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SUMMARY
Drug resistance limits the efficacy of chemotherapy for colorectal cancer liver metastasis (CRLM). However,
the evolution of CRLMduring drug treatment remains poorly elucidated.Multi-omics and treatment response
data from 115 samples of 49 patients with CRLM undergoing bevacizumab (BVZ)-based chemotherapy show
little difference in genomic alterations in 92%of cases, while remarkable differences are observed at the tran-
scriptomic level. By decoupling intrinsic and acquired resistance, we find that hepatocyte and myeloid cell
infiltration contribute to 38.5% and 23.1% of acquired resistance, respectively. Importantly, SMAD4 muta-
tions and chr20q copy-number gain are associated with intrinsic chemoresistance. Gene interference exper-
iments suggest that SMAD4R361H/C mutations confer BVZ and 5-fluorouracil (5-FU) resistance through STAT3
signaling. Notably, supplementing BVZ and 5-FU with the STAT3 inhibitor GB201 restores therapeutic effi-
cacy in SMAD4R361H/C cancer cells. Our study uncovers the evolutionary dynamics of CRLM and its microen-
vironment during treatment and offers strategies to overcome drug resistance.
INTRODUCTION

Colorectal cancer liver metastases (CRLMs) constitute approxi-

mately 70% of colorectal cancer (CRC)-related deaths.1 In 2004,

the Food and Drug Administration (FDA) approved bevacizumab

(BVZ), an antiangiogenic agent, in combination with chemothera-

peutic agents for treatingmetastatic CRC (mCRC).2 Since then, its

application has been extended to various treatment regimens,

including first- and cross-line therapies,3,4 adjuvant therapy,5

and maintenance therapy.6 BVZ-based chemotherapies (BVZ-C

therapies) are currently administered as the primary first-line treat-

ment for CRCandCRLMs. Notwithstanding such progress, nearly

50% of patients with CRLM fail to respond,7 and many patients

who initially benefit would relapse rapidly.8 Identifying predictive

biomarkers of BVZ-C therapy responders in patients with CRLM

is urgently needed to optimize therapeutic decisions.

Exome and transcriptome sequencing technologies have

revolutionized our knowledge of CRC and its metastases. The

Cancer Genome Atlas (TCGA) group9 and Yaeger et al.10 estab-

lished a comprehensive genomic landscape of CRC and meta-
Cell Reports Medicine 5, 101838, Decem
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static CRCs. Subsequent expression-based analyses classified

CRC into four consensusmolecular subtypes (CMSs) with distin-

guishing features.11 More recently, Zhao et al. expanded our

knowledge of Chinese patients, linking tumor genomic heteroge-

neity to different clinical characteristics.12 Nevertheless, the clin-

ical and molecular features associated with treatment response

remain poorly understood owing to the unavailability of treat-

ment data in these studies.

Remarkable efforts have been devoted to identifying bio-

markers of BVZ-C therapy response in patients with CRC.

Smeets et al. performed low-coverage whole-genome

sequencing on patients with CRC treated with BVZ-C

and discovered the role of chromosomal instability in treatment

outcomes.13 However, it is unclear how tumor cells evolve

to become chemoresistant in response to therapy. Additionally,

drug resistance cannot be completely explained by genomic

factors.14,15 Several studies have focused on non-genetic resis-

tance mechanisms, such as epithelial-mesenchymal transition,

metabolic reprogramming, and tumor-stromal cell interactions,16

particularly in microenvironment-targeted strategies, such as
ber 17, 2024 ª 2024 The Authors. Published by Elsevier Inc. 1
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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BVZ. It has been reported that the redundancy of angiogenic

signaling molecules, vascular symbiosis, and increased infiltra-

tion of fibroblasts and myeloid cells are closely related to BVZ

resistance.17,18 Studies have suggested that the molecular

mechanisms of genetic and non-genetic drug resistance are het-

erogeneous but partly overlapping.16 Hence, characterizing the

evolution of the tumor and tumor microenvironment (TME)

induced by BVZ-C treatment is crucial for understanding the

mechanisms of drug resistance.

In this study, we provided a longitudinal cohort of matched

pre- and post-treatment samples from 49 patients with CRLM

who received BVZ-C therapy as the first-line standard treatment.

Leveraging whole-exome and RNA sequencing of multi-time

point tumor samples during the course of clinical treatment of

patients with CRLM, we aimed to dissect the underlying molec-

ular and TME determinants that may regulate patient prognosis

and tumor response to treatment.

RESULTS

Longitudinal sequencing characterized CRLM under
treatment
To investigate the treatment efficacy of CRLM, we enrolled 49

patients diagnosed as CRLM at Nanfang Hospital of Southern

Medical University. They were treated with BVZ plus either

mFOLFOX6 (oxaliplatin + 5-fluorouracil [5-FU]) or FOLFIRI (irino-

tecan + 5-FU), with follow-up durations ranging from 1.5 months

to over 50 months (Figure 1A; Table S1). Of the full cohort, 77%

migrated from left-sidedCRCs, 83%were staged IVA or IVB, and

42% simultaneously developed lung metastases. The median

age at diagnosiswas 55.5 years, range: 29–79 years (Figure S1A).

The median progression-free survival (PFS) and overall survival

(OS) for the cohort were 9.97 and 25.37 months, respectively

(Figure S1B). To assess the treatment response of each tumor

sample, we used Response Evaluation Criteria in Solid Tumors

(RECIST) 1.119 to classify all samples into partial response

(PR), stable disease (SD), or progressive disease (PD) (Figure 1B).

We then defined responders as those with PR or non-continuous

stable disease (tumor volumes shrink continually to PR within

two cycles) and non-responders as those with PD or continuous

stable disease (tumor size was stable or increasing to PD over at

least four months; Figures 1C and S1C). As a result, 48 patients

were stratified into 21 responders and 27 non-responders, and

one patient (B29) was not stratified owing to inadequate

follow-up. Responders (median PFS: 11.67 months) portended

a longer PFS than non-responders (median PFS: 8.33 months,

p = 4.0e�2; Figure S1D). Cohort-level analysis of the response

rate showed no significant difference between the two first-line

regimens (mFOLFOX6-BVZ: 60% [95% exact confidence inter-

val (CI): 42.11%–76.13%, 21 of 35 patients] versus FOLFIRI-

BVZ: 46.2% [95% exact CI: 19.22%–74.87%, 6 of 13 patients])

(Figure 1D). Similarly, they had comparable PFS and OS rates

(Figure S1E), which are consistent with a previous study.20

Further examination of clinical parameters showed that neither

age, gender, primary site, nor the number of metastases

was associated with the response to BVZ-based therapies,

while lung metastases were slightly higher in responders (56%,

p = 0.04, Figure S1A).
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It is worthmentioning that in the context of BVZ-C therapies for

CRLMs, a usual pattern is observed in which patients initially

respond well to treatment; however, as treatment continues,

drug resistance almost inevitably emerges.21,22 To monitor

CRLM evolution in response to therapeutic pressures, longitudi-

nal tumor specimens (n = 115) were collected (through either bi-

opsy or surgery) from the patients, among whom two cases had

four tumor samples, i.e., pre-treatment (Pre), Post1, Post2, and

Post3; 13 cases had three tumor samples (Pre, Post1, and

Post2), and the remaining cases had two samples. We observed

that approximately half of the patients were non-responders at

the beginning, and the proportion of non-responders steadily

increased over time, reaching 100% in the 10th month after the

first BVZ-C therapy (Figure 1E). To investigate the molecular

mechanisms of both intrinsic resistance (IR) and acquired resis-

tance (AR) in BVZ-C-treated CRLMs, we carried out DNA and/or

RNA sequencing on the enrolled tumor samples, coupled with

matched blood controls, leading to whole-exome sequencing

(WES) or panel-seq data of 115 samples and RNA sequencing

(RNA-seq) data of 100 samples (Figure 1F).

Genomic aberrations were preserved after treatment
To delineate the evolving landscape of tumor genomic mutations,

we analyzed the WES and panel-seq data. WES achieved a me-

dian of 3183 (1253–6573) coverage in tumors and 3133

(1373–5353) in normal blood. In the panel-seq data, the average

depth of the targeted regionswas 5003. Themedian somaticmu-

tation load per sample was 83 (range, 0–235; Table S2). We de-

tected somatic mutations in the driver genes of CRC (Figure S2),

including TP53 (73.5%), APC (63.3%), KRAS (57.1%), PIK3CA

(18.4%), BRAF (12.2%), and SMAD4 (16.3%). The altered

signaling pathways were P53 (77.6%), WNT (75.5%), RTK/RAS

(69.4%), TGF (26.5%), and PI3K (26.5%). Compared to the

TCGACRCdataset,9CRLMs in this cohort displayedahigher inci-

dence of TP53mutations (73.5% versus 53.8%, p = 1.2e�2), with

comparablemutation rates for other reportedgenes (FigureS2). In

addition, this cohort demonstrated a greater prevalence of micro-

satellite stability (MSS: 100% versus 70.2% in TCGA, p = 9.7e�6;

Figure S2), consistentwith a recent study that reported a high pro-

portion of MSS among Chinese patients with mCRC.23

We then used the CELLO pipeline24 to characterize the evolu-

tionary landscape of CRLM under therapy. All driver genes had

consistent mutation frequencies in tumors before and after treat-

ment (Figure 2A), and no statistical differences were observed in

the overall burden of somatic mutations (pre [median: 90, 0–202];

post [median: 86, range: 0–235]; Figure 2B), nor in chromosomal

copy-number heterogeneity25 (CNH, a global measure of chro-

mosomal complexity; Figure S3A) between the baseline and

treated tumors. In sharp contrast, a significant reduction in tumor

purity was observed after therapy (Figure 2C), particularly in the

responder group, with no change in the non-responder group

(Figure S3B). We constructed phylogenetic trees to explore the

temporal evolution of tumors under treatment-induced pres-

sures and then mapped them to a Moduli space (Figure S3C).

Our analysis indicated that most patients were clustered in the

common corner (Figure S3D), but a few cases were scattered

near the pre- or post-treatment private corner, potentially biased

by the low tumor content (Figure S3C). We then applied an
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Figure 1. Longitudinal follow-up and multi-omics characterization of CRLM under chemotherapy

(A) Schematic diagram of patient enrollment and sample collection.

(B) Swimmer plot depicting time on treatment, duration of treatment, response, and survival characteristics. Each lane represents a single patient’s data. The x

axis represents the duration of therapy for each patient. The key within the plot describes all symbols and color coding. Samples sequenced are encircled with

black border.

(C) Guideline of response classification based on RECIST 1.1. Samples with inconsistent assessment are labeled with criteria b. cSD, continuous stable disease

(SD for 4 months or SD for 2 months and then PD for 2 months); ncSD, non-continuous stable disease (SD for 2 months and then PR for 2 months). R: responder;

NR: non-responder.

(D) Bar plot comparing differences in objective response rate between treatment arms.

(E) Bar plot depicting response rate over time in our cohort. The x axis indicates the number of months after the start of treatment and y axis denotes the fraction of

different response groups.

(F) Summary of DNA and RNA sequencing data collected in this study. See also Figure S1.
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in-house mathematical method, the Evolutionary Tree Inference

Program (ETRIP) (Figure S3E), to recover the number of underes-

timated mutations due to limited sequencing coverage and/or

low tumor purity from the DNA sequencing data (Methods). Us-

ing ETRIP, we reconstructed phylogenetic trees and observed

that 92% of CRLM tumors showed no substantial divergence

in genomic profiles in response to current treatment regimens

(linear evolution, Figure 2D). Nevertheless, post-treatment tu-

mors from four cases (B21, B24, B05, and B55; Figures 2E and

2F) acquired 37 to 167 coding mutations compared to baseline

tumors (branched evolution). Together, our data showed a

marked convergence in the tumor genome during therapy.

Treatment reshaped TME
Next, we sought to investigate the transcriptomic changes in

CRLM during therapy. RNA sequencing data from 100 pre- or

post-treatment tumor samples of 43 patients were collected

and processed following the standard pipeline (Methods). To

evaluate temporal changes in gene expression, we conducted

differentially expressed gene (DEG) analysis between pre- and

post-treatment samples and identified 4,573 DEGs after control-

ling for the false discovery rate (q < 0.05, Figure 2G), suggesting

that treatment remarkably perturbs either tumor cell transcrip-

tomic profiles, TME, or both. Subsequent gene set enrichment

analysis (GSEA) revealed prevailing downregulation of cell prolif-

eration hallmarks such asMYC targets, E2F targets, G2M check-

points, and DNA repair, and strong upregulation of genes

involved in epithelial-mesenchymal transition (EMT), immunity-

related (e.g., coagulation, complement, and inflammatory

response), and metabolism-related hallmarks (e.g., xenobiotic

metabolism, bile acid metabolism, and heme metabolism) after

treatment (Figure 2H). Using the CMS classification system,11

we assessed the transcriptional subtype for each CRLM sample

and examined phenotype transitions in matched pre- and post-

treatment pairs. Importantly, the baseline CMS2-canonical/

epithelial (58.8%, 10/17) and mixed subtypes (58.8%, 10/17)

switched to CMS4-mesenchymal/stromal subtypes after treat-

ment (Figure 2I). These observations signified that BVZ-C ther-

apy triggers significant transcriptional reconfiguration and

phenotypic variation.

To further discern how BVZ-C therapy may impact the TME,

we deconvolved the RNA expression data using BayesPrism,26
Figure 2. Genomic and transcriptomic profiles of pre- and post-treatm

(A) Three-dimensional bubble plot showing the frequency of pre-treatment-privat

mutations (yellow; upper axis).

(B) Somatic mutation number of pre-treatment tumors versus post-treatment tum

(C) Tumor purity (inferred by ESTIMATE) of pre-treatment versus post-treatment

(D) Ternary plot of moduli space of evolutionary trees inferred by ETRIP. Each bal

Patients with a higher fraction of shared somatic mutations between pre- and pos

significant reduction in mutations after treatment are located near the ‘‘Pre’’ corn

(E) The phylogenetic tree and response history for the four patients highlighted in

(F) The proportion of patients with linear evolution (yellow) and branched evolutio

(G) Volcano plot showing DEGs in post-treatment versus pre-treatment tumor sa

(H) The enriched hallmark gene sets in baseline compared with post-treatment s

(I) Consensus molecular subtype (CMS) transitions under treatment (left). Right:

(J) Percentage changes of various cell types between post-treatment and pre-trea

samples is inferred by the deconvolution method BayesPrism. Percentage chang

treated samples from those in baseline samples. The bubble size is proportional to�
a Bayesian method that jointly reconstructs cell type abundance

and cell-type-specific gene expression profiles from bulk tran-

scriptomes (Methods). To test the performance of BayesPrism

in the CRLM dataset, we generated pseudobulk samples from

public CRLM single-cell profiles covering eight major cell

types.27 The cell type proportions inferred by BayesPrism were

highly concordant with the ground truth (Figure S4A). As ex-

pected, using deconvolution in our cohort, we found strong

correlations between the proportion of epithelial (tumor cells)

proportions and the estimated tumor purity based on indepen-

dent methods (Figure S4B). Surprisingly, DEG analysis of epithe-

lial cells revealed that the transcriptional profile of tumor cells

showed little change after therapy (Figure S4C). This observation

resembled our aforementioned findings concerning rare treat-

ment-associated genomic changes. Therefore, we turned our

attention to TME dynamics and observed a notable reduction

in epithelial cells along with increased infiltration of hepatocytes

and myeloid cells after treatment (Figures 2J and S4D), implying

an evolving shift in the composition of TME cells as a key feature

of BVZ-C treatment.

We next compared the transcriptional features of samples

before and after treatment by the response group. Compared

to the non-responders, a notably higher number of DEGs were

detected between pre- and post-treatment samples in the re-

sponders (Figure S5A). Enrichment analysis revealed that cell cy-

cle/proliferation pathways were prevalent in pre-treatment sam-

ples from both groups, while metabolism and immune response

pathways were enriched in post-treatment samples of re-

sponders (Figure S5B). Responders also displayed a greater

CMS2-to-CMS4 shift following treatment (Figures S5C and

S5D). Moreover, treatment significantly altered the TME in re-

sponders, reducing epithelial cells and increasing hepatocytes

and myeloid cells, with no notable changes in non-responders

(Figures S5E and S5F). Collectively, responders to the treatment

demonstratedmore substantial transcriptional changes, encom-

passing more DEGs, a larger CMS2-to-CMS4 shift, and greater

TME dynamics than non-responders.

Spatial proximity of hepatocytes and tumors contributed
to acquired resistance
To uncover the molecular mechanisms of how IR and AR limit

treatment benefit (Figure 1E), we developed a biomarker
ent CLRMs

e (blue; left axis), post-treatment-private (red; right axis), and common somatic

ors. p value: two-sided paired t test.

tumors. p value: two-sided Mann-Whitney U test.

l represents a patient, with colors indicating three clusters within moduli space.

t-treatment stages are clustered near the ‘‘Common’’ corner, while those with a

er. Purple shading highlights patients with branched tumor evolution.

(D).

n (purple).

mples.

amples.

proportion change in each subtype. p value: chi-squared test.

tment samples. Relative percentage of each cell type within the bulk RNA-seq

es (delta %) are calculated by subtracting the average cell type proportions in

log10(p value). p value: two-sidedMann-WhitneyU test. See also Figures S2–S5.
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Figure 3. Genomic and transcriptomic factors associated with AR

(A) Different types of features prioritized by SRFS. Each dot represents an individual feature and significant AR or IR-associated features are highlighted in green

(pro-sensitive) or purple (pro-resistant). The digital number at the bottom summarizes total feature numbers for the corresponding feature type. Shapes indicate

the therapeutic resistance types (triangle: AR-only, square: IR-only, diamond: AR and IR).

(B) The enriched hallmark gene sets from the AR-related genes identified from (A).

(legend continued on next page)
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detection method, termed SRFS (sample-based response

feature selection) (Figure S6A; Table S3) to dissect the contribu-

tors of AR and IR. For each feature, SRFS evaluated its discrim-

inative power between sensitive (PR, n = 27) and resistant

groups (SD or PD, n = 64) using a univariate logistic regression

model (continuous features) or a Fisher’s exact test (categorical

features) and derived its relative contribution to AR and IR

(Methods). Employing SRFS on a comprehensive list of DNA

and RNA features, we identified 107 significant AR-related fea-

tures (24 sensitive-relevant and 83 resistant-relevant; Fig-

ure S6B; Tables S4 and S5). We observed that none of the

genomic features were significantly associated with AR, span-

ning mutations, copy-number alterations (CNAs), ploidy, muta-

tion burden, and CNH (Figures S6B and 3A). Instead, we found

that AR was largely dependent on transcriptomic features. Spe-

cifically, the sensitive-relevant features encompassed tumor pu-

rity, CMS2 subtype, relative abundance of epithelial and natural

killer (NK) cells, and expression levels of 20 genes, whereas the

resistant-relevant features nominated the CMS4 subtype, rela-

tive abundance of hepatocytes and myeloid cells, and expres-

sion levels of 80 genes (Figure 3A and S6B–D). Enrichment of

the sensitive-relevant genes designated Wnt/b-catenin

signaling. In contrast, the resistant-relevant genes were mainly

enriched in cancer hallmarks, including KRAS signaling upregu-

lation, metabolism, EMT, hypoxia, and IL-6/JAK/STAT3

signaling (Figure 3B). Given the strong association between the

expression levels of these genes and AR in our cohort (Fig-

ure S6E), we tested this association in two previously published

patients with CRLM treated with oxaliplatin + BVZ.28 Consis-

tently, upregulation of resistant-relevant genes was observed

in the patient with disease progression, while the responsive pa-

tient displayed the opposite trend (Figure 3C), indicating that

these resistant-relevant genes were important for tumor

progression.

Following our earlier observations of AR-related cell types

(Figure 3A), we found that increased infiltration of hepatocytes

and myeloid cells contributed to 38.5% and 23.1% of AR,

respectively (Figure 3D), pinpointing the potential resistance-

promoting roles of the hepatic and myeloid milieu. The spatial

transcriptome dataset of patients with CRLM29 also revealed

the increased hepatocyte infiltration and decreased spatial dis-

tance between hepatocytes and tumor cells after XELOX treat-

ment (Figure S6F). Interestingly, previous studies have corrobo-

rated that replacement histopathological growth patterns
(C) Validation of AR-related genes in samples from an independent cohort. Re-ana

remarkably upregulated in P029 (left side) but downregulated in P135 (right side).

and P029 became IRES (lesions continue to grow under therapy) when the post-

(D) Lollipop plot showing �log10 p values of the AR relevance for different cell t

inferred by BayesPrism. Pie charts (bottom) show the fraction of patients whose

(E) Comparison of three histopathological growth patterns (HGPs) of CRLMs befor

or PR (n = 20) and corresponding pre-treatment nodes. p value: unpaired t tes

hepatic metastases in the PD and pre-treatment stages. Scale bars, 100 and 200

and liver-stromal interface, respectively. DHGP, desmoplastic HGP; PHGP, push

HEP, hepatocyte (hepatocyte marker).

(F) A histogram (left) and representative images (right) demonstrate the proportion

CRLM cohorts. Red arrows indicate liver metastases.

(G) Representative IF images (left) and quantification (right) of monocytes (CD14

treatment (n = 10). p value: two-sided Mann-Whitney U test. Scale bars, 100 mm
(RHGPs), characterized by tumor cell invasion into hepatic plates

and co-option of existing sinusoidal vessels within the liver pa-

renchyma, were closely correlated with an adverse response

to BVZ-C.17,18,30 To elucidate the relationship between AR and

the spatial organization of tumors and hepatocytes in our cohort,

we classified CRLMs into three different histopathological

growth patterns (HGPs)31: desmoplastic HGP (DHGP), pushing

HGP (PHGP), and RHGP, which corresponds to a gradual

decrease in the spatial distance between the two. Our quantifi-

cation of the three HGPs in CRLM samples using hematoxylin-

eosin (HE) staining demonstrated a significant increase in

RHGP patterns in treated SD/PD samples compared to baseline,

with no significant changes observed in the DHGP and PHGP

patterns (Figure 3E). Conversely, the post-treatment PR group

exhibited no changes in RHGP patterns compared with the

baseline controls. Some examples were examined in Figure 3E

by multiplex immunofluorescence (mIF) staining, and samples

that developed AR showed a markedly reduced distance be-

tween tumor cells and hepatocytes. Assessment of contrast-

enhanced computed tomography (CT) images also revealed a

higher proportion of RHGP in disease-progressive tumors than

in disease-responsive tumors (Figure 3F). Furthermore, mIF

staining confirmed a notably larger proportion of CD14+ (mono-

cyte marker) and CD163+ (macrophage marker) cells surround-

ing disease-progressive tumors compared to the responsive

baseline levels (Figure 3G). In sum, our data suggested the tumor

and hepatic cell proximity, as well as elevated myeloid cell abun-

dance as potential mechanisms underlying AR to BVZ-C

therapy.

SMAD4 mutations and chr20q-gain contributed to IR
By leveraging the SRFS method, we identified 100 features that

were significantly related to IR (Figure S7A; Tables S4 and S5).

Whereas the somatic mutation load CNH and ploidy were not

correlated with IR (Figure 3A), somatic SMAD4 mutations,

TGF-b pathway mutations, relative abundance of hepatocytes,

and the upregulation of 50 genes were the key IR factors promot-

ing resistance, and amplification/gain of chromosome

20q13.12–32, 20q, 13q, and 20q11.21–23, high tumor purity,

CMS2 subtype, relative abundance of epithelial and NK cells,

and the upregulation of 50 genes were the significant favorable

factors for a positive response (Figure 3A). Interestingly, the

top pro-sensitive genes were enriched in chromosome 20q,

which included SALL4,MYH7B, TAF4, FITM2, and TTI1, echoing
lysis of previously reported patients demonstrated that pro-resistant genes are

Both patients were partial response (PR) when treated by oxaliplatin plus BVZ,

treatment sample was collected, while P135 remained PR.

ype proportions calculated by SRFS. Relative proportion for each cell type is

AR was potentially contributed by certain cellular type.

e and after treatment. Left: proportion of HGPs by HE staining in SD/PD (n = 36)

t. Right: representative immunofluorescence images of HGPs from tissues of

mm, respectively. The white and red dashed lines indicate the tumor interface

ing HGP; RHGP, replacement HGP; CK20, cytokeratin 20 (cancer cell marker);

of RHGPbased onCT images in response (n = 6) and acquired resistance (n = 7)

+) and macrophages (CD163+) in CRLM samples from SD/PD (n = 5) and pre-

. See also Figure S6.
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Figure 4. Genomic and transcriptomic factors associated to IR

(A) Lollipop plot showing the top 10 genes related to IR. The y axis represents the proportion of patients whose IR might be driven by the corresponding gene

expression.

(B) The enriched hallmark gene sets from the significant IR-related genes in Figure 3A.

(C) Lollipop plot showing �log10 p values of the relevance of various cell types to IR, prioritized by SRFS. Pie charts (bottom) show the proportion of patients

whose IR might be driven by the corresponding cell type.

(D) Comparison of the proportion of RHGP in responders (n = 21) and patients with IR (n = 7). A bar chart (left) and representative IF images (right) illustrate the

proportion of RHGP. p value: Mann-Whitney U test. Scale bars, 100 mm.

(E) Chromosomal ideogram and heatmap, annotated with response status of first-line therapy, showing that chr20q-gain was frequently observed in responders.

(legend continued on next page)
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the aforementioned DNA-level results of chromosome 20q-gain

(Figures 4A and S7B). Furthermore, our analysis characterized

immune-related factors such as IL13RA1 (the receptor for inter-

leukin 13), MRC1, and CD14 (marker genes for myeloid cells),

metabolism-related transcripts (SLC1A1, CES1, and GUCD1),

and the stroma-related gene FGFR2 as the top genes whose

expression promote resistance. Functional enrichment analysis

revealed that pro-sensitive IR-relevant genes were enriched in

PI3K/AKT/mTOR signaling and UV response, while pro-resistant

IR-relevant genes were enriched in KRAS signaling, fatty acid

metabolism, and IL-6/JAK/STAT3 signaling (Figure 4B).

Cellular-level analyses demonstrated that the post-treatment in-

crease in hepatocytes was the most pronounced compared to

other TME cell types, explaining 26.3% of IR (Figures 4C and

S4D). We then proposed that the spatial distance between tu-

mors and hepatocytes might be a determinant of IR. To provide

further evidence to this hypothesis, mIF staining images were

carefully examined and we found higher levels of RHGP in the

IR group than in responsive patients, supporting that early hepat-

ic infiltrates of tumors conferred IR to BVZ-C therapy (Figure 4D).

Besides, myeloid cells were also highly enriched in the IR group

(Figure S7C). Limited to the malignant RHGP tumors (n = 9), fac-

tors such as high tumor purity, CMS2 subtype, and relative abun-

dance of epithelial and NK cells were still associated with a pos-

itive response. Additionally, mutations in TGF-b pathway, along

with relative abundance of hepatocytes and myeloid cells were

still identified as IR factors in RHGP tumors (Figure S7D).

Regarding gene expression, no genes showed significant corre-

lations with drug resistance, but due to the small RHGP sample

size, validation of these findings in additional cohorts is

warranted.

As the most significant pro-sensitive IR-relevant factor at the

DNA level, gain/amplification of chromosomal region 20q (here-

after referred to as 20q-gain) was detected in 26 cases (60.5%).

We confirmed a higher incidence of 20q-gain in responders

(80%, 20/25) relative to non-responders (33.3%, 6/18) before

therapy (Figure 4E), suggesting the 20q-gain as a positive pre-

dictor of treatment response. To investigate the prognostic value

of 20q-gain, we examined the association between 20q copy-

number status and clinical outcome. Patients whose tumors

had 20q-gain exhibited a profound reduction in tumor size

following treatment (Figure 4F) and significantly improved PFS

(p = 2.7e�2, Figure 4G), with no stark difference observed in

the OS (Figure S7E). To verify this observation, we extracted

publicly available CNA data from 67 patients with CRLM treated

with oxaliplatin and/or irinotecan plus BVZ.28 As expected, 20q-

gain was more frequent in the CR/PR group than in the SD/PD

group (Figure S7F). Since CNAsmay influence the genomic land-

scape of tumor cells and drive their evolution, we also explore

whether 20q-gain is correlated to tumor cell plasticity. We con-

ducted an analysis using the public CRC single-cell RNA-seq da-

taset (GSE13246532). Tumor cells were categorized into different
(F) Boxplot showing the association between RECIST changes and chr20q-gain

(G) Kaplan-Meier estimates of PFS for patients segregated by chr20q-gain. p va

(H) Schematics of the protein structures showing the locations of SMAD4 mutati

(I) The association between RECIST changes and SMAD4 mutation. p value: two

(J and K) Kaplan-Meier estimates of PFS (J) and OS (K) for patients segregated
CMS cell states, and the Shannon entropy index was used to

measure the likelihood of tumor cell state transitions (Fig-

ure S7G). We revealed a significant increase in CMS2 tumor cells

and lower cellular diversity in patients with 20q-gain, while those

without 20q-gain showed greater intratumor heterogeneity and

predominance of non-CMS2 subtypes. Hence, 20q-gain might

be linked to BVZ-C responsiveness due to the enrichment of

CMS2 tumor cells and reduced tumor cell plasticity, congruent

with CMS subtype results (Figure 3A).

The SMAD4 mutations stood out as the strongest genomic

predictor of IR (Figure 3A). The mutation rate of SMAD4 in this

cohort was 16.3% (8/49). Four of the eight SMAD4-mutant cases

(Figure 4H; Table S2) had recurrent hotspotmutations (R361H/C)

in the MH2 domain involved in heterodimeric complex formation

and transcriptional activation,33 and the other four patients car-

ried missense mutations in nearby regions. All were intrinsically

unresponsive (Figure S2). It was recently reported that SMAD4

loss in colon cancer cells is resistant to 5-FU and irinotecan.34

However, loss of SMAD4 did not distinguish responders from

non-responders in our cohort (Figure S8A). In addition, the pa-

tient’s IR response was not affected by the expression level of

SMAD4 (Figure S8A). Next, we examined the clinical relevance

of SMAD4mutations. Remarkably, SMAD4mutated patients expe-

rienced a more significant increase in tumor size following treat-

ment (p = 3.5e�2) and had materially worse survival outcomes

(p = 5.4e�3 for PFS and 8.8e�2 for OS by log rank test) than

SMAD4wild-type patients (Figures 4I–4K). Intrigued by these find-

ings, we replicated this observation in an independent cohort

of patients diagnosedwith stage IV CRC from three Chinese cen-

ters and treated with BVZ-C therapy. Droplet digital PCR was

performed to analyze the SMAD4R361H and SMAD4R361C muta-

tions in primary or metastatic CRC tumor samples from these

cases. Importantly, patients harboring SMAD4R361H/C mutation

had significantly worsePFS (p=0.02 by log rank test, Figure S8B)

compared to those with SMAD4wild-type, strengthening the prog-

nostic value of SMAD4 mutations in predicting resistance to

BVZ-C therapy. We also verified this association in the published

Chinese ChangKang12 and MSK10 CRC cohorts. Consistently,

the R361H/C group had significantly worse OS (Chinese Chang-

Kang: p = 9.8e�3, MSK: p = 8.6e�4) compared to the SMAD4

wild-type group (Figures S8C and S8D). A similar tendency for

PFS was also observed in the Chinese ChangKang cohort,

although the result was insignificant (Figure S8C).

Furthermore, the SMAD4 mutations were mutually exclusive

with 20q-gain in pre-treatment samples (Figure S8E). We next

examined the relationship between the IR-related genetic

(SMAD4 mutation and 20q-gain) and transcriptomic features

(CMS subtype, cell type proportion, and gene expression). The

CMS2 subtype showed a significant depletion in the SMAD4-

mutant group but was markedly enriched in the 20q-gain group

(Figures S8F and S8G). Additionally, the SMAD4-mutant group

had a higher prevalence of the mixed subtype compared to
. p value: two-sided Mann-Whitney U test.

lue: log rank test. HR: hazard ratio.

ons. MH: Mad homology.

-sided Mann-Whitney U test.

by SMAD4mutated. p value: log rank test. See also Figures S7–S9.
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Figure 5. SMAD4R361H/C mutations promote 5-FU and BVZ resistance in CRC

(A) IF staining for Ki-67 (red) and DAPI (blue) in HUVECs incubated with tumor conditioned medium (TCM) collected from the indicated cells and BVZ

(0.25 mg/mL). Representative IF images (left) and the quantification (right) of mean fluorescence intensity (MFI) are shown (n = 4–5). Scale bar, 100 mm.

(B) Representative images (left) and quantification (right) of the formation of HUVECs tubules following incubation with TCM and treatment with BVZ (n = 4–5).

Scale bar, 100 mm.

(C) Cell viability assay of SW480 andHCT116 cells following treatment with 5-FU for 48 h, IC50 value of 5-FU (bottom) and representative curve-fitting graphs (top)

are shown (n = 5, 7).

(legend continued on next page)
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wild type, indicating that SMAD4-mutant tumors may have

greater intratumoral heterogeneity. No significant association

was identified between the two genomic features and TME

pro-sensitive (epithelial and NK cells) or pro-resistant (hepato-

cytes) cell types, but the SMAD4-mutant samples were distin-

guished by a higher proportion of endothelial and myeloid cells

compared to wild type. Moreover, most pro-sensitive genes

were upregulated in the 20q-gain group but downregulated in

the SMAD4-mutant group, while pro-resistant genes showed

the opposite trend, suggesting a strong concordance between

genomic and transcriptomic response-related features.

Compared with non-mutants, tumors with mutations in SMAD4

exhibited higher expression of metabolism (glucose transporter

SLC1A1) and angiogenesis (vascular endothelial growth factor

[VEGF] and semaphorin co-receptor NRP1)-associated genes.

Concurrently, the elevated expression of myeloid markers

(MRC1 andCD14) was observed, implying an increased myeloid

cell infiltration in SMAD4-mutant tumors. In contrast, tumors

harboring 20q-gain displayed strong upregulation of pro-sensi-

tive genes on chromosome 20q. Taken together, SMAD4 muta-

tions and 20q-gain might contribute to intrinsic drug resistance

and sensitivity, respectively; and 20q-gain associated with the

CMS2 subtype, whereas SMAD4 mutations associated with

increased myeloid cell infiltration and the mixed CMS subtype.

To extend our findings into practical clinical applications, we

utilized the identified resistance-related features to train a ma-

chine learning model (Figure S9A), which could assist in the early

prediction of drug resistance in patients with CRLM. The model

achieved an area under the receiver operating characteristic

curve of 0.82 and effectively distinguished responders versus

non-responders (Figures S9B and S9C). Notably, the key sensi-

tive determinants in the model included TAF4 and TRPM6

expression and chr20q-gain (Figure S9D). TAF4, involved in tran-

scription initiation, was previously linked to the maintenance of

stem cell function.35 The top resistant informative features

included the expression levels of SLC1A1, FGFR2, and ANO1

(Figure S9D). SLC1A1 was reported to be overexpressed in ox-

aliplatin-resistant CRCs.36 FGFR2was a fibroblast growth factor

receptor (FGFR), and prior studies have associated fibroblast

growth factors and FGFRs with resistance to multiple cytotoxic

agents, like cisplatin, tamoxifen, 5-FU, and BVZ.37 ANO1 was

found to be associated with CRC progression.38 These evidence

together supported that our model could be a useful tool for fore-

casting drug response to optimize the treatment and benefit pa-

tients in the clinic.

SMAD4R361 H/C induces resistance to BVZ and 5-FU
in vitro and in vivo

To experimentally gauge the biological effect of SMAD4 muta-

tions, we used the human CRC cell lines SW480 (SMAD4 nega-

tive) and HCT116 (SMAD4 positive and wild type), which were

transduced with retroviral constructs expressing either SMAD4
(D) Stably transfected CT26 cells were subcutaneously injected in BALB/c mice. M

combined with monoclonal BVZ (B20.4-1.1, 5 mg/kg, twice a week). Representa

(E and F) Transplanted subcutaneous tumors with treatment are collected for im

marker CD31 (F); blue: DAPI, red: CD31. Scale bar, 100 mm.Data are graphed as th

See also Figure S10.
wild-type or point mutations at the arginine 361 residue (R361)

and containing an N-terminal FLAG tag (Figure S10A). We first

explored the influence of SMAD4R361H/C mutations on BVZ treat-

ment efficacy in vitro. The human umbilical vein endothelial cells

(HUVECs) were incubated with tumor conditioned medium

(TCM), which was derived from SMAD4-transduced tumor cells.

After 48 h of culturing, we measured the changes in cell prolifer-

ation and tubular formation of HUVECs. Notably, immunofluo-

rescence (IF) staining in HUVECs revealed unchanged or even

higher expression levels of Ki-67 in SMAD4R361H/C groups after

BVZ treatment, in contrast to the decreased expression in the

control and wild-type groups (Figure 5A). Moreover, tube forma-

tion experiments showed that BVZ treatment significantly

reduced the number of nodes in the control and wild-type

groups; however, no changes were observed in the

SMAD4R361H/C group (Figure 5B). In brief, these results sug-

gested that SMAD4R361H/C tumors induced resistance to BVZ.

Next, we focused on the common chemotherapeutic agents,

mFOLFOX6 and FOLFIRI. Transfected SW480 and HCT116 cells

were treated with increasing concentrations of 5-FU, irinotecan,

or oxaliplatin (Figures 5C and S10B). Judging by the IC50 (half-

maximal inhibitory concentration) values, the control cells were

less sensitive to 5-FU and irinotecan relative to SMAD4WT cells,

while there was no difference in response to oxaliplatin, in agree-

ment with a previous report on drug resistance of SMAD4 loss.34

Importantly, compared to SMAD4WT cells, SMAD4R361H/C tumor

cells weremarkedly resistant to 5-FU, but not to irinotecan or ox-

aliplatin (Figures 5C and S10B), which was further confirmed by

colony formation and apoptosis assays (Figures S10C and

S10D). Taken together, these results demonstrated that

SMAD4R361H/C conferred in vitro resistance to BVZ and 5-FU.

To extend these findings in vivo, we transduced murine CT26

cells with Smad4WT or Smad4R361H/C constructs and subcutane-

ously injected them into BALB/cmice, followed by treatment with

5-FU and monoclonal BVZ (B20.4–1.1, anti-VEGF antibody). In

the control and Smad4WT groups, 5-FU or 5-FU plus BVZ treat-

ment significantly improved tumor growth inhibition compared

to PBS treatment, whereas tumor volume showed no change in

the Smad4R361H/C groups receiving the same therapies (Fig-

ure 5D). Similar results were obtained using immunohistochem-

ical staining for Ki-67 (Figures 5E and S10E). Additionally,

CD31-marked tumor vessels showed a remarkably decreased

density in the control and Smad4WT groups after treatment, espe-

cially with 5-FUplus BVZ, but no significant trendwas found in the

Smad4R361H/C groups (Figures 5F and S10E). Collectively, these

findings provided compelling evidence of in vivo resistance to

BVZ and 5-FU in SMAD4R361H/C-harboring CRC tumors.

GB201 combination treatment ameliorates resistance in
SMAD4R361 H/C CRCs
Next, we sought to identify the potential mechanisms underlying

BVZ and 5-FU resistance induced by SMAD4mutations. To this
ice were treated with PBS, 5-FU (25 mg/kg), or 5-FU (25 mg/kg, twice a week)

tive images (left) and tumor growth curve (right) are shown (n = 3).

munohistochemical staining of Ki-67 (E) and immunofluorescence of vascular

emean ±SD; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, non-significant, p > 0.05.
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Figure 6. GB201 can target SMAD4R361H/C mutation-mediated activation of the pSTAT3 pathway to reverse resistance in CRC

(A) Western blot analysis of pSTAT3 protein in SW480 and HCT116 cells.

(B) IF staining for FLAG-labeled SMAD4 protein (green), pSTAT3 protein (red), and DAPI (blue) in SW480. Scale bar, 100 mm.

(C) Co-IP assay shows a complex containing pSTAT3 and FLAG-SMAD4R361H, SMAD4R361C, or SHP2 in SW480 cells. Top, FLAG antibody co-precipitating

pSTAT3. Bottom, pSTAT3 antibody co-precipitating FLAG-SMAD4R361H, SMAD4R361C, or SHP2 protein. Input, protein expression in cell lysates detected by

western blot. IgG, negative control. IP, expression of compound co-precipitated by pSTAT3 or FLAG antibody.

(D) Schematic diagram of SMAD4R361H/C protein activating pSTAT3 through competitive binding with SHP2.

(E) Cell viability of SW480 and HCT116 cells with SMAD4R361H/C exposed to 5-FU at the gradient concentrations, with or without combination with GB201.

(legend continued on next page)
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end, we conducted GSEA comparing pre-treatment RNA

samples with and without SMAD4 mutations. GSEA revealed

that the inflammatory response and TNFA signaling via NF-kB,

IL-2-STAT5, and IL-6-STAT3 were enriched in SMAD4-mutant

samples (Figure S11A). Based on this, three inhibitors, JSH-23

(NF-kB inhibitor), AC-4-130 (STAT5 inhibitor), and STATTIC

(STAT3 inhibitor), were tested in CRC cell lines; the IC50 values

showed that mutant cells were more sensitive to the STAT3 in-

hibitor, highlighting the importance of STAT3 signaling

in SMAD4R361H/C tumor resistance (Figure S11B). Western blot-

ting (WB, Figure 6A) and IF staining (Figure 6B) of pSTAT3

together confirmed the elevated phosphorylated STAT3 in

SMAD4R361H/C cells. Co-immunoprecipitation (Co-IP) experi-

ments were conducted to examine functional connections.

Intriguingly, SMAD4R361H/C mutations bound to the pSTAT3 pro-

tein and impeded its interaction with tyrosine phosphatase

SHP2, protecting pSTAT3 from dephosphorylation (Figures 6C

and S11C). This mechanism resembles that observed in p53mu-

tations.39 Thus, our data showed that SMAD4R361H/C mutation

could hyperactivate STAT3 through competitive displacement

of SHP2 (Figure 6D).

To further understand themechanism of BVZ resistance, we re-

examined the DEGs in SMAD4-mutant versus SMAD4-WT CRLM

samples. The results revealed a significant upregulation of several

chemokines in the inflammatory response pathway, such as

CCL2, CCL7, and CCL22, in SMAD4-mutant samples, with

qPCR assays further confirming the upregulation of CCL2 in

SMAD4R361H/C CRC cell lines (Figures S11D and S11E). This led

us to speculate that CCL2 may be involved in BVZ resistance.

Next, we knocked down STAT3 in SMAD4R361H/C tumor cells us-

ing small interfering RNA and collected their tumor culture super-

natant after 48 h to stimulate HUVECs (Figures S11F–S11I).

STAT3 knockdown in tumor cells inhibited endothelial cell prolifer-

ation and tube formation, effectively attenuating SMAD4R361H/C-

induced BVZ resistance. Conversely, exogenous addition of

CCL2 enhanced cell proliferation and tube formation to restore

BVZ resistance. These data substantiated that SMAD4R361 H/C

might induce resistance to BVZ in CRC via the pSTAT3-

CCL2 axis.

Given the crucial role of STAT3 signaling inSMAD4R361H/CCRC,

we used STATTIC andGB201 (both STAT3 inhibitors) in combina-

tionwith 5-FU to explore combinatorial treatment efficacy through

drug-sensitive experiments. In contrast to STATTIC, GB201

significantly reduced 5-FU resistance (Figures 6E, 6F, and

S11J). WB experiments further confirmed the notable inhibitory

effect of GB201 on the pSTAT3-CCL2 axis (Figure S11K). There-

fore, we established Smad4-mutant CRC animal models and

administered them with single-agent GB201, doublet therapy

(BVZ and 5-FU), and triplet therapy (BVZ, 5-FU, and GB201).
(F) IC50 value of SW480 and HCT116 cells with SMAD4R361H/C exposed to GB20

(G) Stably transfected CT26 cells with Smad4R361H/C were subcutaneously injecte

combined with monoclonal BVZ (5 mg/kg, twice a week), GB201 (10 mg/kg, q2

tumor growth curve (right) of transplanted subcutaneous tumors of CT26 cells w

(H) Transplanted subcutaneous tumorswith treatment andSmad4R361H/C are colle

shown; blue: DAPI, red: CD31. Scale bar, 100 mm.

(I) Representative immunohistochemical staining for Ki-67 and pSTAT3 and the

100 mm. See also Figure S11.
The results showed that GB201 effectively restored sensitivity to

BVZ and 5-FU in Smad4R361H/C groups (Figure 6G), with a three-

drug combination significantly abating tumor vessels and prolifer-

ation (Figures 6H and 6I). Based on the upregulation of STAT3

signaling in SMAD4R361H/C tumors, we proposed the addition of

GB201 to BVZ-C therapies as a novel drug repurposing strategy

to overcome therapeutic resistance in SMAD4R361H/C CRC.

DISCUSSION

Here, we gathered a large cohort of multi-time point samples to

study in-depth tumor andmicroenvironment evolution in patients

with CRLM before and after BVZ-C therapy. Previous studies

have shown that secondary drug resistance is often heteroge-

neous, possibly due to polyclonal and multiple selection pat-

terns.40 In contrast, we found that 92% of patients exhibited

linear tumor evolution under treatment, with only four cases

acquiring notable mutations post treatment. Moreover, high sim-

ilarities were observed in the tumor expression profiles after

treatment. Thus, tumor clonal selection is not the major mecha-

nism behind AR to BVZ-C, rendering the targeting of clonal sub-

populations an unviable approach to counteract AR. Phenotypic

plasticity, or non-genetic reprogramming, has been listed as one

of the 14 hallmarks of malignancy41 and is another critical deter-

minant in mediating tumor drug resistance.42 Transcriptional an-

alyses revealed a dramatic increase in hepatocyte and myeloid

cell composition after therapy, indicating that reprogramming

of microenvironmental cells, rather than tumor cells, may be

the primary driving force behind secondary resistance.

Next, we screened AR- and IR-related features using the

SRFS method. Interestingly, increased hepatic infiltration of tu-

mor cells not only predicts primary non-response to BVZ-C but

also correlates with disease progression, suggesting the poten-

tial enhancement of hepatocyte-tumor cell interactions under

treatment. Combining the histopathological, immunofluores-

cence, and CT data of clinical patients, we found that the

RHGP largely contributed to IR and AR to BVZ-C therapy,

consistent with previous findings.17,18 The liver is highly vascu-

larized, and drug resistance in RHGP-type CRLMs is often asso-

ciatedwith vascular co-option, in which cancer cells can infiltrate

the hepatic plate of the liver parenchyma and absorb pre-exist-

ing hepatic sinusoidal vessels.30 Therefore, co-targeting angio-

genesis and vascular co-option is expected to be the key to

reversing drug resistance in patients with CRLM; however, the

underlying molecular mechanisms require further investigation.

The SRFS method revealed two predictive markers for IR: (1)

20q-gain with favorable response and (2) SMAD4 mutation

with unfavorable response. The 20q-gain showed the CMS2 tu-

mor cell predominance and was related to reduced intratumor
1 is shown (n = 3, 4).

d in BALB/c mice. Mice were treated with PBS, 5-FU (25 mg/kg, twice a week)

d), and three-drug combination for 2 weeks. Representative images (left) and

ith Smad4R361H/C are shown (n = 5).

cted for IF staining of CD31, representative IF images and the quantification are

ir quantification of xenograft tumor with Smad4R361H/C mutations. Scale bar,
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heterogeneity. According to previous reports, chr20q amplifica-

tion is related to the immune-cold microenvironment in CRC43

and lymph node metastasis in breast cancer.44 Therefore, CRC

with or without 20q-gain may be suitable for different treatment

options. 20q-gain tumors could potentially benefit from targeted

combination chemotherapy, whereas immunotherapy or drugs

such as tipifarnib, mitomycin-C, and AUY92243 may hold prom-

ise for 20q-neutral tumors. SMAD4 is a key component of the

TGF-b pathway, and itsmutations often lead to selective elimina-

tion of the anti-tumor effect of TGF-b, thereby promoting tumor

growth and progression.45 SMAD4 mutations have been re-

ported to occur in approximately 8.6% of CRC cases,46 are

more common in patients with stage IV and CMS3 subtypes,47

and are associated with worse OS and disease-free survival.48

A few studies have revealed correlations between SMAD4 loss

and 5-FU49 or cetuximab resistance.50,51 In this study, we found

that SMAD4R361H/C mutation mediated BVZ and 5-FU cross-

resistance in CRC cells through in vivo and in vitro experiments

but had no impact on sensitivity to oxaliplatin and irinotecan. In

addition, SMAD4R361C exhibited greater 5-FU resistance than

SMAD4R361H in vitro, but this difference was not observed in

mouse models. Previously, the biological function of SMAD4-

mutant protein was rarely reported, and its understanding was

limited to cell cycle disorder and apoptosis caused by SMAD4

protein inactivation.52 We proved that SMAD4R361H/C can acti-

vate the pSTAT3 pathway to mediate BVZ and 5-FU cross-resis-

tance through the competitive combination of pSTAT3 and

SHP2, as well as activate pSTAT3-CCL2 axis (pro-vascular

redundancy signal) to mediate BVZ resistance.

The STAT3 pathway has been widely reported to play a role in

regulating the expression of various chemokines and cytokines.53

Prior research also suggested that STAT3 can directly bind the

promoter of CCL2, thereby activating its transcription and

expression in CRC.54 Our investigation further elucidated that

the SMAD4R361H/C led to the activation of STAT3, which induced

the secretion of CCL2. Additionally, CCL2 can enhance inflam-

matory responses by recruiting myeloid cells into TME, and it

can also promote STAT3 phosphorylation.55,56 Together, the

SMAD4R361H/C augmented the expression of inflammatory che-

mokines such as CCL2 by activating STAT3, and STAT3-CCL2

regulatory relationship could further stimulate inflammation in

TME. GB201 (also known as napabucasin or BB608) is the only

STAT3 inhibitor that has entered phase 3 clinical trials. In 2016,

the FDA approved GB201 for the treatment of gastric cancer57

and pancreatic cancer58; subsequent phase 3 trials failed. The re-

sults of a phase 3 clinical trial (NCT01830621) of patients with

CRC also showed no difference in OS between the GB201 and

placebo groups.59 However, subgroup analysis showed that

GB201 significantly benefited the high pSTAT3 expression sub-

group.59 Our experiments showed that pSTAT3 was significantly

activated in SMAD4R361H/C CRC, and GB201 combined

with 5-FU and BVZ significantly inhibited the growth of

SMAD4R361H/C CRC, indicating the importance of patient

screening as a crucial breakthrough for effective GB201

treatment.

Here, our study identified hepatocyte-tumor spatial proximity

and increasedmyeloid cell infiltration, rather than clonal selection

and transcriptional reprogramming of tumor cells, as the primary
14 Cell Reports Medicine 5, 101838, December 17, 2024
causes of resistance to BVZ-C therapy in CRLMs. Importantly,

we demonstrated that SMAD4R361H/C serves as a genomic

marker, which provides a stratification basis and therapeutic

target for the first-line therapy of CRC, and GB201 combination

therapy is expected to reverse BVZ-C therapeutic resistance.

Finally, we summarized the BVZ-C response-associated features

aswell as thewell-known factors13,30,39,54–56,60–65 as a diagram to

connect the different feature categories (Figure S12).
Limitations of the study
There are some limitations to our study. Although our large

cohort of multi-time point samples enabled the study of IR and

AR to BVZ-C therapy, independent multi-source studies are

needed to validate the predictive role of the identified

response-related factors. In addition, the association between

AR and spatial proximity of hepatocytes or myeloid cells to tu-

mors cannot be investigated via the bulk transcriptomic data,

and the longitudinal spatial transcriptomics should be included

to further evaluate the spatial and architectural features.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Clinical sample acquisition and treatment response evaluation
Patients’ samples were collected and analyzed after informed consent was obtained and approved by the ethics committee (NFEC-

2017-206) of Nanfang Hospital, Southern Medical University (Guangzhou, China). The enrolled patients with clinically and histolog-

ically confirmed colorectal cancer liver metastases (CRLM) were defined by the American Joint Committee on Cancer guidelines.

Forty-nine patients with unresectable CRLM were recruited. Thirty-six patients were treated with mFOLFOX6 (modified fluorouracil,

leucovorin, and oxaliplatin) plus bevacizumab, and the other thirteen were treated with FOLFIRI (fluorouracil, leucovorin, and irino-

tecan) plus bevacizumab (Table S1). A liver biopsy was performed in all patients before initial treatment, and the same site was bio-

psied within one week after response evaluation and blood samples as ref.14. Two patients received a fourth biopsy, and 13 patients

received a third biopsy as the tumor progressed. Therapeutic responses were defined by Response Evaluation Criteria in Solid Tu-

mors (RECIST 1.1) and assessed radiographically about every four treatment cycles. The RECIST of the biopsy and RECIST of all

evaluated lesions were used to determine of responders and non-responders (Figure S1C). Progression-free survival (PFS),83 the

period from the start of treatment until the first of disease progressed, and overall survival (OS),83 the period of patient survival after

the start of treatment. The biopsy specimens were paraffin-embedded and stored in RNAlater (Qiagen, D€usseldorf, Germany),

respectively. Suppose tumor content was estimated to be over 40% after a thorough pathological review; tumor RNA and DNA

were extracted from freshly obtained tissues. Next, the whole-exome sequencing (WES, n = 44), panel sequencing data (n = 5),

and RNA sequencing of the tumor biopsy specimens were parallelly performed. As for blood samples, plasma, and blood cells

were sub-packaged into 500 pL per vial and stored at 80�C until use.

Cell lines
Human colorectal cancer cell lines SW480 and HCT116 were obtained from were purchased from Guangzhou Jennio Biological Sci-

ence and Technology Ltd (Guangzhou, China), and murine colon cancer cell line CT26 was obtained from the Center for Typical Cul-

ture Collection, Chinese Academy of Sciences (Shanghai, China). All cells were cultured with RPMI 1640 medium (Solarbio, 31800)

with 10% fetal bovine serum (Hyclone, USA) in a 5% CO2 incubator at 37�C. For site mutation of SMAD4, cells were stably trans-

fected with pHBLV-CMV-MCS-3FLAG-EF1-Luc-T2A-Puro constructs (Hanbio, China) and subsequently selected with puromycin

medium (Invitrogen) according to the manufacturer’s instructions, with western blotting used to verify the efficiency of the sequence.

Animals
All animal experiments were conducted by the Public Health Service Policy in Humane Care and Use of Laboratory Animals and were

approved by the Ethical Committee of Southern Medical University. BALB/c male mice aged 4–5 weeks were purchased from the

Experimental Animal Center, Southern Medical University (Guangzhou, China). To assess the effectiveness of 5-FU and bevacizu-

mab on colon cancer with different states of the SMAD4 gene, 13107 transfected CT26 cells were subcutaneously injected into

the left flank of mice. One week after cell inoculation, mice were treated with PBS, 5-FU (25 mg/kg, i.p., twice a week), or 5-FU
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combined with monoclonal BVZ (B20.4–1.1, 5 mg/kg, i.p., twice a week) for two weeks. Tumor volumes and mice weight were

measured every two days. Tumor volume was calculated using the formula V = 0.53L3W,2 where V is the volume, L is the length,

andW is the width. After two weeks, the mice were euthanized to compare tumor weight and volume, and tumors were collected for

immunohistochemistry and immunofluorescence staining. In addition, to verify the effect of GB201 on reversing 5-FU and bevacizu-

mab resistance, 13107 transfected CT26 cells with SMAD4R361H or SMAD4R361C mutation were respectively injected into mice sub-

cutaneously. Mice were randomly divided into four groups. Each group was administered one of the following: PBS, 5-FU (25 mg/kg,

i.p., twice a week) combined with monoclonal BVZ (5 mg/kg, i.p., twice a week), GB201 (10 mg/kg, i.p., q2d), and three-drug com-

bination. Tumor volumes and mice weights were measured and recorded, and the mice were euthanized after two weeks.

METHOD DETAILS

DNA extraction and library construction
Genomic DNA was extracted from blood and tissue samples using the TIANamp Blood DNA Kits and TIANamp Genomic DNA Kits

(Tiangen Biotech, Beijing, China), respectively, following the manufacturer’s protocols. The extracted DNA was then fragmented us-

ing the ultra-sonicator UCD-200 (Diagenode, Seraing, Belgium). Subsequently, the fragmented DNA was purified and size-selected

usingmagnetic beads (Beckman, MA, USA). The quality of the DNAwas assessed using the Qubit 2.0 Fluorometer with the Quanti-IT

dsDNA HS Assay Kit (Thermo Fisher Scientific, MA, USA). For library construction, the fragmented DNA was hybridized to the

SeqCap EZ Exome 64M (Roche NimbleGen, Madison, WI, USA), following the manufacturer’s instructions. The sequencing process

was performed using the Gene+ Seq-2000 platform with 2 3 100-bp paired-end reads. To ensure data integrity, an in-house script

was utilized to remove terminal adaptor sequences and low-quality reads from the raw data.

Somatic mutation detection
Raw fastq files were aligned to hg19 reference using bwa mem with default parameters after fastp quality checking.67,68 Picard

MarkDuplicates was applied to mark PCR duplicates. Aligned bam files of longitudinal (pre- and post-samples) tumors and matched

normal blood were subjected to SAVI2 for somatic SNV/Indel calling which takes advantage of samtools for variant identification as

before.69 We set the parameter as ‘–conf 1e�5 –precision 5’ to acquire more accurate mutational allele frequency (MAF). To remove

false positives, we added three features to SAVI2 PD-filter report, including PON (all SNPs from blood samples were used to build a

Panel of Normal variant set), AltNormal (altered reads in corresponding blood control bam files), and MQ0 (average number of reads

with mapping quality of zero measured by sambamba84). The somatic mutation candidates were acquired based on the jointly

filtering criteria: (1) MAF in blood %1%, altered depth in blood %2, altered depth in tumors >2; (2) not present in Meganormal data-

base; (3) PON %2, MQ0 % 5; AltNormal %2 for WES, AltNormal %15 for Panel; (4) not reported as common SNPs; (5) non-synon-

ymous mutations. We then sought to identify mutated genes that (1) were reported in the Cancer Genome Atlas Network (TCGA,

2012)85 analysis of CRC. The backgroundmutation rate of each gene was calculated from 223 TCGA tumors (downloaded from cBio-

Portal).66 Droplet Digital PCR (ddPCR) was used to detect theSMAD4R361 H/Cmutations in CRC tumor samples from the independent

cohort. The cases supported by > 5 positive droplets and >0.5% fractional abundance were categorized as mutant; otherwise, they

were classified as wild-type.

Somatic copy number alteration
Facets was applied to estimate somatic copy number alterations and tumor purity using WES/Panel sequencing data of tumor and

matched blood.71 The detailed parameter for embedded samtools mpileup was ‘-q15 -Q20’ when other parameters were set as

default. By taking the tumor purity (p) into account, the arm-level and cytoband-level copy number status was determined: a)

copy number gain: the segment log2 ratioR log2((2 + p)/2); b) copy number loss: the segment log2 ratio% log2((2-p)/2). Copy num-

ber heterogeneity (CNH), defined as the average proportion of malignant cells that differ by one copy from the mode copy number

value at each position of the genome was predicted using CNH MATLAB code25 for each sample.

Microsatellite instability prediction
To estimate microsatellite instability status for each tumor sample, we applied MANTIS v1.0.472 with tumor-normal BAM files as

input. RepeatFinder function with default parameters was firstly used to capture microsatellite loci within hg19 reference genome.

Next, we run python program ‘‘mantis.py’’ with the following parameters: -mrq = 20.0, -mlq = 25.0, -mlc = 20, -mrr = 1. Samples

with StepWise Difference (DIF) score between the tumor and normal distributions R0.4 were assigned ‘‘MSI-H’’ as recommended

by the algorithm, and hence all samples were predicted as MSS.

Evolutionary tree
Somatic SNV/Indel of Pre, Post1, Post2 and Post3 samples fromWES data were transformed as a binary matrix as representation of

somatic mutation status, with 0 for wildtype and 1 for mutant. Then the matrix of each patient was subjected to calculate sample

distance using adist function in R. Further, neighbor-joining tree estimation was completed using nj function from ape package.73,86

Finally, the evolutionary tree of longitudinal timepoints was visualized in an unrooted manner. For each tree, the length of tree is pro-

portional to the somatic mutation number. Cello2-R was used to obtain three-dimensional frequency of key driver altered genes and
Cell Reports Medicine 5, 101838, December 17, 2024 e3
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moduli space analysis were performed to represent the evolutionary patterns following therapy using Cello2-MATLAB.24 In the

ternary plot, three variables, which sum up to a constant, are depicted on a two-dimensional graph using a barycentric plot. Specif-

ically, the plot illustrates the fractions of mutations that are shared between pre-treatment and post-treatment, mutations that are

private to the pre-treatment stage, and mutations that are private to the post-treatment stage, all of which have been adjusted using

the ETRIP program andwere represented in amatrix of three columns. The fractionsmatrix was subjected to K-means clustering with

clusters parameter set to three and visualized using Cello2 in MATLAB, which could also be done using ggtern function in ggtern R

package.

ETRIP (Evolutionary Tree Inference Program) is used to enhance the accuracy of phylogenetic tree inference by effectively esti-

mating the underestimated mutations in tumor samples caused by factors such as low-purity or low-sequencing depth in DNA

sequencing data. The real mutation allele spectrum (real MAS) is defined as the distribution of mutational allele frequency (MAF).

The measured mutation allele spectrum (measured MAS) is defined as the distribution of calculated MAF, which is obtained by

dividing the number of positive reads by the total reads. ETRIP first partitioned MAS into n intervals, namely fang, where ai means

the number of alleles with MAF in
�
1� 1
n ; in

�
. In real MAS, denoted as fang, with i ranging from 1 to n, while in measured MAS, denoted

as fa0ng, with i ranging from 0 to n where a0 means the number of undetected alleles, i.e., false negatives. The purity of real MAS is 1,

while the measured MAS has a purity of p, determined by the sample purity. ETRIP mimicked the process by a function that mapped

the real MAS to the expected measured MAS (fa0ngexp) based on predetermined purity and read depth parameters. Subsequently, it

generated an inferred real MAS whose measured MAS fits the observed measured MAS. To evaluate the accuracy of fitness, a chi-

square score is computed. Ultimately, ETRIP calculates the false-negative rates for both pretreatment and post-treatment samples

and regenerates the evolutionary trees.

The generation of the function fðfangÞ = fa0ngexp is based on two assumptions.

1. For an allele, the number of reads X (including positive reads and negatives) follows Poisson distribution PðX = kÞ = lk

k!e
� l,

where l is read depth and k is a positive integer.

2. For an allele with k reads, the number of positive reads Y follows binomial distribution PðY = mÞ =�
k
m

�
ðp$MAFÞmð1 � p$MAFÞk�m, whereMAF is the allele frequency when purity is 1,m is an integer between 0 and k. Partic-

ularly, for an allele in the i-th interval in MAS, its MAF can be approximated to i� 0:5
n when n is large. Then PiðY = mÞ =�

k
m

��
p$i� 0:5

n

�m�
1 � p$i� 0:5

n

�k�m
.

Therefore, the contribution c from the alleles in the i-th interval in real MAS to the j-th interval in measured MAS is

cði; jÞ =
XN
k = 0

2
66664PðX = kÞ

X

m˛

�
j� 1
n k; jn k

�PiðY = mÞ

3
77775

Hence, the expected value of a0j is derived as

a0j =
Xn

i = 1

aicði; jÞ

And the function fðfangÞ = fa0ngexp is generated.

Chi-square scoring system is used to evaluate the fitness between expectedmeasuredMAS fa0ngexp and observedmeasuredMAS

fa0ngobs which is obtained from DNA-seq data. It calculates
Pn

i = 1

ð½a0
i
�exp � ½a0

i
�obsÞ2

½a0
i
�exp with the degree of freedom n. The higher score indi-

cates less confidence or less fitness. ETRIP infers the real MAS with purity = 1 from the observed MAS with purity = p by performing

the following steps.

1. generate a rough candidate real MAS nfangca.
2. calculate fa0ngexp = fðfangcanÞ, which is the expected measured MAS.

3. calculate Chi-square score between fa0ngexp and sfa0ngob.
4. iterate each element in fangcan, modify its value, perform step 2 and 3 again, compare the scores before and after modification,

keep the version of fangcan with lower score.

5. repeat step 4 until no modification is applied.

6. output fangcan as inferred real MAS.
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With the inferred real MAS, ETRIP calculates fa0ng = fðfangcanÞ and hence false negative rate fn =
a0
0Pn

i = 0
a0
i

of Pre (fnPre) and Post

(fnPost) respectively. Then ETRIP infers the evolutionary tree by solving the following maximum likelihood equations.

Measured Pre-private = Inferred real Pre-private3 ð1 � fnPreÞ

Measured Post-private = Inferred real Post-private3 ð1 � fnPostÞ

Measured shared = Inferred real shared 3 ð1 � fnPreÞ3 ð1 � fnPostÞ
The process of inferring the evolutionary tree is completed after resolving three false negative rates.

RNA extraction and library construction
For RNA extraction from tissue samples, the Trizol reagent was employed. Subsequently, strict quality control measures were im-

plemented for the RNA samples, which encompassed three main aspects. Firstly, concentration and total quantity were assessed

using Qubit 4.0. Secondly, the integrity of the RNA samples was evaluated using the Agilent 2100 Bioanalyzer (Agilent Technologies,

CA, USA). Lastly, sample purity was evaluated using the NanoDrop spectrophotometer. Following quality assessment, RNA

sequencing libraries were constructed using the TruSeq RNA Sample Prep Kits, v2 (Illumina, CA, USA). Once the library construction

was completed, an initial quantification was carried out, and the library was subsequently diluted. The distribution of library fragments

was determined using the Agilent 2100 DNA 1000 Kit. Finally, the library was sequenced using a Gene+ Seq-2000 sequencer. Similar

to the earlier DNA sequencing process, an in-house script was utilized to remove terminal adaptor sequences and low-quality reads

from the raw data.

Bulk RNA-seq preprocessing
Data quality control was performed with fastp.68 Reads were aligned to the human reference genome (GRCh38) using STAR

v2.7.0days.74 Gene count tables were generated by featureCounts75 and normalized as Fragments Per Kilobase Million (FPKM).

Comb-seq76 was used for batch correction. The ESTIMATE algorithm77 was used to infer tumor purity from bulk tissue samples.

Differential gene expression analysis, pathway analysis and gene set enrichment
For the analysis of differentially expressed genes, we restricted our analysis on protein-coding transcripts. DESeq2 v.1.32.078 (two-

sided Wald-test and Benjamini-Hochberg FDR correction) or limma v3.48.3 was used to identify genes differentially expressed

between two groups. Comparison of pathway activity between pre-treatment and posttreatment samples was performed by

Gene Set Enrichment Analysis (GSEA)80 of 50 MSigDB hallmark gene sets.87 The enriched gene sets with normalized enrichment

score >1.2 or <�1.2were selected in Figure 2H. The AR and IR gene list was analyzed using Enrichr81 to identify significantly enriched

pathways (p < 0.05), and the pathway rankings were determined based on the p values (Figures 3B and 4B). The AR gene signature

score (Figure S6E) was computed by taking the weighted average expression (log2FPKM) of 80 resistant genes and subtracting the

weighted average expression of 20 sensitive genes for each sample. The weights assigned to each gene were based on their AR

contribution.

Sample-based response feature selection
To identify molecular determinants related to BVZ-based chemotherapy response, we developed Sample-based Response Feature

Selection (SRFS). In the initial phase, SRFS pooled all available samples together to increase our statistical power for detecting

changes and then we excluded the post-therapy samples with PR to eliminate ambiguous response annotations. Following this,

the remaining samples were re-annotated based on their subsequent timepoint responses to roughly reflect how tumors would react

to the upcoming treatment. In the second phase, SRFS categorized the samples into two groups - sensitive (PR, n = 27) or resistant

group (SD or PD, n = 64) - based on their updated response. For genomic features, SRFS gauged their discriminative potential be-

tween the two groups using a two-sided Fisher’s exact test, while transcriptomic features were assessed in a univariate logistic

regressionmodel. Significant featureswere categorized as either resistance-related or sensitivity-related. In the third phase, for resis-

tance-related features, SRFS assessed their contribution to IR by calculating the proportion of patients consistently displaying

genomic alterations or higher gene expression (using average expression as a threshold) throughout the treatment period, among

all IR patients. Conversely, for sensitivity-related features, IR contribution counted the patients consistently lacking genomic alter-

ations or showing lower gene expression throughout treatment. In the context of AR contribution, resistance-related genomic fea-

tures measured the proportion of patients developing genomic alterations post-treatment among all AR patients, while sensitivity-

related features focused on lost alterations. For transcriptomic features, resistance-related ones considered patients with an

increased gene expression trend (from low to high) post-treatment, while sensitivity-related features assessed the declining trend.

To decouple AR-from IR-related features, we defined the AR features as AR contributions exceeding the average (43.6%) of all sig-

nificant genes, while IR features were defined as contributions surpassing the average (47.3%) of IR contributions. Features such as
Cell Reports Medicine 5, 101838, December 17, 2024 e5
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somatic mutations, copy number alterations, tumor purity and ploidy, CNH, mutation burden, and CMS subtypes were classified as

AR and IR features if their contributions exceeded 30%. Cell type proportions were categorized using a cutoff of 20%.

Bulk transcriptional subtype classification
Consensus Molecular Subtypes (CMS)11 were applied using classifyCMS.SSP function within CMSclassifier v1.0.0. All CMS sub-

types with minCor>=0.15 and minDelta>=0.06 were assigned to the sample in SSP.predictedCMS output while the ‘‘mixed’’ CMS

subtypes were defined by ‘NA’ (unclassified) results with minCor<0.15 or minDelta<0.06.

Deconvolution analysis
The BayesPrism v1.426 was used to infer the relative cellular proportions and cell type-specific gene expression matrices. Reference

scRNA-seq count matrix was extracted from a previous paper,27 which identified eight cell types including tumor epithelial cells,

normal hepatocytes, endothelial cells, fibroblasts, myeloid cells, T cells, NK cells and B cells. To verify the validity of deconvolution

results in our CRLM RNA data, we applied the method to the synthetic mixtures created according to the previously described pro-

cedure.88 Correlation analysis was conducted to compare the inferred proportions from BayesPrism with the true proportions.

Spatial transcriptomic data analysis
The spatial transcriptomic data (ST-P1 and ST-P3) from CRLM samples pre- and post-XELOX treatment was downloaded from a

prior paper.29 RCTD (spacexr v2.0.3)82 was implemented to estimate relative cell type abundance for each spot. The scRNA-seq da-

taset27 was used for reference input. Cell types were considered to exist in spots only if their cell proportions exceeded a certain

threshold. We used the cell type labels from the prior paper as the ground truth. For cell types reported in prior paper (Epithelial, He-

patocyte, Fibroblast, and Endothelial), we selected thresholds that yielded the maximum F-scores between the predicted labels and

real labels. For other cell types (Myeloid, T, B, NK), we set the threshold as 0.1. Next, we examined if certain cell types had spatial

interactions or exclusions within a single spot. This involved calculating the ratio for the presence of each cell type amongst all spots.

The statistical significance of spatial interactions or exclusions for specific cell type combinations was determined by one proportion

z-test with their presence probabilities as the null hypothesis.

Machine learning model
Amachine-learningmodel was built to classify BVZ-C treatment response in patients based on genomic and transcriptomicmarkers.

Using 22 key features—including SMAD4 mutation status, 20q-gain, and expression of the top 10 resistance- and sensitivity-asso-

ciated genes—a Random Forest classifier was trained on data from the main cohort (n = 48). Missing data was handled with

BayesianRidge iterative imputation, and the model involved 10 decision trees with a depth limit of 5, optimized through 5-fold

cross-validation for best performance.

Antibodies
Rabbit anti-SMAD4 (Cat# 46535, RRID: AB_2736998), rabbit anti-DYKDDDDK (Cat# 14793, RRID: AB_2572291), rabbit anti-STAT3

(Cat# 12640, RRID: AB_2629499), rabbit anti-phospho-STAT3 (Tyr705) (Cat# 9145, RRID: AB_2491009), rabbit anti-SHP2 (Cat#

3397, RRID: AB_2174959) were obtained from Cell Signaling Technology (CST). Mouse monoclonal anti-SMAD4R361H (Cat#

26422, RRID: AB_2629384) were obtained from NewEast Biotechnologies. Mouse monoclonal anti-b-Actin (Cat# 60008-1-Ig,

RRID: AB_2289225), mouse monoclonal anti-GAPDH (Cat# 60004–1-Ig, RRID: AB_2107436), mouse monoclonal anti-CCL2 (Cat#

66272-1-Ig, RRID:AB_2861337), rabbit anti-Ki-67 (Cat# 27309-1-AP, RRID: AB_2756525) and rabbit anti-CD31 (Cat# 11265-1-

AP, RRID: AB_2299349) were obtained from Proteintech. Alexa Fluor 647-labeled Goat Anti-Rabbit IgG (Cat# A0468, RRID:

AB_2936379) and 2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI) (Cat# C1002) were obtained from Beyotime.

Chemicals
5-FU and oxaliplatin were respectively obtained from Hainan Zhuotai Pharmaceutical Co., Ltd and Jiangsu Hengrui Pharmaceuticals

Co., Ltd. Irinotecan (Cat# S5026) was obtained from Selleck. Human bevacizumab andmurinemonoclonal bevacizumab (B20.4–1.1)

were respectively obtained from Roche Pharma (Schweiz) Ltd and Genentech. The STATTIC (Cat# HY-13818), JSH-23 (Cat# HY-

13982), AC-4-130 (Cat# HY-124500), GB201(Cat# HY-13919), and recombinant CCL2 protein (Cat# HY-P7237) were obtained

from MCE (MedChemExpress).

Scoring of morphological response to therapy
The contrast-enhanced CT scans of CRLM patients at the efficacy evaluation time node (Reponse, n = 6; Primary Resistance, n = 9;

Acquired Resistance, n = 7) were available for the analysis of morphological response to therapy using amethod based on previously

published morphological response criteria.31 Morphological response to replacement histopathological growth pattern (RHGP) was

calculated based on whether the lesion changed from a homogeneous, low-attenuation lesion with a thin, sharply defined tumor-liver

interface or a moderate degree of heterogeneous attenuation and a moderately defined tumor-liver interface to a heterogeneous

attenuation and a thick, poorly defined tumor-liver interface after treatment. Morphological response was scored independently

by 3 observers using the same criteria.
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Tumor conditioned medium
For preparation of tumor conditioned medium (TCM), stable transfected SW480 and HCT116 cells were inoculated into growth me-

dium at a density of 13106 cells overnight. After adherence and removing the growth medium, fresh medium (5mL) was added to

further culture the cells for 48 h, and the supernatant was collected as tumor conditioned medium with cell debris and excess sub-

stances in the supernatant removed by centrifugation. Human vascular endothelial cells (HUVECs) were stimulatedwith the collected

TCM and standard medium in a 1:1 ratio for the subsequent experiments.

Cell tubule formation
Tubule formation assay for HUVECs was performed as previously described.89 HUVECs were cultured with standard medium and

TCM with or without bevacizumab (0.25 mg/ml) for 48h, and subsequently suspended in corresponding medium and incubated in

matrigel (ABW, Cat# 082704) in m-slide angiogenesis 12-well plate for 4h at 37�C before imaging. The capillary tubes were photo-

graphed and quantified by measuring the number of nudes. Three independent experiments were required for each treatment.

Cell viability assay
Cells were plated in 96-well plates and exposed to different concentrations of chemotherapeutic agents such as 5-FU and inhibitors

of signaling pathways such as STATTIC for 48 h. Cell counting kit-8 (CCK-8) diluted with RPMI 1640 medium was added to the cells

that were incubated for 2–3 h. Absorbance was measured at 450 nm using the SpectraMax M5 microplate reader.

Western blotting
Western blotting was performed as previously described.90 The cells were washed with cold PBS buffer and prepared using lysis

buffer (1mMPMSF, phosphatase inhibitor cocktail, and protease inhibitor cocktail). Protein concentrations of lysates were estimated

using a BCA kit (Fdbio science). Separated proteins were resolved in SDS gels and transferred onto polyvinylidene difluoride mem-

branes. Membranes were blocked in 5% BSA for 1 h. Primary antibodies used were anti-SMAD4 (1:1000; CST), anti-SMAD4R361H

(1:1000; NewEast Biotechnologies), anti-FLAG (1:1000; CST), anti-STAT3 (1:1000; CST), anti-phospho-STAT3 (Tyr705) (1:1000;

CST), anti-CCL2 (1:1000; Proteintech) and anti-b-Actin (1:5000; Proteintech). After incubation with goat anti-mouse or anti-rabbit

IgG (Proteintech), the specific immunoreactive bands were detected with enhanced chemiluminescence (ECL kit, Fdbio science) us-

ing fluorescence luminescence and quantified by image software.

RNA isolation and quantitative PCR analysis
Total RNAwas extracted from the cells using the TRIzol kit (R401-01, Vazyme) according to the manufacturer’s instructions. Reverse

transcription was performed using the First Strand cDNA Synthesis kit (R312-01, Vazyme). Quantitative PCR (qPCR) was performed

using the LightCycler 480 system (Roche), as described in a previous study.90 The expression levels of the target genes were normal-

ized by subtracting the corresponding GAPDH threshold cycle (Ct) value. Primers used were: human CCL2: AGGTGACT

GGGGCATTGAT and GCCTCCAGCATGAAAGTCTC.

Colony formation
Transfected tumor cells were seeded into 12-well plates (200 cells per well) and cultured for about two weeks. Themediumwith 5-FU

treatment was replaced every three days. The colonies were washed using PBS, fixed with 4%paraformaldehyde for 30min, stained

with 0.1% crystal violet for 30 min, and finally photographed for quantitative analysis by ImageJ.

Cell apoptosis
Transfected tumor cells were seeded into 12-well plates and cultured with 5-FU for 48h. Cells were digested with Trypsin (without

EDTA) and finally resuspended in the binding buffer with PI (10mL) and Annexin V-APC (5mL) for 5�10min according to the operation

manual. The cells were analyzed with a flow cytometer-BD FACS Melody (BD Bioscience, Franklin Lake, NJ, USA).

Immunofluorescence staining
Immunofluorescence staining of Figures 3 and 4 was performed using the Quadruple-Fluorescence Kit (Immunoway). First, dewax

the paraffin sections and perform antigen retrieval. Next, inactivate endogenous peroxidase activity and block the tissue samples.

Incubate the samples with the appropriate primary antibodies at 4�C for 8 h. After washing with PBST, add the corresponding sec-

ondary antibodies and incubate at room temperature for 30 min. Following PBST washing, add the appropriate fluorescent dyes and

incubate at room temperature for 10 min. Once the staining is complete, place the samples in a recovery box, add the antibody strip-

ping solution, and maintain the temperature above 95�C for 15 min. After the samples have cooled to room temperature, repeat the

incubation with the primary antibodies following the antibody stripping step, sequentially labeling all markers with specific fluores-

cence. The primary antibodies added include: D-594 fluorescently labeled CK20 (Anti-Cytokeratin 20, abcam), D-488 fluorescently

labeled HEP (Anti-Hepatocyte Specific, abcam), D-525 fluorescently labeled CD14 (Immunoway), and D-647 fluorescently labeled

CD163 (Immunoway). Finally, label the cell nuclei with DAPI. Image analyses were comducted using an Olympus BX53 inverted epi-

fluorescence microscope or a Zeiss LSM 980 confocal microscope. Five areas from each section were randomly selected to count

the percentage of positively stained cells using Image-Pro Plus 6.0 software.
Cell Reports Medicine 5, 101838, December 17, 2024 e7



Article
ll

OPEN ACCESS
Immunofluorescence staining of Figures 5 and 6 was performed as previously described.90 Tumor cells or tissues were directly

fixed with 4% paraformaldehyde, permeabilized with 0.3% Triton X-100, and incubated with the primary antibodies such as anti-

Ki-67 (1:200; Proteintech) for HUVECs staining and anti-phospho-STAT3 (Tyr705) (1:200; CST) for tumor cell stainings or

anti-CD31 (1:200; Proteintech) for tissue stainings overnight at 4�C. Next, the cells or tissues were incubated with the secondary an-

tibodies Alexa Fluor 647-labeled Goat Anti-Rabbit IgG (1:500; Beyotime) for 1 h at room temperature. Finally, the cells or tissues were

incubated for 10minwith DAPI dilutedwithmethanol to stain the nucleus. Imageswere obtainedwith fluorescence and laser confocal

microscopes (A1-DUVB-2, Nikon) for quantitative analysis by ImageJ.

Immunohistochemistry staining
Formalin-fixed tissue samples of mouse or human CRC liver metastasis tissues were embedded into paraffin and processed into

2�4mm sections. Hematoxylin-eosin (HE) staining was performed according to standard procedures. CRLM mainly contains 3

different histopathological growth patterns (HGPs): desmoplastic HGP (DHGP), pushing HGP (PHGP), and replacement HGP

(RHGP).31 The types of histopathological growth patterns were evaluated using ImageJ software (NIH), and the full-length pixels

of RHGP (a), DHGP (b), and PHGP (c) in the liver-tumor interface of each image were calculated and converted into micrometers.

The percentage RHGP was then quantified according to the following formula: a/(a + b + c)3100. The same calculation method

was used for the quantification of DHGP and PHGP. Furthermore, from each HE-stained slide, 1–5 observation fields containing

the tumor boundary were randomly selected for statistics. For antigen retrieval, mounted sections were put into a pressure cooker

after being treatedwith sodium citrate. Slides were placed in 3%H2O2 for 10min at room temperature, blocked in 5%BSA for 1 h and

incubated with primary antibodies against anti-Ki-67 (1:2000; Proteintech) and anti-CD31 (1:2000; Proteintech) overnight at 4�C.
Secondary antibody goat anti-rabbit HRP IgG (ZSGB-BIO, PV6001) and DAB were used to perform the immunostain. Counterstain-

ing was developed using hematoxylin. Finally, images were obtained using a microscope (BX51, Olympus).

Co-IP analysis
As described previously in our study,90 cell lysates of stably transfected cells were collected and incubated with a specific primary

antibody, anti-FLAG (1:200; Cat# 14793, CST), anti-phospho-STAT3 (Tyr705) (1:200; Cat# 9145, CST), or anti-SHP2 (1:200; Cat#

3397, CST), and mixed with protein A/G-Sepharose beads (7 Sea Biotech) overnight at 4�C. After extensive washing, the beads

were boiled in 43SDS-PAGE loading buffer for 5 min and analyzed by immunoblotting with specific antibodies to detect the protein

complex.

siRNA transfection
Ablation of STAT3 in tumor cells was performed by transfection with siRNA duplex oligos, which were synthesized by Ribobio Com-

pany. Cell transfection was performed with Lipofectamine 2000 (Invitrogen) and replaced with a fresh medium after transfection for

12�24h to further culture the cells for 48 h. The sequences used in this study are #1 GGCGTCCAGTTCACTACTA and #2

CATCGAGCAGCTGACTACA. Western blotting and qPCR were used to verify the efficiency of the sequence.

QUANTIFICATION AND STATISTICAL ANALYSIS

For binary outcomes, 95% two-sided CIs were constructed using the Clopper–Pearson method. Fisher’s exact test for indepen-

dencewas utilized to examine the relationship between two categorical variables andMann-Whitney U test was conducted to assess

the independence between a continuous variable and a binary categorical variable. Each experiment was repeated at least three

times in this study. Differences between experimental groups were assessed using Student t tests, one-way or two-way ANOVA.

All data were analyzed using GraphPad Prism 7.0 software (RRID: SCR_002798). All values are presented as mean ± SD, and sta-

tistical significance was noted as a p value of <0.05.
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