the TME, various nonmalignant cells

coexist with malignant cells, primarily including cancer-associ-

ated fibroblasts (CAFs), endothelial cells, tumor-infiltrating lym-

phocytes, and myeloid cells. Among all types of stromal cells,

CAFs are the abundant and heterogeneous components that

support diverse critical cancer-promoting functions.9–11 For

example, CAFs have the capacity to remodel the extracellular

matrix (ECM), creating physical barriers that hinder drug delivery

and impede immune cells infiltration.12,13 Due to the tumor-sup-

porting functions exerted by CAFs in cancer development, the

modulation of CAFs presents a tempting and promising prospect

for enhancing anti-cancer efficacy.14 Nevertheless, directly elim-

inating CAFs may promote the dissemination and invasion of

cancer cells, leading to decreased survival rates.15,16 Further-

more, clinical trials focused on targeting CAFs have encountered

limited progress.17 Therefore, it is imperative to develop innova-

tive strategies to reprogram the pro-tumor CAFs into a quiescent

state without disrupting the tumor-stroma architecture, which

will hold potential for enhancing therapeutic outcomes in a

safe and effective manner.

Devising effective approaches targeting CAFs relies on

understanding their interactions with cancer cells. Accumulating

evidence suggests that the symbiotic interactions between

cancer cells and CAFs are crucial in the tumorigenesis,18,19
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progression,20,21 and resistance to anti-cancer therapies of

ESCC.22–25 Our prior work has demonstrated that cancer cell-

secreted CXCL1 activates myofibroblastic CAFs (myCAFs), trig-

gering collagen deposition and ECM remodeling. The deposited

collagen supports the survival of ESCC cells after ionizing radia-

tion exposure, ultimately leading to radioresistance.25 Addition-

ally, CAFs are typically polarized toward an immunosuppressive

phenotype, thus promoting immune evasion and tumor progres-

sion in ESCC.23,26 These findings expand our understanding of

how cancer cell-stromal cell interactions contribute to cancer

development and propose a number of strategies for targeting

CAFs to improve outcomes in patients with ESCC.

The utilization of preclinical animal models that preserve the

intact characteristics of interactions between cancer cells and

stromal cells is of utmost importance for investigating the impact

of CAF polarization on treatment resistance in ESCC. Patient-

derived xenograft (PDX) models offer a sophisticated platform

for comprehending the disease mechanisms of ESCC. PDXs

can mimic the genetic and composition diversity of the clinical

settings due to the high histological and pathological relevance

between donor tumors and established tumor xenografts.27

In the present study, we comprehensively investigate the mech-

anisms underlying chemoresistance of ESCC utilizing well-es-

tablished PDX models. We demonstrate the enrichment of my-

CAFs, the primary source of tumor-associated ECM, in the

non-responsive PDXs’ TME. Importantly, we illustrate that the

cancer-cell-derived alarmin S100A8 triggers myCAF accumula-

tion and imparts chemoresistance. Analysis of human ESCC

samples aligns with our PDX findings. Our findings highlight alar-

min S100A8 as a promising target for circumventing ESCC che-

moresistance and as a valuable marker for predicting chemo-

therapy responsiveness.

RESULTS

5-FU/CDDP-based chemotherapeutics screening
reveals the enrichment of myCAF-associated
signatures in non-responsive PDXs
To comprehensively investigate the molecular signatures

that determine chemotherapy responsiveness in ESCC, we

expanded the ESCC PDX cohort based on our prior studies.25,28

The enlarged cohort comprised 20 PDX cases from surgical

specimens of distinct donors (detailed clinical information in

Table S1). Subsequently, in vivo screening for 5-FU- and

CDDP-based chemotherapywas carried out. All PDXswere sub-

jected to three cycles of treatment with 5-FU/CDDP or vehicle re-

agents once the xenografts reached approximately 150 mm3 in

size (Figure 1A). The mice in the experiments exhibited a good

tolerance to the chemotherapy dosage. Although some experi-

enced mild weight loss during treatment, there were no signifi-

cant differences in body weight between the groups receiving

chemotherapeutics and those receiving vehicle reagents (Fig-

ure S1A). The chemotherapy responsiveness was assessed by

applying two criteria to compare the changes in relative tumor

volume (RTV) between the drug-treated and vehicle-treated

groups: (1) determining if drug treatment significantly restrained

tumor growth (p < 0.05 for responders), and (2) calculating the

percentage of tumor growth inhibition (TGI [%], as described in

STAR Methods) at the endpoint (TGI > 50% for responders). Ac-

cording to the defined criteria, PDXs were classified into 12 non-

responders (NRs) and eight responders (Rs) (Figure 1B). The

average TGI was 63.1% for Rs and 12.2% for NRs, with a signif-

icant disparity between the two groups (Figure 1C). Additionally,

the tumor growth rates of vehicle-treated mice were not signifi-

cantly different between the R and NR groups (Figure S1B), sug-

gesting that the inherent tumor growth capacity had minimal

impact on the classification of responsiveness.

Next, we investigated the transcriptomic signatures of the R

and NR groups by analyzing the RNA sequencing (RNA-seq)

data of the 20 PDX donors’ tumor tissues. Initially, we assessed

the expression variances of two well-known cell proliferation

markers, MKI67 and PCNA,29 and found no correlation with che-

mosensitivity (Figure S1C). This finding reinforces our earlier

conclusion that the inherent tumor growth rate was not respon-

sible for chemoresistance. The principal-component analysis

(PCA) revealed a clear separation between the R and NR groups

(Figure 1D), indicating that variations in gene expression patterns

accounted for the discrepancies in chemotherapy responsive-

ness. The gene set enrichment analysis (GSEA) revealed a

significant enrichment of gene sets associated with cancer

cells-stromal cells interactions, such as ‘‘focal adhesion’’ and

‘‘ECM-receptor interaction,’’ in the NR group (Figure 1E). Addi-

tionally, the activation of the ‘‘smooth muscle contraction’’

pathway, regulated by Rho-kinase signaling and responsible

for actomyosin contractility in the stroma,30 was observed in

the NR group (Figure 1E). These findings suggest that the myofi-

broblastic phenotypes of CAFs, including ECM remodeling,

deposition, and their interactions with cancer cells, may play a

crucial role in determining the responsiveness to chemotherapy

in ESCC. We then calculated the Z scores of expression values

Figure 1. Generation of ESCC PDXs chemotherapy cohort and identification of myCAF-associated gene signatures in non-responsive PDXs

(A) Graphical overview of the study.

(B) RTV curves of tumor xenografts from 20 distinct ESCCPDXs that were treated with chemotherapeutics or vehicle (n = 3–5mice per group). Data are presented

as mean ± SD. p values are determined using two-tailed Student’s t test.

(C) Boxplot exhibiting the percentage of tumor growth inhibition (TGI) of PDXs between the R (n = 8) and NR (n = 12) groups. Boxes represent the interquartile

range, and whiskers represent the minimum and maximum values. p value is determined using two-tailed Student’s t test.

(D) Principal-component analysis (PCA) plot showing overall patterns of gene expression of 20 PDX donors’ tumor tissues. Circles indicate two separate clusters

(R cluster [n = 8], blue; NR cluster [n = 12], red).

(E) Gene set enrichment analysis (GSEA) of pathways enriched in the NR group, using RNA-seq data of PDX donors’ tumor tissues.

(F) Spearman correlation between the TGI (%) and the collagen-associated genes score. The gray area represents 95% CI (n = 20).

(G) Representative images of H&E staining (top) and MTS (bottom) in the PDX donors’ biopsies of the R (n = 8) and NR (n = 12) groups. Scale bar, 100 mm.

(H) Quantification of (G). Data are presented as mean ± SEM. *p < 0.05 of two-tailed Student’s t test.

(I) Spearman correlation between the TGI (%) and the MTS-positive area (%). The gray area represents 95% CI (n = 20). See also Figure S1 and Table S1.
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for the pathway-associated genes and established signature

scores for pathways enriched in the NR group. Correlation anal-

ysis revealed a significant and negative correlation between

these pathway activities and chemotherapy responsiveness

(Figure S1D).

To identify more robust representative tumor expression

marker associated with responsiveness to chemotherapy, we

analyzed the differentially expressed genes and observed signif-

icant upregulation of genes encoding collagen, fibronectin, and

other ECM proteins, such as COL1A1, COL3A1, COL5A1, FN1,

and POSTN, in the NR group (Figure S1E). Subsequently, we

selected the upregulated collagen-associated genes in the NR

group and calculated the signature score. Correlation analysis

showed the signature score of collagen-associated genes was

negatively correlated with chemotherapy responsiveness (Fig-

ure 1F). Masson’s trichrome staining (MTS) further confirmed a

significant deposition of collagen in the NR group (Figures 1G

and 1H), with the collagen content serving as a representation

of chemoresistance severity (Figure 1I). Given the capability

of myCAFs for depositing and remodeling ECM in the TME,9

these findings collectively indicate that stromal components,

particularly myCAFs and the abnormally deposited ECM, and

their interactions with cancer cells in the TME, play vital

roles in determining the responsiveness to 5-FU/CDDP-based

chemotherapy.

Cancer-cell-derived S100A8 contributes to
chemoresistance in a CAF-dependent manner
Growing evidence suggests that cancer cells can induce the

transformation of CAFs into diverse oncogenic phenotypes by

secreting various cytokines, leading to the acquisition of distinct

cancer-supporting capacities.31–33 In the PDX model, the TME

components, primarily comprising stromal cells and non-cellular

matrix proteins, will progressively be replaced bymurine compo-

nents, resulting in the coexistence of human-originating cancer

cells and mouse-originating stromal cells.34 Therefore, to inves-

tigate the culprits responsible for ECM remodeling and chemore-

sistance, we conducted RNA-seq of PDX tumors and then

focused on analyzing the human-originating components of the

TME (Figure 1A). Mouse-originating RNA reads were filtered

out using Disambiguate software,35 and the resulting reads

were used for subsequent analysis. Differential expression anal-

ysis using human-originating reads revealed that the expression

of S100A8 was robustly upregulated in non-responsive PDXs

(Figure 2A). S100A8 belongs to the calcium-binding S100 alar-

min family and typically complexes with S100A9 to form a heter-

odimer.36 Immunohistochemistry (IHC) analysis of PDX tumors

showed increased S100A8 staining in the cancer cells of the

NR group (Figures 2B and 2C). Moreover, the expression

levels of S100A8 were negatively correlated with chemotherapy

responsiveness (Figure 2D), suggesting a potential role for can-

cer-cell-derived S100A8 in promoting chemoresistance.

S100A8 is frequently secreted into the extracellular space

where it binds to TLR4, RAGE, CD147, and other receptors.37

As S100A8 was predominantly expressed in cancer cells in

ESCC PDX tumors (Figure 2B), we initially hypothesized that

modulating its expression in cancer cells could affect cell growth

and response to chemotherapy. To this end, we used two

sequence-independent short hairpin RNAs (shRNAs) to knock

down S100A8 expression in ESCC cell lines (Figure S2A), and

we confirmed that this inhibition reduced both intracellular and

extracellular S100A8 protein levels (Figure 2E). However, this

manipulation had limited effects on cell proliferation and chemo-

sensitivity in vitro (Figure S2B). These findings indicate that the

autocrine pathway of S100A8 does not directly influence thema-

lignant behavior of cancer cells but may instead play a cancer-

promoting role by influencing other cellular components within

the TME.

We subsequently analyzed cell-cell interactions between

S100A8-positive malignant epithelial cells and stromal cells

using our previously published ESCC single-cell RNA-seq

(scRNA-seq) data (GSE160269).20 Given that PDX models

were established in NOD/SCID/IL-2Rgnull (NSG) mice, which

lacked functional immune cells, we focused on non-immune

stromal cells. A robust interaction was observed between

S100A8-positive cancer cells and BSG (encoding CD147)-

positive CAFs through ligand-receptor interaction analysis

(Figures S2C–S2E), suggesting that S100A8 may drive tumor

Figure 2. Cancer-cell-derived S100A8 imparts chemoresistance in a CAF-dependent manner

(A) Volcano plots exhibiting differentially expressed genes between the R and NR groups, using RNA-seq data of the PDX mice’s tumor tissues.

(B) Representative images of H&E staining (top) and S100A8 IHC staining (bottom) in the PDX tumor tissues of the R (n = 8) and NR (n = 12) groups. Scale bar,

100 mm.

(C) Quantification of (B). Data are presented as mean ± SEM. p value is determined using two-tailed Student’s t test.

(D) Spearman correlation between the TGI (%) and the S100A8 RNA level (left) and the S100A8 IHC intensity (right). The gray areas represent 95% CI (n = 20).

(E) ELISA analysis of S100A8 in the CM (top) and western blot analysis of S100A8 in cell lysate (bottom) of KYSE510 and KYSE180 cells stably transfected with

S100A8 shRNA or control nontargeting shRNA (n = 3 biological replicates). Data are presented asmean ± SD. p values are determined using two-tailed Student’s

t test.

(F) The left panel shows the schematic of co-culture system and cell viability assay. The right panel shows the quantification of cell viability in KYSE510 and

KYSE180 cell lines (n = 3 biological replicates). Data are presented as mean ± SD. p values are determined using two-tailed Student’s t test.

(G) Tumor growth curves of control andS100A8-knockdown xenografts treated with chemotherapeutics or vehicle reagents (n = 4 per group). Data are presented

as mean ± SD. p values are determined using two-tailed Student’s t test.

(H) Representative images of H&E, S100A8, MTS, aSMA, and CD31 staining of tumor tissues in (G). Scale bar, 100 mm.

(I) Quantification of (H). Data are presented as mean ± SEM. p values are determined using two-tailed Student’s t test.

(J) Representative images of aSMA and CD31 staining in the PDX tumors of the R (n = 8) and NR (n = 12) groups. Scale bar, 100 mm.

(K) Quantification of (J). Data are presented as mean ± SEM. p values are determined using two-tailed Student’s t test.

For all panels, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and n.s., not significant. Each assay for western blot had three biological repeats. See also

Figure S2.
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progression and chemoresistance by polarizing CAFs. Next, we

assessed phenotypic changes of S100A8-knockdown ESCC

cells upon the interactions with CAFs (Figure 2F). Esophageal

CAFs derived from primary ESCC tissues were used in the

following assays. Compared with ESCC cells expressing

nonspecific shRNA (NC) cocultured with CAFs, the S100A8-

knockdown ESCC cells cocultured with CAFs displayed mark-

edly reduced proliferation and enhanced sensitivity to chemo-

therapeutic treatment (Figures 2F and S2F). Additionally, we

observed that S100A8 knockdown suppressed the growth of

ESCC xenografts in vivo, irrespective of chemotherapeutic appli-

cation (Figures 2G and S2G). In the context of xenografts,

S100A8 ablation in ESCC cells resulted in reduced activation

of CAFs and decreased collagen deposition in the TME, as

confirmed by alpha-smoothmuscle actin (aSMA) andMTS stain-

ing, respectively (Figures 2H and 2I). Conversely, there was no

disparity in the quantity of vascular endothelial cells between

the groups, as revealed by CD31 staining (Figures 2H and 2I).

Similarly, non-responsive PDX tumors consistently exhibited

higher aSMA staining compared to responsive ones, with no

discrepancy in CD31 levels (Figures 2J and 2K). Taken together,

these findings suggest that cancer-derived S100A8 contributes

to chemoresistance, necessitating the involvement of stromal

components in the TME, particularly CAFs.

S100A8 triggers the activation and accumulation
of myCAFs in the TME
Based on the role of CAFs in S100A8-mediated chemoresist-

ance, we monitored the possible interplay between S100A8

and CAF polarization. CAFs can be skewed toward myCAFs, in-

flammatory CAFs (iCAFs), or antigen-presenting CAFs (apCAFs)

under diverse stimuli to promote cancer progression and

invasion.10 Consequently, we profiled CAFs to investigate the

intricate and dynamic cell-cell interactions relationship in the

ESCC TME using scRNA-seq data.20 Our analysis revealed

that CAFs could be classified into five distinct subtypes (Fig-

ure S3A), with each subtype exhibiting unique patterns of

marker genes expression (Figure S3B). Notably, ligand-receptor

interaction analysis demonstrated that S100A8-positive cancer

cells exhibited the strongest interactions with myCAFs (Fig-

ure S3C). We then calculated the CAF signature scores of

marker genes expressed in myCAFs and iCAFs to quantify their

biological functions and conducted correlation analysis with the

expression level of S100A8 in cancer cells. The results revealed

a positive correlation between the S100A8 RNA level and the

myCAF signature score, while no such correlationwas observed

with the iCAF signature score (Figure 3A). Additionally, the

S100A8 RNA level showed a positive correlation with myCAF

marker genes (Figure S3D), but not with iCAFmarker genes (Fig-

ure S3E). These findings indicate that S100A8 produced by

ESCC cells may significantly influence the cancer-stroma

crosstalk, thereby governing the polarization of microenviron-

mental CAFs.

To examine the role of S100A8 in the polarization of CAFs, we

deciphered the interactions between S100A8 and myCAFs in

clinical samples. Multiple immunofluorescence analysis (mIF)

of the PDX donors’ tumor tissues showed that S100A8 expres-

sion was predominantly observed in cancer cells, as shown by

the esophageal epithelial-specific marker KRT6A (Figure 3B).38

Furthermore, the NR group exhibited elevated S100A8 levels

in epithelial cells and increased aSMA levels in fibroblasts

compared to the R group (Figures 3B and 3C). Notably, there

was a significant and positive correlation between the intensity

of S100A8 immunofluorescence and the activation level of my-

CAFs, as demonstrated by the aSMA intensity (Figure 3D). These

results were consistent with scRNA-seq analysis (Figure 3A and

S3D). Subsequently, we investigated the impact of endogenous

S100A8 on CAFs. The CAFs cocultured with S100A8-knock-

down ESCC cells displayed reduced expression of myCAF

markers, including collagen type 1 and aSMA, compared to

those cocultured with NC ESCC cells. However, there was no

significant difference in the expression of the iCAF marker

(CXCL1) (Figure 3E). Transwell-based chemotaxis assays

demonstrated that CAFs incubated with the conditional medium

(CM) derived from S100A8-knockdown ESCC cells exhibited

significantly reduced migration capacity in comparison to

those incubated with CM from NC ESCC cells (Figures 3F and

3G). Additionally, we investigated the impact of exogenous

S100A8 on CAFs polarization by introducing recombinant hu-

man S100A8 (rS100A8) protein into the culture medium. Simi-

larly, following rS100A8 protein treatment, therewas a significant

dose-dependent induction in the expression of myCAF markers

but not the iCAF marker (Figure 3H), along with enhanced migra-

tion ability of CAFs (Figures 3I and 3J). Collectively, these

Figure 3. S100A8 polarizes CAFs toward myCAFs

(A) Spearman correlations between the S100A8 RNA level of epithelial cells and the myCAF (left) and iCAF (right) signature scores of fibroblasts. The gray areas

represent 95% CIs (n = 60).

(B) Representative multiple immunofluorescence images of KRT6A, S100A8, and aSMA in the PDX donors’ primary tumor tissues of the R (n = 8) and NR (n = 12)

groups. Scale bar, 100 mm.

(C) Quantification of S100A8 and aSMA fluorescence intensity in (B). Data are presented as mean ± SEM. p values are determined using two-tailed Student’s

t test.

(D) Spearman correlation between the S100A8 and the aSMA fluorescence intensity. The gray area represents 95% CI (n = 20).

(E)Western blot analysis of themyCAF-relatedmarker proteins collagen type 1 and aSMA, the iCAF-relatedmarker CXCL1 in CAFs coculturedwith KYSE510 and

KYSE180 cells with or without S100A8 knockdown.

(F) Representative images of CAF migration induced by CM derived of KYSE510 and KYSE180 cells with or without S100A8 knockdown. Scale bar, 100 mm.

(G) Quantification of (F) (n = 3 biological replicates). Data are presented as mean ± SD. p values are determined using two-tailed Student’s t test.

(H) Western blot analysis of collagen type 1, aSMA, and CXCL1 in CAFs treated with indicated concentration of rS100A8 proteins.

(I) Representative images of CAF migration induced by indicated concentration of rS100A8 proteins. Scale bar, 100 mm.

(J) Quantification of (I) (n = 3 biological replicates). Data are presented as mean ± SD. p value is determined using two-tailed Student’s t test.

For all panels, **p < 0.01, ***p < 0.001. Each assay for western blot had three biological repeats. See also Figure S3.
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findings indicate that S100A8 contributes to the conversion of

CAFs intomyCAFs, promoting the formation of a chemoresistant

TME.

myCAF activation induced by S100A8 is triggered via
CD147-RhoA-ROCK-MLC2-MRTF-A pathway
To better comprehend how S100A8 promotes the conversion of

CAFs to myCAFs, we used scRNA-seq data to conduct pathway

enrichment analysis for these CAF subtypes. The results re-

vealed PI3K-Akt signaling and smooth muscle contraction path-

ways were enriched in myCAFs (Figure 4A). These two pathways

regulate the actomyosin contraction of myofibroblasts and are

responsible for myCAF activation.30,39 Additionally, correlation

analysis demonstrated a positive correlation between the

expression of S100A8 and the signature score of the smooth

muscle contraction pathway (Figure 4B). These findings further

support the role of S100A8 in inducing the polarization of CAFs

toward myCAFs.

Previous studies have indicated that RhoA has the ability to

activate myosin light chain 2 (MLC2) through Rho-associated,

coiled-coil-containing kinase (ROCK), thereby facilitating the

activation of myCAFs and the deposition of ECM.40–43 Thus,

we evaluated the expression levels of the GTP-bound form of

RhoA, ROCK1, and phosphorylated MLC2 following treatment

with rS100A8 protein. The findings demonstrated a significant in-

duction of the three myCAF activation markers (Figure 4C),

consistent with the increased expression level of collagen

type 1 (Figure 3H). Notably, the suppression of RhoA, ROCK1,

and MLC2 through small interfering RNA (siRNA) resulted in

diminished activation of their downstream effectors, as well as

reduced expression levels of collagen type 1 and aSMA (Fig-

ure 4D). Myocardin-related transcription factor-A (MRTF-A), a

coactivator of the serum response factor, plays a role in regu-

lating fibroblast motility, contractility, and ECM remodeling.44

The activity of MRTF-A is regulated by Rho signaling and

G-actin, which forms a repressive complex by binding to

MRTF-A.45 When activated by altered actin dynamics, MRTF-A

is released from G-actin in the cytoplasm and translocated to

the nucleus to promote the expression of profibrotic genes.46

Immunofluorescence staining depicted the increased nuclear

translocation of MRTF-A in CAFs following treatment with

rS100A8 protein (Figures 4E and 4F), and the downregulation

of MRTF-A reversed the S100A8-induced upregulation of my-

CAF markers (Figures 4G and S4A).

It has been reported that S100A8 acts as a ligand that binds to

the CD147 receptor, thereby regulating various cell fates.47–49

Likewise, ligand-receptor interaction analysis between cancer

cells and myCAFs indicated stronger interaction of S100A8

with the CD147 receptor compared to other receptors (Fig-

ure S4B). In this study, we generated CD147-knockout CAFs us-

ing CRISPR-Cas9-mediated gene targeting, in which CD147

deletion significantly suppressed the expression of aSMA (Fig-

ure 4H). Notably, the deletion of CD147 in CAFs markedly elim-

inated S100A8-induced activation of RhoA signaling and CAF

polarization (Figure 4I). Additionally, the inhibition of the CD147

receptor by its specific inhibitor, AC-73,50 markedly suppressed

the S100A8-induced upregulation of collagen type 1 and aSMA

(Figures S4C and S4D). To further validate the role of endoge-

nous S100A8,S100A8-overexpressing (OE) ESCC cells were es-

tablished (Figure S4E), and they were cocultured with either

CD147-deficient or control CAFs. As anticipated, compared to

the respective control, the activation markers of RhoA signaling

and myCAFs showed consistent upregulation in CAFs cocul-

tured with S100A8-OE cells; notably, this activation effect was

significantly mitigated with the blockade of the CD147 receptor

(Figure 4J). Collectively, these data suggest that cancer-cell-

derived S100A8 triggers the CD147-RhoA-ROCK-MLC2-

MRTF-A signaling pathway in CAFs, leading to their conversion

into myCAFs.

The expression of S100A8 is regulated by the
esophageal-specific transcription factor TFAP2A
We next interrogated how S100A8 expression is regulated in

ESCC. Since the expression pattern of S100A8 is specific to

the esophageal epithelium,51 we therefore searched for tran-

scription factors (TFs) that might govern S100A8 expression

within esophageal-specific regulatory networks. Utilizing the

PROMO database52 and our previously identified esophageal-

specific TFs,53 we identified three candidate TFs potentially

involved in regulating S100A8 expression (Figure S5A). Correla-

tion analysis using scRNA-seq data revealed a positive correla-

tion exclusively with TFAP2A expression and S100A8 (Fig-

ure S5B). Silencing TFAP2A with siRNA notably suppressed

S100A8 expression in ESCC cells (Figure S5C). Further in silico

Figure 4. myCAF activation induced by S100A8 is triggered via CD147-RhoA-ROCK-MLC2-MRTF-A pathway

(A) KEGG pathway enrichment analysis of distinct CAF subtypes.

(B) Spearman correlation between the S100A8 RNA level and the pathway signature score. The gray area represents 95% CI (n = 60).

(C) Western blot analysis of RhoA-associated protein markers in CAFs treated with indicated concentration of rS100A8 proteins.

(D) Western blot analysis of RhoA-associated and myCAF-related protein markers in CAFs transfected with siRNAs targeting RhoA, ROCK1, MLC2, or negative

control and treated with rS100A8 proteins or PBS.

(E) Representative immunofluorescence images of MRTF-A nuclear translocation in CAFs treated with rS100A8 proteins or PBS. White arrows indicate MRTF-A

nuclear translocation in cells. Scale bar, 100 mm.

(F) Quantification of the percentage of MRTF-A nuclear translocation in (E) (n = 6 biological replicates). Data are presented as mean ± SD. ****p < 0.0001 of two-

tailed Student’s t test.

(G) Western blot analysis of the indicated proteins in CAFs transfected with MRTF-A or control siRNA and treated with indicated concentration of rS100A8

proteins.

(H) Representative immunofluorescence images of CD147 and aSMA in control and CD147-knockout CAFs. Scale bar, 100 mm.

(I) Western blot analysis of the indicated proteins in control and CD147-knockout CAFs treated with indicated concentration of rS100A8 proteins.

(J) Western blot analysis of the indicated proteins in control and CD147-knockout CAFs cocultured with control or S100A8-overexpression KYSE450 cells.

Each assay for western blot had three biological repeats. See also Figures S4 and S5.
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analysis indicated the potential presence of a TFAP2A cis

element located between �64 and �56 bp upstream of the

S100A8 transcriptional start site (Figure S5D), which was vali-

dated by chromatin immunoprecipitation (ChIP) assays (Fig-

ure S5E). These data reveal a TFAP2A-dependent positive regu-

lation of S100A8 expression in ESCC.

We further explored the impact of TFAP2A on CAF polariza-

tion. For this purpose, we knocked down TFAP2A in ESCC cells

and collected the CM. Immunoblot assays revealed reduced

expression levels of collagen type 1 and aSMA in CAFs exposed

to the CM from TFAP2A-knockdown ESCC cells compared to

those from control ESCC cells. Furthermore, the addition of

rS100A8 protein to the CM restored the expression of collagen

type 1 and aSMA (Figure S5F). These results indicate that

the specific expression of S100A8 in the esophageal epithelium

is regulated by the esophageal-specific transcription factor

TFAP2A.

S100A8-induced myCAFs endow ESCC cells to acquire
chemoresistance by activating anti-apoptotic pathways
We aimed to investigate how activated myCAFs induce chemo-

resistance in ESCC cells. The GSEA of RNA-seq data from PDX

tumors revealed an enrichment of the apoptosis pathway in the R

group (Figure S6A). Furthermore, the Gene Ontology (GO)

and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrich-

ment analysis demonstrated significant activation of pathways

related to ECM-mediated integrin signaling and downstream ef-

fectors, as well as anti-apoptosis pathways in the NR group

(Figures S6B and S6C). These data indicate that activated my-

CAFs and deposited ECM may enhance the anti-apoptotic

capability by activating integrin-related pathways in cancer cells,

thereby promoting cell survival post chemotherapy.

To further our conclusions, we developed a co-culture model

in which ESCC cells and CAFs were cocultured for 24 h and then

treatedwith chemotherapeutic or vehicle reagents for another 24

h. Subsequently, the ESCC cells were collected for subsequent

assays (Figure 5A). When compared to ESCC cells expressing

nonspecific shRNA and cultured alone, those cocultured with

CAFs showed a significant increase in the phosphorylation

levels of FAK, SRC, and ERK, regardless of chemotherapeutic

treatment. Specifically, S100A8 ablation suppressed the phos-

phorylation of FAK, SRC, and ERK only under co-culture condi-

tions. Additionally, ESCC cells cocultured with CAFs exhibited

reduced expression of cell apoptosis markers, including

cleaved-Caspase 3 and cleaved-PARP, compared to ESCC

cells cultured alone. However, S100A8 knockdown reversed

CAFs’ protective effect on ESCC cells, as shown by increased

apoptosis levels under co-culture conditions (Figure 5A).

Furthermore, we conducted in vitro co-culture assays using

S100A8-OE ESCC cells and CD147-knockout CAFs (Fig-

ure S6D). Immunoblot assays revealed that ESCC cells cocul-

tured with CAFs expressed higher levels of phosphorylated

FAK, SRC, and ERK and lower levels of cleaved-Caspase 3

and cleaved-PARP than ESCC cells cultured alone, and

S100A8 overexpression augmented these effects. Deletion of

CD147 in CAFs significantly annulled the anti-apoptosis effects

induced by S100A8 overexpression under co-culture conditions

(Figure 5B). The S100A8-OE ESCC cells cocultured with CAFs

demonstrated significantly increased proliferation and survival

following chemotherapeutic treatment, while CD147 deletion in

CAFs reversed this effect (Figures 5C and S6E).

To validate the in vitro findings in an in vivo setting, mice were

subcutaneously co-inoculated with S100A8-OE or control (vec-

tor) ESCC cells in conjunction with CAFs. The mice injected

with S100A8-OE cells along with CAFs revealed greater tumor

growth following chemotherapy in comparison to those injected

with control cells and CAFs (Figure 5D). IHC analysis of xeno-

grafts demonstrated that, consistent with S100A8 staining, the

activation of myCAFs and the deposition of collagen were mark-

edly higher in the OE group than in the control group (Figures 5E

and 5F). The apoptosis level in OE group was significantly lower

than that in control group (Figure 5F), suggesting that overex-

pression of S100A8 can enhance the tolerance of cancer cells

to chemotherapy in vivo. Taken together, these results imply

that the interaction between cancer-cell-derived S100A8 and

CAFs induced polarization of CAFs toward myCAFs, subse-

quently activating the FAK/SRC/ERK-mediated anti-apoptotic

signaling pathways in cancer cells, ultimately leading to

chemoresistance.

Blockade of S100A8-CD147 pathway improves
chemotherapy efficiency in vivo

In light of the involvement of the S100A8-CD147 signaling

pathway in myCAF activation and chemoresistance, we subse-

quently investigated the potential improvement in therapeutic re-

sponses by targeting S100A8-mediated polarization of CAFs

in vivo. We isolated ESCC primary cells (PCs) from a treat-

ment-naive patients and conducted in vivo chemosensitivity as-

says by co-injecting PCs with CD147-knockout CAFs and con-

trol CAFs (Figure S7A). As shown in Figure 6A and S7B, the

ablation of CD147 receptor in CAFs significantly inhibited the

growth of xenografts, and chemotherapeutics treatment further

Figure 5. S100A8-induced myCAFs endow ESCC cells to acquire chemoresistance by activating anti-apoptotic pathways

(A) The left panel shows the schematic of co-culture system. The right panel shows western blot analysis of the indicated proteins in control and S100A8-

knockdown KYSE510 and KYSE180 cells cocultured with or without CAFs and treated with chemotherapeutics or vehicle reagents.

(B) Western blot analysis of the indicated proteins in control and S100A8-overexpression KYSE450 cells cocultured with control or CD147-knockout CAFs and

treated with chemotherapeutics or vehicle reagents.

(C) The quantification of cell viability of control and S100A8-overexpression KYSE450 cells cocultured with control or CD147-knockout CAFs and treated with

chemotherapeutics or vehicle reagents (n = 3 biological replicates). Data are presented as mean ± SD. p values are determined using two-tailed Student’s t test.

(D) Tumor growth curves and excised tumor images of xenografts derived from co-injection of control and S100A8-overexpression KYSE450 cells with CAFs and

treatedwith chemotherapeutics or vehicle reagents (n = 5 per group). Data are presented asmean ±SD. p values are determined using two-tailed Student’s t test.

(E) Representative images of H&E, S100A8, MTS, aSMA, and cleaved-Caspase 3 staining of tumor tissues in (D). Scale bar, 100 mm.

(F) Quantification of (E). Data are presented as mean ± SEM. p values are determined using two-tailed Student’s t test.

For all panels, *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S5. Each assay for western blot had three biological repeats. See also Figure S6.
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augmented the inhibitory effect. Additionally, the deletion of

CD147 notably inhibited the polarization of CAFs and collagen

deposition in vivo and no longer shielded cancer cells from

chemotherapy-induced apoptosis (Figures 6B and 6C).

To extrapolate these findings to a preclinical application, we

then administered AC-73 or control reagent in conjunction with

chemotherapy to a non-responsive PDX case. Notably, the com-

bination of AC-73 and chemotherapy significantly inhibited tu-

mor growth compared to chemotherapy alone (Figures 6D and

S7C). Also, AC-73 treatment had negligible impact on the body

weight of PDX mice (Figure S7D). The blockade of the CD147 re-

ceptor hindered the activation of myCAFs and diminished their

protective effect on cancer cells (Figures 6E and 6F). These find-

ings indicate that S100A8-mediated signaling pathways activate

myCAFs in the TME, ultimately contributing to chemoresistance.

Moreover, targeting the S100A8-CD147 pathway could repro-

gram the pro-tumor CAFs into a quiescent state and reduce

the viability of ESCC cells, thereby improving the efficiency of

chemotherapy. In light of these findings, we posit that S100A8

may be a promising target for overcoming chemoresistance

in ESCC.

S100A8 serves as a prognostic biomarker for predicting
chemotherapy responsiveness
To determine the clinical implications of S100A8, we collected

peripheral blood samples from 152 patients with ESCC who

had undergone neoadjuvant chemotherapy (ESCC cohort 1;

detailed clinical information in Table S2) andmeasured the levels

of S100A8 in their plasma (Figure 7A). Based on the response

evaluation criteria in solid tumors (RECIST) guidelines,54 100

patients’ treatment responses met the criteria for complete

response and partial response, thereby classifying them as Rs.

Meanwhile, the treatment responses of 52 patients were catego-

rized as stable disease and progressive disease, thus identifying

them as NRs (Figure 7B). Strikingly, the circulating S100A8 levels

in the NR group were significantly higher than those in the R

group (Figure 7C). In univariate analysis of all patients, elevated

plasma S100A8/S100A9 levels were significantly associated

with higher odds ratio (OR) for chemoresistance (Figure 7D;

OR, 2.23 [95% confidence interval (CI), 1.12–4.43; p = 0.023]).

Other clinical variables that demonstrated a higher OR in univar-

iate analysis included moderately differentiated histologic grade

(G2 grade) (Figure 7D; OR, 2.33 [95%CI, 1.04–5.24; p = 0.04]). In

themultivariate analysis for OR in all patients, which involved ad-

justments for age, gender, histologic grade, tumor-node-metas-

tasis (TNM) stage, and treatment cycles, only elevated S100A8/

S100A9 levels remained associated with higher OR (Figure 7D;

OR, 2.21 [95% CI, 1.09–4.48; p = 0.029]). The data suggest

that the levels of circulating S100A8 serve as an independent

risk factor in evaluating the chemotherapy responsiveness of pa-

tients with ESCC. However, to comprehensively establish the

clinical implications of S100A8, a larger prospective clinical

study is required.

Furthermore, we measured S100A8/S100A9 levels in the

plasma of vehicle-treated PDX mice. The enzyme-linked immu-

nosorbent assay (ELISA) revealed higher plasma S100A8/

S100A9 levels in the NR group compared to the R group (Fig-

ure 7E), and the circulating levels of S100A8/S100A9 exhibited

a negative correlation with the responsiveness to chemotherapy

(Figure 7F). We also examined S100A8 in pre-treatment biopsy

samples from 33 cases of ESCC (cohort 2). These 33 cases

were reported in our previous studies,25,28 with 10 classified as

stable disease and 23 as partial response. IHC analysis revealed

a higher level of S100A8 staining in the stable disease group

compared to the partial response group (Figures 7G and 7H).

Finally, we analyzed the correlation between the expression of

S100A8 and S100A9 in epithelial cells and the survival time of

patients receiving chemotherapy based on our previously pub-

lished scRNA-seq data.20 In this cohort, 21 individuals under-

went postoperative chemotherapy based on 5-FU (ESCC cohort

3; detailed clinical information in Table S3). The survival analysis

revealed that patients with high expression of S100A8 and

S100A9 experienced a shorter survival time (S100A8, log rank

p = 0.04; S100A9, log rank p = 0.02), with adjusted hazard ratios

(HRs) of 6.58 for S100A8 (Figure 7I) and 8.07 for S100A9 (Fig-

ure S8A). However, due to the relatively small sample size, the

accuracy of the HR is relatively insufficient (S100A8, 95% CI,

0.701–61.6; S100A9, 95% CI, 0.817–79.8). Collectively, these

data support considering S100A8 as a biomarker for predicting

the therapeutic response of ESCC to chemotherapy.

We endeavored to extend our findings to encompass other

types of cancer. To this end, we investigated the survival associ-

ation of S100A8 and S100A9 RNA levels in The Cancer Genome

Atlas (TCGA) patients who underwent chemotherapy and had

survival data (16 cancer types, excluding mesenchymal and he-

matologic tumors). The analysis revealed that the expression of

S100A8 and S100A9 was significantly associated with lower

overall survival (OS) in multiple cancers, including cervical can-

cer (CESC), liver cancer (LIHC), bladder cancer (BLCA), pancre-

atic cancer (PAAD), head and neck cancer (HNSC), glioblastoma

(GBM), and kidney clear cell carcinoma (KIRC) (Figures 7J and

S8B–S8I). Altogether, these findings suggest that elevated

S100A8 expression in tumors is strongly associated with dimin-

ished chemotherapy effectiveness and unfavorable survival of

Figure 6. Disruption of S100A8-CD147 pathway improves chemotherapy efficiency in vivo

(A) Tumor growth curves of xenografts derived from co-transplantation of control and CD147-knockout CAFs with PCs and treated with chemotherapeutics or

vehicle reagents (n = 4 per group). Data are presented as mean ± SD. p values are determined using two-tailed Student’s t test.

(B) Representative images of H&E, MTS, aSMA, cleaved-Caspase 3, and S100A8 staining of tumor tissues in (A). Scale bar, 100 mm.

(C) Quantification of (B). Data are presented as mean ± SEM. p values are determined using two-tailed Student’s t test.

(D) Tumor growth curves of xenografts of PDX-19 treated with AC-73 and control solvent and with chemotherapeutics or vehicle reagents (n = 4 per group). Data

are presented as mean ± SD. p values are determined using two-tailed Student’s t test.

(E) Representative images of H&E, MTS, aSMA, and cleaved-Caspase 3 staining of tumor tissues in (D). Scale bar, 100 mm.

(F) Quantification of (E). Data are presented as mean ± SEM. p values are determined using two-tailed Student’s t test. For all panels, *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001, and n.s., not significant. Each assay for western blot had three biological repeats. See also Figure S7.
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patients, highlighting its potential as a prognostic biomarker for

predicting chemotherapy responsiveness.

DISCUSSION

Cancer progression and therapy resistance are critical outcomes

of the symbiotic interactions between cancer cells and the TME.

Comprehending the reciprocal interactions between cancer cells

and TME components is essential for devising effective cancer

treatment strategies. In this study, we comprehensively investi-

gated the transcriptome characteristics associated with chemo-

resistance in ESCC from both cancer cell and TME perspectives

using well-established PDX models, unmasking a mechanism

involving bidirectional malignant cell-fibroblast crosstalk, which

drives chemoresistance. We identified an enrichment of genetic

signatures related to myCAF activation and ECM remodeling in

the non-responsive PDXs. The myCAF-induced perturbation

of collagen and other ECM within the TME has been shown to

shield cancer cells and enable their survival following anti-cancer

treatment.25,43,55–57 Importantly, our findings uncover a previ-

ously unrecognized mechanism in which cancer-cell-derived

S100A8 reprograms CAFs to modulate chemosensitivity in

ESCC, highlighting the potential of S100A8 as a biomarker for

predicting chemotherapy responsiveness, as well as a promising

target for overcoming chemoresistance.

Mechanistically, we have identified an important function of

S100A8, which contributes to chemoresistance in a CAF-depen-

dent manner. Recent studies have shed light on the important

role of S100A8 in promoting cancer progression and determining

anti-cancer effects.37 Functioning as a critical immunomodula-

tory molecule, S100A8 and S100A8/S100A9 heterodimers drive

the accumulation and activation of myeloid-derived suppressor

cells (MDSCs),58–60 promote macrophage M2 polarization,61

mediate the formation of neutrophil extracellular traps,62 and

impede the maturation of dendritic cells.63 These actions collec-

tively establish an immunosuppressive TME that fosters tumor

survival. Additionally, S100A8 and its heterodimers are exten-

sively implicated in numerous oncogenic signaling pathways

within cancer cells. Through interactions with TLR4, RAGE,

CD147, and other membrane receptors of tumor cells, S100A8

activates the nuclear factor kB (NF-kB), phosphatidylinositol

3-kinase (PI3K)-protein kinase B (Akt), and mitogen-activated

protein kinase (MAPK)-extracellular signal-regulated kinase

(ERK) pathways, promoting cell proliferation, migration, epithe-

lial-mesenchymal transition, and metabolic reprogramming,

thus driving cancer progression and conferring resistance to

treatment.64–66

In contrast to previous findings, our in vitro experiments did

not demonstrate significant impacts on cancer cell proliferation

and therapeutic phenotypes with altered S100A8 expression.

This led to an exploration of how S100A8 influences chemo-

therapy responsiveness from the TME perspective. Given the

properties of PDX mice, our subsequent studies focused on fi-

broblasts. Although the connection between S100A8 and CAFs

polarization has not been thoroughly investigated, prior research

has highlighted the association between S100A8 and fibrosis in

non-tumor conditions. Araki et al. revealed that S100A8 has the

capacity to induce pulmonary fibrosis,67 an interstitial lung dis-

ease characterized by fibroblast activation and ECM remodeling.

Similarly, Hou et al. demonstrated that hepatic macrophage-

derived S100A8 activated hepatic stellate cells, leading to hepat-

ic fibrosis.68 These studies provide clues for S100A8 to regulate

CAF polarization.

Subsequent ligand-receptor interaction analysis and func-

tional experiments revealed that S100A8 can trigger RhoA-

related signaling pathways through its interaction with CD147

receptors on CAFs, resulting in the polarization of CAFs into

myCAFs. The transmembrane glycoprotein CD147 is expressed

in various tumors and is known as a critical tumor promoter by

regulating tumor proliferation, invasion, angiogenesis, meta-

bolism, and immune evasion properties.69–73 While there is

currently no evidence linking CD147 to myCAF activation, Wu

et al. demonstrated that CD147 contributes to progressive

pulmonary fibrosis induced by severe acute respiratory syn-

drome coronavirus 2 (SARS-CoV-2), and the ablation of CD147

in fibroblasts reverses disease progression.74 This study, in

conjunction with the research of Araki et al.67 and Hou et al.,68

and the findings of our ligand-receptor interaction analysis,

prompted us to further investigate the potential role of S100A8

in polarizing CAFs by binding to the CD147 receptor.

Figure 7. S100A8 serves as a prognostic biomarker for predicting chemotherapy responsiveness

(A) Schematic overview of the experimental design of liquid biopsy.

(B) Representative images showing computed tomography of patients’ esophageal tumors of the R and NR groups before and after neoadjuvant chemotherapy.

Scale bar, 5 cm.

(C) Histogram exhibiting plasma S100A8/S100A9 concentration of patients with ESCC before receiving neoadjuvant chemotherapy in the R (n = 100) and NR

(n = 52) groups. Data are presented as mean ± SEM. p value is determined using two-tailed Student’s t test.

(D) Forest plot exhibiting odds ratio (OR) with 95%CI and p value calculated by univariate and multivariate logistic regression analysis for age, gender, histologic

grade, pathologic TNM stage, treatment cycles, and S100A8/A9 level.

(E) Histogram exhibiting serum S100A8/S100A9 concentration of vehicle-treated PDX mice between the R (n = 8) and NR (n = 12) groups. Data are presented as

mean ± SEM. p value is determined using two-tailed Student’s t test.

(F) Spearman correlation between the TGI and S100A8/A9 concentration. The gray area represents 95% CI (n = 20).

(G) Representative images of S100A8 IHC staining in clinical pre-treatment ESCC biopsies of the stable disease (n = 10) and partial response (n = 23) groups.

Scale bar, 100 mm.

(H) Quantification of (G). Data are presented as mean ± SEM. p value is determined using two-tailed Student’s t test.

(I) Kaplan-Meier plot comparing the overall survival (OS) of patients with ESCC treated with chemotherapy with low or high S100A8 RNA level. Hazard ratio (HR)

and 95% CI are calculated by Cox proportional hazards model with age, gender, and tumor stage as covariates.

(J) Dot plot showing normalized score of HRs of high or low S100A8 and S100A9 RNA level in patients with different cancers receiving chemotherapy from The

Cancer Genome Atlas (TCGA). HR and p values are determined by Cox proportional hazards model with age, gender, and tumor stage as covariates. For all

panels, *p < 0.05, **p < 0.01, ****p < 0.0001. See also Figure S8, Tables S2 and S3.
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Our study holds important clinical implications. From a

therapeutic perspective, we have shown that genetic inhibition

of S100A8 or CD147, or pharmacological blockade of the

CD147 receptor, suppresses myCAF activation, diminishes

collagen deposition in the TME, and overcomes chemoresist-

ance. Prior clinical trials have demonstrated that using metuxi-

mab to block CD147 significantly enhances the survival of

patients with CD147-expressing hepatocellular carcinoma.75–78

Several studies have established that cancer cells expressing

high levels of CD147 exhibit significant chemoresistance,

and targeting CD147 can enhance the efficacy of chemo-

therapy.79–81 This evidence, along with our in vivo results, sug-

gests that targeting the S100A8-CD147 pathway could be an

effective approach to overcome chemoresistance.

Prognostically, we have demonstrated that the levels of

S100A8 in peripheral blood can serve as a non-invasive marker,

known as alarmin, to evaluate the chemosensitivity of patients

with ESCC. Although chemotherapy remains a frontline treat-

ment for advanced ESCC, its position in cancer treatment is

weakening. The survival benefits from chemotherapy are limited,

not only due to the emergence of resistance but also because

chemotherapy toxicity restricts the continuous application of

drugs.3,4,38,82,83 In our study, we propose that S100A8 can be

used as a biomarker for liquid biopsy. Therefore, in the clinical

management of ESCC, we can stratify patients according to

the levels of S100A8 in peripheral blood and decide whether pa-

tients need further chemotherapy. If possible, patients with

higher circulating S100A8 levels may reduce the use of chemo-

therapy and choose other more appropriate treatment options

or receive S100A8 inhibitors in combination with chemotherapy,

which may reduce the side effects caused by chemotherapy to

some extent.

In conclusion, our findings suggest that the acquisition of che-

moresistance in ESCC is related to the initiation of cell plasticity

mechanisms triggered by crosstalk between cancer cells and

the TME. The reprogramming of stromal cells by cancer cells

might foster the development of distinct cellular and functional

phenotypes (that is, myCAFs), which are implicated in therapy

resistance. Understanding this interaction mechanism between

cancer cells and stromal cells might provide insights for novel

strategies and advancements in personalized cancer treatment.

Limitations of the study
The establishment of PDX models in NSG mice, lacking func-

tional immune cells including neutrophils and macrophages,

led us to focus solely on cancer cells and stromal fibroblasts in

the TME. However, as S100A8 also functions as a crucial

immunomodulatory molecule targeting various immune cells,

including macrophages, neutrophils, and MDSCs in the TME,

potential effects of S100A8 on the immune microenvironment

of ESCC require further investigation. To fully address the clinical

significance of S100A8, the development of S100A8-specific

genetically engineered mouse models is essential.
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Rabbit Polyclonal anti-S100A8 Proteintech Cat# 15792-1-AP; RRID: AB_10666315
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Mouse Monoclonal anti-RhoA-GTP NewEast Biosciences Cat# 26904; RRID: AB_1961799

Rabbit Monoclonal anti-RhoA Cell Signaling Technology Cat# 2117; RRID: AB_10693922
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Rabbit Monoclonal anti-phospho-MLC2 (Ser 19) Cell Signaling Technology Cat# 3671; RRID: AB_330248
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Rabbit Polyclonal anti-TFAP2A Proteintech Cat# 13019-3-AP; RRID: AB_2199414
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Mouse Monoclonal anti-GAPDH Proteintech Cat# 60004-1-Ig; RRID: AB_2107436

Normal Rabbit IgG Cell Signaling Technology Cat# 2729; RRID: AB_1031062

Rabbit monoclonal anti-Histone H3 Cell Signaling Technology Cat# 4620; RRID: AB_1904005

Goat anti-rabbit IgG, HRP-linked Cell Signaling Technology Cat# 7074; RRID: AB_2099233

Horse anti-mouse IgG, HRP-linked Cell Signaling Technology Cat# 7076; RRID: AB_330924

Bacterial and virus strains

S100A8 shRNA lentivirus Genechem N/A

S100A8 overexpression lentivirus Genechem N/A

CD147 Cas9-sgRNA lentivirus Genechem N/A

Biological samples

ESCC tumor specimens Linzhou Cancer Hospital See Table S1 for details

Chemicals, peptides, and recombinant proteins

DMEM Corning Cat# 10-013-CV

Advanced DMEM/F12 Gibco Cat# 12634028

Fetal Bovine Serum Cell Technologies Cat# 30070

5-Fluorouracil MCE Cat# HY-90006

Cisplatin MCE Cat# HY-17394

Collagenase I Gibco Cat# 17100017

Collagenase IV Gibco Cat# 17104019
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Hyaluronidase Sigma-Aldrich Cat# H1115000

B-27 Gibco Cat# 17504044

HEPES Gibco Cat# 15630080

GlutaMAXTM Gibco Cat# 35050061

EGF Gibco Cat# PMG8043

Y-27632 Selleck Chemicals Cat# S1049

A83-01 Tocris Bioscience Cat# 2939

Puromycin Gibco Cat# A1113803

Lipofectamine 2000 Invitrogen Cat# 11668027

AC-73 MCE Cat# HY-122214

Human recombinant S100A8 protein Novoprotein Cat# C794

Triton X-100 Solarbio Cat# T8200

Critical commercial assays

RNA-Quick Purification Kit ES Science Cat# RN001

TB Green� Premix Ex TaqTMII (Tli RNaseH Plus) TaKaRa Cat# RR820A

Masson’s Trichrome Stain Kit Solarbio Cat# G1340

Meilunbio� FGSuper Sensitive ECL Luminescence

Reagent

Meilunbio Cat# MA0186-1

PierceTM Rapid Gold BCA Thermo Fisher Scientific Cat# A53226

Human S100A8/S100A9 ELISA Kit Proteintech Cat# KE00177

Opal 5-Color Manual IHC Kit PANOVUE Cat# 10144100100

SimpleChIP� Plus Sonication Chromatin IP Kit Cell Signaling Technology Cat# 56383

Deposited data

RNA-seq data of PDX mice This paper GSA: CRA013775

RNA-seq data of PDX donors Yang et al.25 GSA: HRA004329

ESCC scRNA-seq data Zhang et al.20 GEO: GSE160269

Experimental models: Cell lines

KYSE450 Dr. Y. Shimada JCRB1430

KYSE510 Dr. Y. Shimada JCRB1436

KYSE180 Dr. Y. Shimada JCRB1083

Human esophageal cancer associated fibroblasts

(ECAFs)

This paper N/A

PDX-derived primary tumor cells (PDCs) This paper N/A

Experimental models: Organisms/strains

NSG mouse BEIJING IDMO Co., Ltd N/A

Oligonucleotides

shRNA sequences, see Table S2 Genechem N/A

sgRNA sequences, see Table S2 Genechem N/A

siRNA, see Table S2 JTSBIO Co.,Ltd (Wuhan, China) N/A

qRT-PCR primers, see Table S3 Tsingke Biotechnology N/A

Software and algorithms

R 4.2.2 R Core Team https://www.R-project.org/

Trim Galore (version 0.6.6) Felix Krueger https://github.com/FelixKrueger/TrimGalore

Disambiguate (version 1.0) Ahdesmäki et al.35 https://github.com/AstraZeneca-NGS/

disambiguate

Salmon (version 1.2.0) Patro et al.84 https://combine-lab.github.io/salmon/

DESeq2 (version 1.38.3) Love et al.85 https://bioconductor.org/packages/DESeq2/

tximport (version 1.26.1) Soneson et al.86 https://bioconductor.org/packages/tximport/

clusterProfiler (version 4.6.2) Wu et al.87 https://github.com/YuLab-SMU/clusterProfiler
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for reagents may be directed to and will be fulfilled by the lead contact, ChenWu (chenwu@cicams.

ac.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability
The raw RNA sequencing data of 20 PDX tumor tissues generated in this study have been deposited in GSA (Genome Sequence

Archive: CRA013775). Other resources of published datasets we used are listed in the key resources table and as follows:

The raw RNA sequencing data of PDX donors25 can be accessed under HRA004329 in GSA-Human. The ESCC scRNA-seq data20

is available in GEOwith accession number GSE160269. This paper does not report original code. Any additional information required

to re-analyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human tumor and blood samples
The ESCC tumor specimens used to establish PDXs were obtained from patients who underwent surgery at Linzhou Cancer Hospital

(Henan Province, China) between 2015 and 2017. All enrolled patients had not received any anti-cancer treatment before the surgery,

and their ESCC diagnoses were confirmed through histopathological examination. The comprehensive clinical information of each

PDX donor is provided in Table S1.

We also recruited 152 patients with ESCCwho underwent neoadjuvant chemotherapy using 5-fluorouracil (5-FU)/cisplatin (CDDP)

or paclitaxel/CDDP at Chinese Academy of Medical Sciences Cancer Hospital (Beijing, China). Peripheral blood samples were

collected prior to the initiation of chemotherapy. Tumor response to chemotherapy was assessed using computed tomography

following the RECIST guidelines (version 1.1).54We classified complete response and partial response as responders (R), while stable

disease and progressive disease were identified as non-responders (NR). Detailed clinical information for each patient is available in

Table S2.

The study protocol was approved by the ethics committee of Chinese Academy ofMedical Sciences Cancer Hospital (NCC2022C-

141) with written informed consent from all individuals.

Animals and xenografts
All animal experiments were conducted in strict accordance with the approved protocols and guidelines from the Institutional Animal

Care and Use Committee of the Chinese Academy of Medical Science and adhered to established animal care standards. All pro-

tocols were approved by the Animal Care Committee of Chinese Academy of Medical Sciences under the reference code

NCC2022A061.

PDXs were established using NSG (NOD/SCID/IL-2Rgnull) male mice aged 4 to 6 weeks. Tumor samples obtained from donor pa-

tients (F0 tumor) were subcutaneously implanted in NSGmice to generate tumor expansion (F1 tumor). Tumor volumewas calculated

using the formula (length 3 width 3 width)/2. Upon reaching a size of approximately 800 mm3, the F1 tumors were excised and

dissected for the next-generation passage (F2 tumor) or subjected to cryopreservation. The mice bearing F2 and F3 tumors were

randomly allocated into experimental groups for each study.

Xenografts of ESCC tumor cells were established via subcutaneous inoculation. For co-injection assays, KYSE450 cells (43106)

were mixed with CAFs (13106) in 100 mL PBS, while PCs (ESCC primary cells) cells (23106) were mixed with CAFs (53105) in 100 mL

PBS before subcutaneous injection into NSG mice. For single-injection experiments, KYSE180 cells (43106) were directly injected

subcutaneously into NSG mice.

Continued
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Seurat (version 4.3.0) Hao et al.88 https://github.com/satijalab/seurat

Harmony (version 0.1.1) Korsunsky et al.89 https://github.com/immunogenomics/harmony

CellChat (version 1.6.1) Jin et al.90 https://github.com/sqjin/CellChat

survminer (version 0.4.9) Kassambara et al. https://github.com/kassambara/survminer

ImageJ NIH https://imagej.nih.gov/ij/

Prism 8.0 GraphPad http://www.graphpad.com/
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Cell culture and treatment
The human ESCC cell lines KYSE180, KYSE450, and KYSE510, were generously provided by Dr. Y. Shimada from Hyogo College of

Medicine, Japan. These cell lines were cultured in DMEM medium supplemented with 10% fetal bovine serum (FBS) and 1%

penicillin-streptomycin.

Human ESCC-associated fibroblasts (CAFs) were isolated from primary ESCC tissue samples. Following digestion of fresh ESCC

tissue with 2 mg/mL collagenase I, 2 mg/mL collagenase IV, and 1 mg/mL hyaluronidase in DMEM medium with 10% FBS at 37�C
for 40 min, the resulting cell suspension underwent sieving and centrifugation for 5 min. Subsequently, the cell pellet obtained was

resuspended and cultured in advanced DMEM/F12 medium. After 60 min, non-adherent cells were removed by replacing the cell

culture mediumwith a fresh one. CAFs were obtained after 3 passages for analysis and subsequently cultured in DMEM/F12medium

with 20% FBS and 1% penicillin-streptomycin.

Patient-derived ESCC primary cells (PCs) were isolated from human ESCC sample. Briefly, fresh ESCC tumor tissue was digested

following the same steps as CAFs isolation. Then, cell suspension was filtered through a 70-mm cell strainer, briefly centrifuged for

5 min and the resultant cell pellet was resuspended in advanced DMEM/F12 medium supplemented with B-27, HEPES, GlutaMAX,

epithelial growth factor (EGF), ROCK inhibitor Y-27632, and TGFb inhibitor A83-01.

ESCC primary cells (PCs) were isolated from fresh tumor tissue through a process similar to CAF isolation. Briefly, the cell suspen-

sion underwent filtration using a 70-mm cell strainer, a brief 5-min centrifugation, and the resulting cell pellet was resuspended in

advanced DMEM/F12 medium. The resuspension was supplemented with B-27, HEPES, GlutaMAX, epithelial growth factor

(EGF), ROCK inhibitor Y-27632, and TGFb inhibitor A83-01.

All cells were maintained at 37�C in a humidified incubator with 5% CO2, routinely authenticated by short tandem repeat (STR)

analysis, and regularly treated with a mycoplasma-removing agent.

For experiments involving stimulation with recombinant human S100A8 protein (rS100A8), a specific concentration of the rS100A8

was added to serum-free DMEM medium following the attainment of confluency by the CAFs; the cells were then incubated for the

specified duration. In the CD147 receptor inhibitory assay, the CD147 inhibitor AC-73 was introduced to serum-free DMEMmedium

for 6 h after CAFs reached confluency, followed by the addition of the rS100A8 protein to the medium for an additional 18 h.

METHOD DETAILS

In vivo pharmacological studies
The drug treatments commenced when the xenografts reached approximately 150 mm3. Mice were randomly assigned to different

groups (n = 3–5 per group) and received treatment with 5-FU (30 mg/kg, i.p., biw), CDDP (3 mg/kg, i.p., q5d), AC-73 (20 mg/kg, i.p.,

biw), and vehicle reagents. Tumor volume was measured every 2 or 3 days, and the mice were euthanized when the tumor volume

reached 2000 mm3 or at the experimental endpoint.

The chemotherapy responsiveness was assessed by applying two criteria to compare the changes in relative tumor volume (RTV)

between the drug-treated and vehicle-treated groups: (1) determining if drug treatment significantly restrained tumor growth (p < 0.05

for the R group, p > 0.05 for the NR group); and (2) calculating the percentage of tumor growth inhibition (TGI [%]) at the end point

(TGI >50% for R, TGI <50% for NR). The calculation of TGI is derived using the following formula: TGI = RTVvehicle -- RTVtreatment

RTVvehicle - RTVinitial
3 100. In

this formula, RTVvehicle represents the RTV for the vehicle-treated animals at the end point, RTVtreatment denotes the RTV of the drug

treatment groups at the end point, and RTVinitial signifies the initial RTV at the start of the treatment.

RNA sequencing data analysis
RNA sequencing of PDX tumor tissues was conducted by Illumina NovaSeq 6000 (Annoroad Gene Company [Beiing, China]). The

initial processing of the RNA-seq data involved adaptor trimming and quality read filtering using Trim Galore (v0.6.6). Subsequently,

Disambiguate (v1.0)35 was utilized to eliminate mouse-derived reads, employing the mouse (GRCm38, GENCODE vM19) and human

(GRCh38, GENCODE v29) reference genomes. The resulting clean sequences were quantified utilizing the pseudo-alignment soft-

ware Salmon (v1.2.0).84 The transcript-level quantification results from Salmonwere imported into DESeq2 (v1.38.3)85 using tximport

(v1.26.1)86 package. Differentially expressed genes (DEGs) meeting the criteria of |log2 fold-change| > 1 and FDR <0.05 were further

assessed with DESeq2. Furthermore, gene set enrichment analysis (GSEA), gene ontology (GO), and Kyoto Encyclopedia of Genes

and Genomes (KEGG) pathway enrichment analysis were performed using the R package clusterProfiler (v4.6.2).87 The signature

scores of enriched pathways for each sample were computed based on the mean expression of pathway-associated genes, with

the signature genes for each pathway sourced from the KEGG database.

scRNA-seq data analysis
The ESCC scRNA-seq data were reported by our previous study,20 and the epression matrix was obtained from the GEOwith acces-

sion number GSE160269. Quality control and downstream analysis were conducted using the Seurat package (v4.3.0),88 and poten-

tial batch effects across samples were corrected using the Harmony package (v0.1.1).89 Cell types were annotated based on the

expression of known markers: EPCAM, SFN, KRT5, and KRT14 for epithelial cell; FN1, DCN, COL1A1, COL1A2, COL3A1, and

COL6A1 for fibroblast; VWF, PECAM1, ENG and CDH5 for endothelial cell. The signature scores for individual cells were calculated
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using the AddModuleScore function of the Seurat package. The signature genes were COL1A1, COL1A2, COL3A1, ACTA2, TAGLN,

CTHRC1, POSTN, MMP11, MMP1, SPARC, MFAP2, SERPINH1, THY1, TPM2, and SFRP4 for myCAFs, CXCL1, CXCL3, CXCL8,

CXCL12, IL6, IL24, CHI3L1, CCL11, IGFBP2, IGFBP3, PTGDS, IGF1, LUM, ASPN, and CCN1 for iCAFs. Cell-cell interactions

were assessed using the CellChat package (v1.6.1)90 based on the expression of receptors in one cell type and ligands in another

cell type.

RNA interference
To achieve transient gene expression knockdown, cells were transiently transfected with siRNA using Lipofectamine 2000 (Invitro-

gen) following the manufacturer’s protocol. For the establishment of stable S100A8-knockdown cell lines, ESCC cells were infected

with S100A8-shRNA and the control lentivirus. To generate stable CD147-knockout CAFs, the CRISPR/Cas9 gene editing system

was employed to induce CD147 deletion in the cells. The CAFs were transduced with CRISPR/Cas9 virus targeting genomic

CD147 and control virus. Stable clones were obtained by selecting cells in culture medium containing 2 mg/mL puromycin for

7 days. The efficiency of siRNA, shRNA, or sgRNA-mediated knockdown and knockout was assessed utilizing Western blot assays.

All the target sequences of the siRNAs, shRNAs, and sgRNAs can be found in Table S4.

Establishment of S100A8 ectopic overexpression cells
To establish cell lines with ectopic overexpression of S100A8, the S100A8 (GenBank: NM_001319196) coding sequence was cloned

into the GV341 vector (Ubi-MCS-3FLAG-SV40-puromycin). Subsequently, clones were selected in culture medium containing

2 mg/mL puromycin for 7 days. The overexpression of S100A8 was confirmed through Western blot and qRT-PCR assays.

Immunohistochemistry and immunofluorescence staining
Formalin-fixed and paraffin-embedded tumor tissues were sectioned into 4-mm-thick sections. For immunohistochemistry (IHC), the

deparaffinized sections underwent antigen retrieval by heating in a pressure cooker for 3 min in Tris-EDTA buffer (pH 9.0) and sub-

sequent blockingwith peroxidase blocker for 30min at room temperature. Following the blockade, the sections were incubated over-

night at 4�C with specific primary antibodies for S100A8 (1:200), aSMA (1:1500), CD31 (1:250), and cleaved-caspase3 (1:100). Then,

the sections were washed thrice with PBS, followed by incubation with IHC secondary antibody. The staining was visualized using

DAB substrate and counterstained with hematoxylin.

We conducted multiplex immunofluorescence (mIF) staining utilizing the Opal 5-Color Manual IHC Kit (PANOVUE). Following the

manufacturer’s instructions, we used Opal 520, Opal 570, and Opal 650 for the aSMA (1:500), KRT6A (1:800), and S100A8 (1:200)

antibodies, respectively, to generate unique immunofluorescent signals.

For the immunofluorescence staining of fibroblasts cultured in vitro, cells were cultured on tissue culture-treated coverslips until

reaching 50% confluency and then treated with conditional medium or rS100A8 protein for 24 h. Subsequently, the cells were fixed

with 4%paraformaldehyde for 10min, permeabilized with 0.1%Triton X-100 for 5min, and blockedwith 3%bovine serum albumin in

PBS for 1 h at room temperature. Following this, the cells were incubated overnight at 4�Cwith specific primary antibodies for aSMA

(1:500), CD147 (1:100), or MRTF-A (1:100), and then with Alexa Fluor secondary antibodies. The coverslips weremounted with DAPI-

containing mounting medium, and the images were captured using the Cytation5 (BioTek) microscopy.

For quantification, the ImageJ software was utilized for analyzing IHC andmIF images and quantifying the average intensity of spe-

cific protein. In brief, for each section, three non-overlapping visual fields were randomly selected and the intensity of protein expres-

sion in each field was evaluated. The mean value of the three visual fields was calculated and used for subsequent statistical ana-

lyses. All the aforementioned procedures for staining, imaging, and quantification were performed blinded to the sample identity and

phenotype.

Western blot analysis
Total protein was extracted from cell lysate, and its concentration was determined using the BCA kit (Thermo Fisher Scientific). Ly-

sates containing 10–20mg of protein underwent separation by SDS-PAGE and were transferred to the PVDFmembrane (Millipore) for

analysis. Following this, the membranes were blocked with 5% skim milk in TBST for 1 h at room temperature, and then incubated

with primary antibodies overnight at 4�C, followed by secondary antibodies for 1 h at room temperature. The signal was visualized

using the Chemiluminescent Substrate kit (Thermo Fisher) via the Amersham Imager 600. The primary and secondary antibodies

utilized in this study are listed in the key resources table.

Chromatin immunoprecipitation (ChIP) assay and ChIP-qPCR analysis
The ChIP assay was conducted using the SimpleChIP Plus Sonication Chromatin IP Kit (#56383, Cell Signaling Technology). Initially,

ESCC cells were crosslinked with formaldehyde (final concentration 1%) for 10 min, followed by a 5-min glycine incubation at room

temperature. The cells were then harvested, resuspended using cell lysis and nuclear lysis buffers, and the chromatin was frag-

mented using the Covaris S220 Focused-ultrasonicator (peak incident power: 140 W, duty factor: 5%, cycles per burst: 200, treat-

ment time: 600 s, temperature 4�C). After fragmentation, the chromatin was subjected to overnight incubation at 4�C with rotation

using anti-TFAP2A (1:100), anti-Histone H3 (1:50), or IgG (1 mg). Subsequently, the final DNA was purified and analyzed via qPCR.

The ChIP-qPCR primer of S100A8 promoter is listed in Table S5.
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qRT-PCR analysis
Total RNA extraction was performed using the RNA-Quick Purification Kit (ES Science) and subsequently reverse-transcribed with

PrimeScript RT reagent kit (Takara). Quantification of mRNA expression was conducted utilizing SYBR Premix Ex Taq II kits (Takara).

The expression levels of the specified genes were determined using DDCt relative to the expression of GAPDH as the housekeeping

gene. The qRT-PCR primers utilized in this process are available in Table S5.

Conditional medium (CM) preparation
A certain number of ESCC cells were seeded in the 6-well plate to attain approximately 70% confluency within 24 h. Subsequently,

the cells were twice washed with PBS and further incubated for 24 h in serum-free medium. The cell culture supernatant was then

collected, centrifuged at 2000 g at 4�C for 10 min, and either utilized immediately or stored at �80�C for subsequent use.

Indirect co-culture assays
The indirect co-culture assays were conducted using the 6-well and 12-well Transwell inserts with a 0.4 mmpore (Corning). For CAFs

polarization assays, a specific number of CAFs were seeded in the lower chamber, and an equivalent number of ESCC cells were

seeded in the upper chamber. In the chemosensitivity analysis of ESCC cells, a specific number of ESCC cells were seeded in

the lower chamber, and an equivalent number of CAFs were seeded in the upper chamber. Following a 24-h incubation period,

chemotherapeutic agents or control reagents were introduced to the co-culture system and continued to culture for 72 h, or

ESCC cells or CAFs were harvested for protein expression analysis.

Migration and chemotaxis assays
The migration and chemotaxis capabilities of CAFs were assessed using the 24-well Transwell insert with an 8.0 mm pore (Corning).

The CM of ESCC cells served as the chemoattractant in the lower chamber. CAFs were seeded in the upper chamber and incubated

for 18–20 h. Subsequently, the cells were fixedwith 100%methanol and stained with a 0.5% crystal violet solution. Cell counting was

performed on the bottom of the membrane under a microscope, with three randomly selected non-overlapping visual fields per

group.

Detection of S100A8/S100A9 by ELISA
The S100A8/S100A9 level in the CM and plasma samples was analyzed using the human S100A8/S100A9 ELISA Kit (Proteintech)

according to the manufacturer’s instructions. For the plasma analysis, the samples were diluted in the sample diluent at a ratio of

1:1000.

Survival analysis and logistic regression analysis
The overall survival time analysis was conducted by the Kaplan-Meier method and the log rank test. For the survival analysis of pa-

tients with ESCC, the S100A8 and S100A9 mean expression levels of epithelial cells in 21 patients who underwent chemotherapy

were calculated using our previously published scRNA data.20 For the survival analysis of pan-cancer, the gene expression and clin-

ical information were downloaded from the Cancer Genome Atlas (TCGA). The best group-dividing cutoffs were determined by the

surv_cutpoint function in survminer package (v0.4.9) to obtain the most minimal p values of log rank test. Hazard ratio (HR) and 95%

confidence interval (CI) were calculated by Cox proportional hazards model using age, gender, and tumor stage as covariates.

The odds ratios (ORs) with 95% confidence intervals (CIs) and p values for age, gender, histologic grade, pathological TNM stage,

treatment cycles, and S100A8/A9 levels were calculated using univariate andmultivariate logistic regression analysis performed with

the R package autoReg (version 0.3.3).

QUANTIFICATION AND STATISTICAL ANALYSIS

The sample size, statistical details, and methods are outlined in the figure legends, text, or methods. The data are presented as

means and standard error of measurement (SEM) or standard deviation (SD), with the error bars representing SD or SEM for a min-

imum of three independent experiments. Statistical significance was considered when p values were <0.05. All statistical analyses

were carried out using R 4.2.2 and GraphPad Prism 8.
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Figure S1. Body weight change, tumor growth rate and additional RNA-seq data analysis in 

ESCC PDX models. Related to Figure 1. 

(A) Body weight curves of PDX mice in chemotherapeutics and vehicle reagents treatment groups (n = 

3-5 per group). Data are presented as mean ± SD. (B) Comparison of the number of days that tumor 

volume in vehicle-treated group grew from 100 to 400 mm3 between the NR (n = 12) and R (n = 8) 

groups. Data are presented as mean ± SEM. P value is determined by two-tailed Student’s t test. (C) 

Comparison of the RNA level of MKI67 and PCNA between the NR and R groups. Data are presented 

as mean ± SD. P values are determined by two-tailed Student’s t test. (D) Spearman correlations 

between the TGI (%) and the indicated pathway signature scores. The gray areas represent 95% 



confidence intervals (n = 20). (E) Heatmap of differentially expressed genes between NR and R groups 

based on PDX donors’ tumor tissues RNA-seq data. Differentially expressed genes between R and NR 

groups were ordered by fold change. 

 

 

 

 

 

 

 

 



 

Figure S2. S100A8 confers chemoresistance in a CAF-dependent manner. Related to Figure 2. 

(A) Quantitative RT-PCR analysis of S100A8 in KYSE510 and KYSE180 cells stably transfected with 

S100A8 shRNA or control nontargeting shRNA. The expression level was normalized to GAPDH (n = 

3 biological replicates). (B) Proliferation curves of S100A8-knockdown and control cells treated with 

chemotherapeutics or vehicle (n = 6 biological replicates). (C) Uniform manifold approximation and 

projection (UMAP) plot of epithelial cells and stromal cells on the basis of their different expression. 

(D) Ligand-receptor (LR) interactions analysis exhibiting the interaction weights/strength among 



epithelial cells, fibroblasts, and endothelial cells. (E) Bubble plot showing interactions of LR gene pairs 

between epithelial cells and fibroblasts or endothelial cells. (F) Representative images of cell viability 

of control and S100A8- knockdown cells co-cultured with CAFs and treated with chemotherapeutics or 

vehicle (n = 3 biological replicates). (G) Excised tumor images of control and S100A8-knockdown 

xenografts treated with chemotherapeutics or vehicle reagents (n = 4 per group). For all panels, data are 

presented as mean ± SD. **p < 0.01, ****p < 0.0001, and n.s., not significant of two-tailed Student’s t 

test. 

 

 



 

Figure S3. S100A8 expression is associated with myCAFs activation. Related to Figure 3. 

(A) UMAP plot of fibroblasts on the basis of their different expression. (B) Heatmap of scaled 

normalized expression level of the top 10 highly expressed genes for each fibroblast subtype. (C) 

Bubble plot showing interaction of LR gene pairs between epithelial cells and distinct fibroblast 

subtypes. (D) Spearman correlations between the S100A8 RNA level of epithelial cells and the 

COL1A1, COL1A2, and COL3A1 RNA level of fibroblasts. The gray areas represent 95% confidence 

intervals (n = 60). (E) Spearman correlations between the S100A8 RNA level of epithelial cells and the 

CXCL1, IL6, and IL24 RNA level of fibroblasts. The gray areas represent 95% confidence intervals (n 

= 60). 



 

Figure S4. S100A8 activates myCAFs by binding to the CD147 receptor. Related to Figure 4. 

(A) Quantitative RT-PCR analysis of MRTFA, COL1A1, and ACTA2 in CAFs transfected with MRTFA 

siRNA or control siRNA. The expression level was normalized to GAPDH (n = 3 biological replicates). 

(B) Bubble plot showing interaction of LR gene pairs between S100A8 in epithelial cells and distinct 

fibroblast subtypes. (C) Quantitative RT-PCR analysis of COL1A1 in CAFs treated with or without 

rS100A8 proteins and treated with indicated concentration of AC-73. The expression level was 

normalized to GAPDH (n = 3 biological replicates). (D) Western blot analysis of the indicated proteins 

in CAFs treated with rS100A8 proteins or AC-73. (E) Quantitative RT-PCR analysis of S100A8 RNA 

level in control and S100A8-overexpression (OE) KYSE450 cells. The expression level was normalized 

to GAPDH (n = 3 biological replicates). For all panels, data are presented as mean ± SD. **p < 0.01, 

***p < 0.001, and ****p < 0.0001 of two-tailed Student’s t test. 

 

 

 

 

 



 

Figure S5. The expression of S100A8 is regulated by the esophageal-specific transcription factor 

TFAP2A. Related to Figure 4. 

(A) In silico analysis of potential transcription factors in S100A8 promoter region. (B) Spearman 

correlation between expression levels of candidate transcription factors and S100A8 RNA level in 

epithelial cells. The gray areas represent 95% confidence intervals (n = 60). (C) Quantitative RT-PCR 

analysis of TFAP2A and S100A8 in ESCC cells transfected with TFAP2A siRNA or control siRNA. The 

expression level was normalized to GAPDH (n = 3 biological replicates). (D) Schema of the putative 

TFAP2A binding site in S100A8 promoter and the primers used for chromatin immunoprecipitation 

(ChIP) analysis. Highlighted in red is the predicted motif for TFAP2A binding. (E) ChIP-qPCR 

analysis of ESCC cells incubated with anti-TFAP2A antibody and IgG control. Left panel showing the 

qPCR results and the right panel showing the images of agarose gel electrophoresis of the qPCR 



products. Data are mean ± SEM. P values are determined using two-tailed Student’s t test. (F) Western 

blot analysis of myCAF-related protein markers in CAFs treated with the CM of KYSE510 cells with 

or without TFAP2A knockdown and treated with rS100A8 proteins or PBS. For all panels, **p < 0.01, 

***p < 0.001, and ****p < 0.0001 of two-tailed Student’s t test. 

 

 

 



 

Figure S6. Activated myCAFs endow ESCC cells to acquire chemotherapy resistance by 

activating anti-apoptotic pathways. Related to Figure 5. 

(A) GSEA of pathways enriched in the NR or R group, using RNA-seq data of the PDX mice’s tumor 

tissues. (B and C) Dot plots showing the GO enrichment (B) and KEGG pathway enrichment (C) 

results of differentially expressed genes in the NR group, using RNA-seq data of the PDX mice’s 

tumor tissues. (D) Schema of co-culture system and cell viability assay. (E) Representative images of 

cell viability of control and S100A8-overexpression KYSE450 cells cocultured with control or CD147-

knockout ECAFs and treated with chemotherapeutics or vehicle (n = 3 biological replicates). 



 

Figure S7. Inhibition of S100A8-CD147 pathway circumvents chemoresistance. Related to Figure 

6. 

(A) Schema of in vivo co-injection and chemosensitivity assays. (B) Excised tumor images of 

xenografts derived from co-transplantation of control and CD147-knockout CAFs with PCs and treated 

with chemotherapeutics or vehicle reagents (n = 4 per group). (C) Excised tumor images of xenografts 

of PDX-19 treated with AC-73 and control solvent and with chemotherapeutics or vehicle reagents (n = 

4 per group). (D) Body weight curves of mice treated with AC-73 and control solvent and with 

chemotherapeutics or vehicle (n = 4 per group). Data are presented as mean ± SD. 

 

 

 

 

 

 

 

 

 



 

Figure S8. S100A8 serves as a prognostic biomarker for predicting chemotherapy responsiveness. 

Related to Figure 7. 

(A) Kaplan–Meier plot comparing the overall survival (OS) of patients with ESCC treated with 

chemotherapy with low or high S100A9 RNA level. Hazard ratio (HR) and 95% confidence interval 

(CI) are calculated by Cox proportional hazards model with age, gender, and tumor stage as covariates. 

(B-F) Kaplan–Meier plot comparing the overall survival (OS) of patients with CESC (B), LIHC (C), 

BLCA (D), GBM (E), and KIRC (F) treated with chemotherapy from TCGA with low or high S100A8 

RNA level. HR and 95% CI are calculated by Cox proportional hazards model with age, gender, and 

tumor stage as covariates. (G-I) Kaplan–Meier plot comparing the overall survival (OS) of patients 

with CESC (G), BLCA (H), and KIRC (I) treated with chemotherapy from TCGA with low or high 

S100A9 RNA level. HR and 95% CI are calculated by Cox proportional hazards model with age, 

gender, and tumor stage as covariates. 

 

 

 



Table S1. Clinical information of 20 ESCC PDX donors. Related to STAR Methods. 

Patient ID PDX ID Gendera Age (year) TNM stageb Location 

T633 PDX-01 M 66 III middle 

T638 PDX-02 M 53 II middle 

T623 PDX-03 F 65 III lower 

T649 PDX-04 M 47 II middle 

T616 PDX-05 M 68 III middle 

T622 PDX-07 M 63 III middle 

T611 PDX-08 M 72 III middle 

T814 PDX-09 M 73 II middle 

T643 PDX-10 M 56 II upper 

T629 PDX-11 M 61 II middle 

T621 PDX-12 M 69 II middle 

T634 PDX-13 M 47 III lower 

T620 PDX-14 M 62 III lower 

T642 PDX-15 F 83 I lower 

T648 PDX-16 M 61 III middle 

T650 PDX-17 M 63 II upper 

T646 PDX-18 F 61 II upper 

T618 PDX-19 F 70 III lower 

T624 PDX-20 F 52 II middle 

T645 PDX-21 M 62 III lower 

aM, male; F, female.   

bTumor TNM staging components including tumor (T), lymph node (N) and metastasis (M) were 

reviewed by 3 pathologists and defined according to the American Joint Committee on Cancer (AJCC) 

7th edition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S3. Clinical information of patients in ESCC cohort 3. Related to Figure 7. 

Patient 

ID 

Gendera Age 

(year) 

TNM 

stageb 

Survival 

statusc 

Survival 

timed 

Smoking 

status 

Drinking 

status 

P10T M 62 II 0 61 Smoker Non-drinker 

P126T M 57 III 1 14 Smoker Drinker 

P127T M 71 III 0 58 Smoker Non-drinker 

P12T M 72 II 0 61 Smoker Non-drinker 

P19T F 40 II 0 41 Non-smoker Non-drinker 

P24T M 54 III 0 61 Smoker Drinker 

P27T M 66 II 0 61 Smoker Drinker 

P32T M 61 II 0 61 Smoker Drinker 

P39T M 61 III 1 10 Smoker Non-drinker 

P40T M 61 III 1 31 Smoker Non-drinker 

P42T M 56 II 0 60 Smoker Drinker 

P47T M 47 III 1 13 Smoker Drinker 

P57T M 58 III 0 61 Smoker Drinker 

P74T M 74 II 1 54 Smoker Drinker 

P76T M 77 I 0 61 Smoker Drinker 

P80T F 77 III 1 26 Non-smoker Non-drinker 

P82T M 72 I 0 40 Smoker Drinker 

P83T M 59 Ⅳ 1 25 Smoker Drinker 

P87T M 54 III 0 60 Smoker Drinker 

P91T M 47 II 0 60 Smoker Drinker 

P94T M 69 III 0 61 Smoker Non-drinker 

aM, male; F, female.   

bTumor TNM staging components including tumor (T), lymph node (N) and metastasis (M) were 

defined according to the AJCC 7th edition. 

cSurvival status: 0, alive or lost to follow-up; 1, dead. 

dThe unit of survival time is the month. 

 

 

 

 

 

 

 



Table S4. Sequences of siRNAs, shRNAs, and sgRNAs used in this study. Related to STAR 

Methods. 

Target Used for Sequence (5’- 3’) 

RHOA 
siRNA#1 GUACAUGGAGUGUUCAGCAAA 

siRNA#2 UGGAAAGACAUGCUUGCUCAU 

ROCK1 
siRNA#1 CGGGUUGUUCAGAUUGAGAAA 

siRNA#2 GCACCAGUUGUACCCGAUUUA 

MLC2 
siRNA#1 CGCCAAGGAUAAAGACGACUA 

siRNA#2 CAUUGAUAAGAAAGGCAACUU 

MRTF-A 
siRNA#1 GCUGAAGAGAGCCAGACUA 

siRNA#2 CCUGUUUGACAUUCUCAUU 

TFAP2A 
siRNA#1 CCGCCAUCCCUAUUAACAA 

siRNA#2 CCCAAUGAGCAAGUGACAA 

S100A8 
shRNA#1 TCAACACTGATGGTGCAGTTA 

shRNA#2 GTGTCCTCAGTATATCAGGAA 

CD147 
sgRNA#1 GTCGTCAGAACACATCAACG 

sgRNA#2 GGTGGACTCCGACGACCAGT 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S5. Sequences of primers used in this study. Related to STAR Methods. 

Gene Direction Sequence 

GAPDH 
Forward CGGATTTGGTCGTATTGGGC 

Reverse TGATTTTGGAGGGATCTCGC 

TFAP2A  
Forward AGGTCAATCTCCCTACACGAG 

Reverse GGAGTAAGGATCTTGCGACTGG 

S100A8 

(RT-qPCR) 

Forward ATGCCGTCTACAGGGATGAC 

Reverse CCACGCCCATCTTTATCACC 

S100A8 promoter 

(ChIP-qPCR) 

Forward TTCATTCTGCACAGTGATTGCCA 

Reverse GAGGCAGCTCCTTTTTATAGCG 

COL1A1 
Forward GAGGGCCAAGACGAAGACATC 

Reverse CAGATCACGTCATCGCACAAC 

ACTA2 
Forward CTATGAGGGCTATGCCTTGCC 

Reverse GCTCAGCAGTAGTAACGAAGGA 
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