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SUMMARY

Mucinous colorectal adenocarcinoma (MC) is less likely to respond to chemo-
therapy and is associated with poorer prognosis compared with non-MC
(NMC). Fibroblast activation protein (FAP) was found and validated to be upregu-
lated in MC patients and was negatively correlated with prognosis and therapeu-
tic outcomes in colorectal cancer (CRC) patients who were treated with adjuvant
chemotherapy. Overexpression of FAP promoted CRC cell growth, invasion and
metastasis, and enhanced chemoresistance. Myosin phosphatase Rho-interacting
protein (MPRIP) was identified as a direct interacting protein of FAP. FAPmay in-
fluence the efficiency of chemotherapy and prognosis by promoting the crucial
functions of CRC and inducing tumor-associated macrophages (TAMs) recruit-
ment and M2 polarization through regulating theRas Homolog Family Member/
Hippo/Yes-associated protein (Rho/Hippo/YAP) signaling pathway. Knockdown
of FAP could reverse tumorigenicity and chemoresistance in CRC cells. Thus,
FAP may serve as a marker for prognosis and therapeutic outcome, as well as a
potential therapeutic target to overcome chemoresistance in MC patients.

INTRODUCTION

Mucinous colorectal adenocarcinoma (MC) is a rare histological subtype of colorectal cancer (CRC), ac-

counting for 10–20% of CRC patients. It is characterized by abundant mucinous components that comprise

at least 50% of the tumor volume.1 MCs are frequently observed in advanced stages at the time of diag-

nosis. Compared with non-MC (NMC), MCs have typically poorer responses to chemotherapy.2 However,

administration of adjuvant chemotherapy to patients with MC is based on the same standard guidelines as

for CRC. Therefore, there is an urgent need to find special treatment for patients with MC.

Several previous studies reported that MC has a different molecular signature to adenocarcinoma colo-

rectal cancer (AC), while the exact molecular aberrations for this pattern of disease progression have still

remained elusive.3 Various molecular aberrations have been described in patients with MC. KRAS,

BRAF, and PIK3CA are more frequently mutated in MC compared with NMC, leading to constitutive

activation of these pathways.4–7 However, a common mucinous pathway has not been identified yet.

To identify MC-related genes, we, in the present study, compared MC and AC samples from The Cancer

Genome Atlas (TCGA) database and found that fibroblast activation protein (FAP) was highly expressed

and correlated with poor prognosis of MC. FAP is a type II integral membrane protein that belongs to

the family of plasma membrane-bound serine proteases.8 It was found to be expressed in fibroblasts in

a variety of epithelial cancers, including CRC.9–11 In the present study, its tumor-promoting function and

molecular mechanism in MC were further characterized.
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RESULTS

FAP was upregulated in MC, indicating poor prognosis

To identify MC-related genes, we compared MC and AC samples from TCGA database using gene set

enrichment analysis (GSEA). These data consisted of 674 CRC patients, including 585 ACs and 89 MCs.

A supervised method (significance analysis of microarrays; SAM) was initially used to identify a statistical

significance (p < 0.01) in differentially expressed genes between the samples (Figure S1A). With performing
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Figure 1. Association between FAP expression and prognosis with CRC

(A–E) from TCGA database. (A) The Expression level of FAP in CRC tissues and normal tissues from GEPIA website. The y axis is log-scale for log2(TPM+1).

Data are presented as means G SEM, using Student’s t test (* p<0.05).

(B) The expression level of FAP in MC and AC. The y axis shows the value scale for FPKM. The median value is shown with a red line, using Student’s t test.

(C) The relationship between the expression level of FAP and advanced TNM stages. The median value is shown with a red line, using one-way ANOVA.
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Figure 1. Continued

(D) Kaplan-Meier analysis of the correlation between expression level of FAP and OS or DFS (E) in patients with CRC, using the log rank test.

(F) Association of expression level of FAP with outcomes after chemotherapy in CRC patients from GSE39582, using the log rank test.

(G) Expression level of FAP inMCpatients using IHC analysis. The positive staining of epithelium cells was expressed as brown, and the representative results

are shown. (G-a-b) Strong positive expression in tumor epithelium cells; (G-c-d) negative expression in some colorectal cancer tissues. The length of scale

bar of G-a and G-c is 200 mm; the length of scale bar of G-b and G-d is 100 mm.

(H) Kaplan-Meier analysis of the correlation between expression level of FAP and OS in MC patients, using the log rank test. (I) Kaplan-Meier analysis of the

correlation between expression level of FAP and DFS in MC patients, using the log rank test. See also Figure S1.
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univariate regression analysis of mRNA expression data, the mRNAs related to patients’ overall survival

(OS) and disease-free survival (DFS) (p < 0.05) were identified. Our findings showed that there was a signif-

icant increase in FAP expression in tumor tissues compared with matched adjacent normal tissues (p < 0.05,

Figure 1A) using gene expression profiling and interactive analyses (GEPIA) website.12 FAP was upregu-

lated in MC compared with AC (p < 0.0001, Figure 1B). Increased expression level of FAP was noticeably

correlated with advanced Tumor Node Metastasis (TNM) stages (p = 0.019, Figure 1C). Kaplan-Meier anal-

ysis revealed that patients with high expression level of FAP had shorter OS and DFS (p = 0.015 and 0.0018,

respectively, log rank test; Figures 1D and 1E). The prognostic effect of FAP was validated in several GEO

datasets (GSE17536, GSE39582, GSE28814, and GSE14333; Figures S1B–S1F).

We further analyzed associations between FAP expression and therapeutic outcomes in CRC patients who

were treated with adjuvant chemotherapy in GSE39582 dataset. The chemotherapy regimens were primar-

ily fluorouracil and folinic acid. For individuals who received adjuvant chemotherapy, high expression level

of FAP was associated with a poor therapeutic outcome (p = 0.0108, the log rank test, Figure 1F).

We also utilized immunohistochemistry (IHC) to investigate the expression level of FAP in 188 MC tumors

and corresponding non-tumor tissues. FAP was expressed not only on tumor cells but also on stromal cells.

There was no significant correlation between FAP expression and gender, age at surgery, local tumor in-

vasion (T stage), Lymph nodemetastasis (N stage), andM stage. FAP expression was associated with tumor

location (p = 0.048) (Table S1). Increased expression level of FAP in tumor cells was significantly associated

with a shorter OS and DFS (p = 0.015 and 0.051, respectively, Kaplan-Meier plot in Figures 1G–1I).

This suggests that the expression level of FAP is elevated in MC patients and is positively correlated with

the malignancy of the tumor.

FAP promoted CRC cell proliferation in vivo and in vitro

In order to study the role of FAP in MC patients, LS174T and HCT8 cells were infected with FAP-overex-

pressing lentivirus to determine its effect on cell proliferation in vitro and in vivo. The expressions of

FAP in LS174T, HCT8, and HCT116 cell lines were presented in Figure S2. Stable expression of FAP was

confirmed by RT-qPCR and western blot (Figure 2A). Cell counting kit-8 (CCK-8) assay and clone formation

assay showed that, in LS174T and HCT8 cell lines, upregulation of FAP promoted cell proliferation (p < 0.05;

Figure 2B).

FAP-overexpressing cells and control cells were subcutaneously injected into BALB/c nude mice. Tumor

growth in FAP overexpression was faster than that in the control group (p < 0.05). At the end of the exper-

iment, the tumor weight of FAP-overexpression group was significantly increased (p < 0.001; Figure 2C).

These results indicated that elevated expression level of FAP promotes the development of tumor

in vitro and in vivo.

FAP promoted tumor invasion and liver metastasis

The effects of FAP on tumor invasion were assessed using the scratch wound-healing test and transwell

assay. In FAP-overexpression group, LS174T cells markedly promoted than those in the control group in

closing the wound at 24 h (Figure 3A). The ability of cell migration was significantly enhanced by overex-

pressing FAP as demonstrated in the Boyden chamber assay (Figure 3B). FAP also promoted HCT116

and HCT8 cells migration (Figures S2B–S2D).

Then, we constructed liver metastasis mouse model to study the function of FAP in vivo. LS174T cells with

stably transfected luciferin (13105 cells) were injected into the spleen subcapsular of nude mice. Tumor

burden, as quantified by in vivo luminescence imaging, demonstrated promotion of liver tumor
iScience 26, 106600, June 16, 2023 3



Figure 2. FAP promotes CRC cell growth in vivo and in vitro

(A) LS174T and HCT8 CRC cells were infected with FAP-overexpressing lentivirus; the length of scale bar is 100 mm. The expression level of FAP was assayed

by quantitative RT-qPCR and western blot. Data are represented as mean G SEM.

(B) Cell growth stimulated by FAP in LS174T and HCT8 CRC cells was detected by CCK-8 assay. Data are represented as mean G SEM, using two-way

ANOVA.

(C) The effects of FAP on the growth of LS174T cells were evaluated in BALB/c-nu mice.

(D) Tumor growth curves. Points and bars represent the mean tumor volume GSD (six mice in each group, using two-way ANOVA, p < 0.05).

(E) Tumor weight derived from LS174T overexpressing FAP and control cells. Data are represented as meanG SD, using Student’s t test, **p < 0.01. See also

Figure S2.
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development in FAP-overexpression group. The fluorescence intensity of liver metastasis in the FAP-over-

expression group significantly increased compared with that in the control group (p < 0.05, Figures 3C–3E).

FAP induced chemoresistance of human CRC cells

Compared with HCT8, LS174T cell line is more resistant to 5-Fu (5-fluorouracil) (39.14 vs. 10.79 mM) and

more sensitive to doxorubicin (0.19 vs. 2.42 mM). For CPT-11 (Campto, irinotecan), the sensitivity of

LS174T (13.44 mM) is similar with HCT8 (15.67 mM) and more sensitive than HCT116 (27.35 mM). We further

investigated whether FAP expression regulates chemosensitivity of CRC cells. To address this question, we
4 iScience 26, 106600, June 16, 2023



Figure 3. FAP promotes tumor invasion and liver metastasis

(A) Wound-healing assay showed that cell motility was enhanced following FAP overexpression in LS174T cells. Representative images from wounds made

using a confluent monolayer of LS174T overexpressing FAP and control cells taken at 0 h and 24 h post wounding. The length of scale bar is 500 mm.

(B) The Boyden chamber assay was performed to investigate the effect of FAP on LS174T cells motility. The length of scale bar is 100 mm.

(C) FAP enhanced liver metastasis of LS174T cells. The tumor burden on liver was quantified by in vivo bioluminescence imaging using an IVIS Spectrum-CT.
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Figure 3. Continued

(D) Tumor burden quantified weekly for LS174T overexpressing FAP, controls by in vivo bioluminescent imaging. Data are expressed as meanG SD (n = 6). A

mixed-effect linear model was used to determine significance of differences in tumor growth, p <0.05.

(E) In vivo 3D bioluminescence imaging. See also Figure S2.
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determined the half maximal inhibitory concentration (IC50) of 5-FU and CPT in control or FAP-overex-

pressing HCT8 and LS174T cells. A significant decrease was found in the chemosensitivity to 5-FU and

CPT in HCT8 cells overexpressing FAP compared with control cells (5-Fu IC50: 35.51 vs. 10.79 mM, CPT

IC50: 32.14 vs. 15.67 mM). These results were confirmed in LS174T cells (5-Fu IC50: 69.31 vs. 39.14 mM,

CPT IC50: 56.87 vs. 13.44 mM) and HCT116 cells as well (CPT IC50: 48.26 vs. 27.35 mM). We also detected

the sensitivity to doxorubicin and found that HCT8 and LS174T cells overexpressing FAP were more resis-

tant than control cells (HCT8 cells, doxorubicin IC50: 3.85 vs. 2.42 mM; LS174T cells, doxorubicin IC50: 0.28

vs. 0.19 mM) (Figure 4A). We further compared FAP expression in 5-FU/CPT-sensitive/resistant HCT8 cell

line pairs (HCT8/HCT8-5-FU/HCT8-CPT), which showed that FAP was highly expressed in HCT8-5-FU

and HCT8-CPT cells (Figure 4B).

FAP expression affected tumor-initiating cell (TIC) phenotype

To validate that FAP is indeed involved in the regulation mechanism of TICs in CRC, we initially measured

its expression in CRC spheroids using RT-qPCR and western blotting. HCT116 cells were cultured in the

defined medium to obtain 3D spheroids. Culture and passage were then repeated until the development

of third-generation spheroids. FAP was found to be remarkably upregulated in HCT116 spheroids

compared with their counterparts (Figure 4C).

The self-renewal assay was used to assess a potential role for FAP in tumor initiation. It was unveiled

that overexpression of FAP enhanced the spheroid-formation ability of CRC cells. Furthermore, single

cells obtained from these FAP-overexpressing dissociated spheres could be clonally expanded and

serially propagated, and daughter cells of FAP-overexpressing cells showed stronger sphere-formation ca-

pacity than the control cells, demonstrating that FAP promoted the self-renewal capability of CRC

(Figure 4D).

We further investigated the effects of FAP on several cancer stem cell markers in CRC cells using RT-q-PCR

and western blotting. It was noted that overexpression of FAP significantly induced expressions of BMI-1,

MDR1, NANOG, ABCG2, and KLF4 (Figure 4E).

Myosin phosphatase Rho-interacting protein (MPRIP) could interact with FAP

To probe the FAP-associated pathways on an unbiased basis, we performed GSEA using high-throughput

RNA-sequencing data of the TCGA database. FAP was shown to be associated with extracellular matrix or-

ganization and integrin cell surface pathways (Figure 5A). We then performed immunoprecipitation-mass

spectrometry (IP-MS) proteomic analysis to identify proteins that interact with FAP. HCT8 cells stably ex-

pressing FAP were lysed and immunoprecipitated with an FAP antibody. The complexes were eluted

and separated on 7.5% SDS-PAGE. Proteins in the gels were detected by silver staining, in-gel trypsin di-

gested, and subjected to mass spectrometry (MS) analysis. From screening by MS, a series of proteins were

identified as interacting specifically with FAP. Among them, MPRIP was identified from a specific band that

originated the highest score and 31 unique peptides (Figure 5B). Co-immunoprecipitation analysis using

lysates of HCT8 cells revealed that endogenous FAP interacts with MPRIP (Figure 5C). Furthermore, immu-

nofluorescence analysis using confocal microscopy showed that FAP co-localizes with MPRIP in the cyto-

plasm. The above-mentioned results indicated that the FAP directly interacts with MPRIP (Figure 5D).

Regarding association between FAP and MPRIP, we explored the correlation between expression levels of

FAP and MPRIP in CRC tissues using the university of Alabama at Birmingham cancer data analysis portal

(UALCAN) website.13 Our data revealed that expression level of MPRIP was positively correlated with FAP

(Pearson’s correlation coefficient = 0.59, p < 0.001) (Figure 5E). Therefore, the clinical significance of MPRIP

in CRC was further analyzed. MPRIP was upregulated in MC compared with AC (p < 0.0001). Increased

expression level of MPRIP was significantly correlated with advanced TNM stages and liver and nodal me-

tastases (Figures 5F and 5G). Kaplan-Meier analysis revealed that patients with overexpression of MPRIP

had shorter OS in TCGA dataset (p = 0.0058, Figure 5H) and GEO datasets (GSE17536, p = 0.0329;

GSE41258, p = 0.0031 and GSE38832, p = 0.046; Figure S3). Increased expression level of MPRIP was
6 iScience 26, 106600, June 16, 2023



Figure 4. FAP induces chemotherapy resistance of CRC cells and drives the TIC phenotype

(A) The IC50 of 5-FU, CPT-11, anddoxorubicin in control or FAP-overexpressingCRC cells, HCT8, HCT116, and LS174T.Data are represented asmeanGSEM.

(B)Theexpression levelofFAP inHCT8,HCT8-5-Fu,andHCT8-CPT-11cell lineswasassayedbyRT-qPCRandwesternblotting.Dataare representedasmeanGSEM.

(C) The expression level of FAP in CRC spheroids was assayed using RT-qPCR and western blotting. Data are represented as mean G SEM.

(D) (a) Phase-contrast micrographs illustrate that FAP-overexpressing HCT116 cells can form primary (first) and serially passaged (second) spheroids easily.

The length of scale bar is 200 mm. (b) Histograms show spheroid-formation efficiency of the FAP-overexpressing cells and control cells. Bars are meanG SD

of three independent experiments (n = 3). Student’s t test, *p <0.05.

(E) The expression levels of several stem cell markers in FAP-overexpressing HCT116 cells and control cells were assayed by RT-qPCR and western blotting.

Data are represented as mean G SEM.
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Figure 5. MPRIP interacted with FAP

(A) FAP was associated with extracellular matrix organization and integrin cell surface pathways in the GSEA of TCGA dataset.

(B) Silver staining was performed using the FAP-containing protein complex immunopurified from HCT8 cells stably expressing FAP on 7.5% SDS-PAGE.

(C) The interaction between FAP and MPRIP was detected by Co-IP assay.
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Figure 5. Continued

(D) Confocal immunofluorescence microscopic images showed the co-localization of endogenous FAP (red) and MPRIP (green). DAPI was used to stain the

nuclei (blue). The length of scale bar is 10 mm.

(E) Pearson’s correlation analysis of expression levels of FAP and MPRIP from TCGA database.

(F) The expression level of MPRIP in normal tissues, MC, and AC. The box diagram shows the median, 25%, 75%, maximum, and minimum values， using

Tukey’s multiple comparison test.

(G) The relationship between expression level of MPRIP and advanced TNM stages. The box diagram shows the median, 25%, 75%, maximum, and minimum

values, using Tukey’s multiple comparison test.

(H) Kaplan-Meier analysis of the correlation between expression level of MPRIP and OS in CRC patients, using the log rank test.

(I) Kaplan-Meier analysis of the correlation between expression level of MPRIP and metastasis-free survival from GSE7390, using the log rank test.

(J) Kaplan-Meier analysis of the correlation between expression level of MPRIP and relapse-free survival from GSE28814, using the log rank test. See also

Figure S3.
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also noticeably correlated with CRC metastasis (GSE7390, p = 0.0147, Figure 5I) and relapse (GSE28814, p

= 0.0198; GSE17536, p = 0.0329 and GSE14333, p = 0.0001; Figures 5J and S3).
FAP activated RhoA-Hippo signaling in CRC cells

MPRIP is a ubiquitously expressed protein that was previously identified as a direct RhoA binding partner

by acting as a scaffold for multiple actin-remodeling proteins, such as RhoA and myosin phosphatase, and

localizing them to actin filaments.

Small Rho guanosine triphosphatases (Rho GTPases) are key molecules in integrin signaling (32). In addi-

tion, the activity of Rho GTPases regulates the assembly of actin stress fibers and cell locomotion (33). Thus,

we examined the effects of FAP on the activities of RhoA in CRC cells. Using a Rho GTPases pull-down

assay, we observed that the FAP protein significantly enhanced the activity of RhoA in HCT116 cells

(Figures 6A and 6B) and LS174T cells (Figure 6E).

Recently, the Hippo pathway was reported to be modulated by integrin-mediated changes in the actin

cytoskeleton and Rho GTPase activity (34, 35). Therefore, we further investigated the effects of FAP on

the Hippo pathway. Western blot analysis disclosed that FAP decreased YAP phosphorylation (Figure 6C).

Immunofluorescence analysis using confocal microscopy showed that FAP significantly induced YAP nu-

clear translocation in HCT116 cells (Figure 6D). To investigate the functional correlation between FAP

and MPRIP, we used MPRIP small interfering RNA (siRNA) to knock down the expression level of MPRIP

in FAP-overexpressed LS174T cells. The expression of MPRIP was inhibited remarkably by MPRIP siRNA

(Figure 6F). MPRIP siRNA significantly decreased the activity of RhoA in FAP-overexpressing LS174T cells

(Figure 6F). We further investigate whether the effect of FAP on HIPP pathway depends on MPRIP. Western

blot analysis disclosed that MPRIP knockdown rescued the level of YAP phosphorylation (Figure 6G). MPRIP

siRNA inhibited cell proliferation in FAP-overexpressing LS174T cells assayed by the colony formation

assay (Figure 6H). MPRIP siRNA inhibited cell motility in FAP-overexpressing LS174T cells assayed by

wound-healing test (Figure 6I). The chemoresistance of LS174T cells induced by FAP was rescued by

MPRIP siRNA (5-Fu IC50: 73.79 mM in control cells vs. 12.99 mM in MPRIP siRNA cells) (Figure 6J).

Taken together, by interacting with MPRIP, FAP-induced alterations, which include increased RhoA activity

and activating Hippo pathway, likely contribute to the promotional effects of FAP on tumorigenicity and

chemoresistance in CRC cells.
FAP induced the recruitment and polarization of tumor-associated macrophages (TAMs) cells

Wenext askedwhether FAPoverexpression affected the tumormicroenvironment (TME).We first analyzed the

correlation between infiltrating immune cells and FAP expression by using CIBERSORT14 as an approach to

dissect infiltration of specific immune cell subsets in the tumors from TCGA MCs data. The results showed

that the fractions of CD8+ T cells (4.8% vs. 7.5%) and CD4+ memory resting T cells (14.6% vs. 18.5%) in the

FAP-high-expression group were lower than those in the FAP-low-expression group (p = 0.0013, p < 0.0001).

In the FAP-high-expression group, the fractions of macrophages M0 (26% vs.18%) and macrophages M2

(13% vs.7%) were higher than those in the FAP-low-expression group (p < 0.0001, p = 0.0001) (Figure 6K).

To quantify the effect of FAP on the recruitment and polarization of TAM cells, FAP-overexpressing

cells and control cells were subcutaneously injected into BALB/c nude mice and the proportion of
iScience 26, 106600, June 16, 2023 9
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Figure 6. FAP activates RhoA-Hippo signaling in CRC cells. Knockdown of FAP reverses tumorigenicity and chemoresistance in CRC cells

(A) Analysis of active RhoA using RhoA-GTP pull-down assay in FAP-overexpressing HCT116 cells and control cells.

(B) RhoA expression in input samples was used as control for quantification and GAPDH as loading control (n = 2, two-sided Student’s t test, ** p <0.01).

(C) Protein analysis of phosphorylated (S109, S397) and total YAP1 in FAP-overexpressing HCT116 cells and control cells.

(D) Immunofluorescence staining of YAP1 (green) in FAP-overexpressing HCT116 cells and control cells. DAPI was used to stain the nuclei (blue). The length

of scale bar is 10 mm.

(E) Analysis of active RhoA using RhoA-GTP pull-down assay in FAP-overexpressing LS174T cells and control cells.

(F) The effect of siMPRIP on the activity of RhoA in FAP-overexpressing LS174T cells.

(G) Protein analysis of phosphorylated (S109, S397) and total YAP1 in MPRIP knock downed FAP-overexpressing LS174T cells and control cells.

(H) MPRIP siRNA inhibited cell proliferation in FAP-overexpressing LS174T cells assayed by the colony formation assay.

(I) MPRIP siRNA inhibited cell motility in FAP-overexpressing LS174T cells assayed by wound-healing test. The length of scale bar is 500 mm.

(J) MPRIP siRNA rescued the sensitivity to 5-Fu in FAP-overexpressing LS174T cells. Data are represented as mean G SEM. (K) Fractions of immune cell

subsets in tumor samples inferred from TCGAMCs data using CIBERSORT. �Sı́dák’s multiple comparisons test was used to compare the difference of immune

cell subsets between FAP high- and low-expression groups, ** p <0.01, *** p <0.001, **** p <0.0001.

(L) Proportion of F4/80+ cells after gating on CD45+ cell in tumor tissues from FAP-overexpressed and control groups.

(M) Proportion of CD206+CD86� macrophages in tumor.

(N) Proportion of CD206+CD86+ macrophages in tumor.

(O) Proportion of CD206-CD86+ macrophages in tumor.

(P) Proportion of F4/80+ cells after gating on CD45+ cell in blood.

(Q) Proportion of CD206+CD86�monocytes in blood.

(R) Proportion of CD206+CD86+ monocytes in blood.

(S) Proportion of CD206-CD86+ monocytes in blood. Student’s t test was used to compare the difference of monocytes between FAP-overexpressed and

control groups. *p < 0.05, **p < 0.01.

(T) Chemokine levels in conditioned medium (CM) from control or FAP-overexpressing LS174T cells measured by protein array. See also Figure S4.
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M1/M2 macrophages in tumor tissues were assayed by flow cytometry analysis. In tumor tissues, FAP

induced an increase in the percentage of CD206+CD86-/CD206+CD86+ macrophages relative to the con-

trol group (p = 0.048, p = 0.018, respectively) (Figures 6M and 6N). A decrease in the percentage of CD206-

CD86+ macrophages was observed in FAP-overexpressed group (p = 0.0139) (Figure 6O). We also assayed

the phenotypical alterations in circulating monocytes. Flow cytometry analysis showed that changes in

circulating monocytes showed similar trends with macrophages in tumor tissues. A decrease in the per-

centage of F4/80+ monocytes was observed in FAP-overexpressed group (p = 0.0117) (Figure 6P).

Compared with the control group, the percentages of CD206+CD86�and CD206+CD86+ monocytes

increased in FAP-overexpressed group (p = 0.0031, p = 0.004, respectively) (Figures 6Q and 6R). The per-

centages of CD206-CD86+ monocytes decreased in FAP-overexpressed group (p = 0.0117) (Figure 6S).

In order to further explore how FAP induced TAM recruitment and polarization, we used a protein array to

measure a set of chemokines in conditioned medium (CM) of LS174T cells with or without ectopic FAP

expression. The chemokines most significantly affected by FAP include MIF, Serpin E1/PAI-1, C-X-C motif

chemokine ligand 8 and 12 (CXCL8 and CXCL12) (Figure 6T).

Knockdown of FAP reversed tumorigenicity and chemoresistance in CRC cells

To investigate the effects of suppression of FAP on the tumorigenic phenotype, we then used FAP siRNA to

knock down the expression level of FAP in LS174T cells, which was confirmed by western blot (Figure 7A).

The inhibition of FAP in LS174T cells remarkably decreased the cell proliferation (p = 0.022, two-way

ANOVA, Figure 7B). A wound-healing assay revealed that the spreading of FAP siRNA-infected cells

into the wound was noticeably slower than that of the control cells (Figure 7C). The inhibition of FAP

also remarkably decreased the cell motility and invasion through matrigel, as demonstrated by the Boyden

chamber assay (Figure 7D).

We further assessed whether suppression of FAP could modulate the chemoresistance of CRC cells. This

was addressed by determining the IC50 of 5-FU in control or FAP-silenced CRC cells. In addition, we de-

tected a significant decrease in the chemoresistance to 5-FU/CPT in the FAP-silenced LS174T cells

compared with control cells (5-Fu IC50: 13.67 vs. 108.2 mM, p = 0.015; CPT IC50: 1.33 vs. 3.69 mM, p =

0.011) (two-way ANOVA, Figures 7E and 7F).

DISCUSSION

Compared with NMC, MC was more commonly diagnosed at an advanced stage of disease with a higher

ratio of lymph node infiltration/peritoneal implant.15 MC phenotype was reported to be an adverse
iScience 26, 106600, June 16, 2023 11



Figure 7. Knockdown of FAP reversed tumorigenicity and chemoresistance in CRC cells

(A) LS174T cells were transfected with FAP siRNA and control. The expression level of FAP was assayed by western blot.

(B) FAP siRNA inhibited cell growth in LS174T cells using CCK-8 assay. The results are expressed as mean G SD of three independent experiments, using

two-way ANOVA (p < 0.05).

(C) FAP siRNA inhibited cell motility. Wound-healing test was used to assay cell motility. The length of scale bar is 500 mm.

(D) The Boyden chamber assay was performed to assay cell migration and cell invasion. The length of scale bar is 100 mm.

(E) The IC50 of CPT-11 in FAP-knockdown LS174T cells and control cells. Data are represented as mean G SEM, using two-way ANOVA.

(F) The IC50 of 5-FU in FAP-knockdown LS174T cells and control cells. Data are represented as mean G SEM, using two-way ANOVA.
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prognostic factor in CRC patients who underwent resection of liver metastases.16,17 Several studies indi-

cated a poor outcome in patients with MC who were treated with systemic chemotherapy despite different

chemotherapy regimens being used in different trials.18–21 MC might have a different molecular signature

to AC for this pattern of disease progression and outcome. In the present study, we found that the expres-

sion level of FAP in MC was significantly higher than that in AC and was correlated with poor prognosis and

resistance to chemotherapy. We further demonstrated that FAP enhances tumorigenicity of CRC by pro-

moting tumor growth, metastasis, and chemoresistance in vitro and in vivo. We also found that FAP

induced the recruitment and polarization of TAM M2.

Our study revealed that increased expression level of FAP was significantly correlated with advanced TNM

stages and poor prognosis in CRC, consistent with previous studies, which supported FAP as an oncogenic

factor. The expression level of FAP was reported to be correlated with higher grade, lymph node, and

worse OS in gastric cancer,22 glioma,23 oral squamous cell carcinoma,24 ovarian cancer,25 and pancreatic

ductal adenocarcinoma.26 FAP, also called seprase, is a type II integral membrane protein belonging to

the family of plasma membrane-bound serine proteases.8 It was found to be expressed in fibroblasts in

a variety of epithelial cancers, including CRC.9–11 However, a number of scholars demonstrated that FAP

expression is limited not only to stromal cells but also to some malignant epithelial cells. In the present

study, we found that FAP was expressed on both tumor cells and stromal cells, which is consistent with pre-

viously conducted studies.27,28 We, in the present study, for the first time, demonstrated that FAP expres-

sion in tumor cells was correlated with the poor prognosis in MC. We also found that FAP was negatively

correlated with therapeutic outcome of CRC patients who underwent adjuvant chemotherapy.

We next investigated the effects of FAP on CRC development, progression, and sensitivity to chemo-

therapy by both in vitro and in vivo assays. Our results supported the hypothesis that FAP plays a substantial

role during tumorigenesis and chemoresistance in CRC.

We then investigated the signaling pathways underlying FAP-mediated effects. Through GSEA analysis

based on the TCGA database, FAP was shown to be associated with extracellular matrix organization

and integrin cell surface pathways. We further identified MPRIP as an interacting protein with FAP by

IP-MS analysis. MPRIP plays a critical role in actin cytoskeletal remodeling and is involved in cancer metas-

tasis.29 The current study demonstrated that highMPRIP expression is upregulated in MC and is associated

with poor prognosis.

Small Rho GTPases are key molecules of integrin signal transduction.30 In addition, the activity of Rho

GTPases regulates the actin stress fiber assembly and cell movement.31 Our data demonstrated that

FAP functioned through interacting with MPRIP to activate RhoA and eventually drove the tumorigenic

phenotype and chemotherapy resistance.

It was reported that the Hippo pathway is regulated by integrin-mediated changes in actin cytoskeleton

and Rho GTPase activity.32,33 Furthermore, we, in the present study, demonstrated that Hippo pathway

was regulated by FAP-MPRIP/RhoA signaling cascades. Interaction of FAP with MPRIP led to activation

of RhoA and dephosphorylation of YAP1, which induced nuclear localization of the protein.

The Hippo pathway has been shown to have a critical role in controlling organ size by regulating both cell pro-

liferationandapoptosis.Componentsof theHippopathwaywere reported tobederegulated in various human

malignancies, andexpression levels of itsmajor signal transducerswere correlatedwithpoorprognosis inCRC.

Expression level of YAP1 in CRC patients was correlated with lymph node metastasis, liver metastases, and

shorter OS.34,35 In the intestine, inhibition of the activity of Hippo pathway results in stem cell expansion and

neoplastic growth. YAP plays a pivotal role in maintaining stemness of stem cells and tissue homeostasis.36,37

Thecurrent studydemonstrated thatFAPexpressionenhancedCRCtumor initiation. TICs, alsoknownas tumor

stem cells, are a rare tumor cell group, have the stem-like characteristics, and can undergo self-renewal and

multiple differentiation.38 Although few in number, they play a key role in drug resistance, metastasis, and

cancer recurrence.39 Studies have shown that tumor stem cells in CRC are associated with tumorigenicity,

metastasis, and chemoresistance.40,41 Chemotherapy can induce enrichment of tumor stem cells.42 For

example, oxaliplatin treatment of xenograft colon cancer cells showed an increase in CD133+ tumor cells.43

These characteristics of stem cells may be related to multidrug resistance (MDR), cell cycle dormancy,

decreased levels of reactive oxygen species (ROS), and DNA repair mechanisms.44
iScience 26, 106600, June 16, 2023 13



ll
OPEN ACCESS

iScience
Article
Recent studies have shown that YAP and TAZ in epithelial cells affect the TME and protect early tumors

from immune surveillance. YAP activity controls the functionality of T regulatory cells (Tregs),45 TAMs,46

and myeloid-derived suppressor cells (MDSCs).47 YAP activity regulates the expression of programmed

death-ligand 1 (PD-L1).48

In our study, we found that the level of FAP expression was associated with immunosuppressive microen-

vironment. The high expression of FAP was positively correlated with the proportions of TAM M0 and M2

but negatively correlated with the infiltration of CD8+ and CD4+ memory resting T cells, indicating that FAP

induced TAM recruitment and M2 polarization, which was confirmed by in vivo experiments. Macrophages

are a major component of tumor-infiltrating lymphocytes that participate in innate and adaptive immunity.

According to different conditions, macrophages can differentiate into the immune-activatedmacrophages

(M1) with anti-tumor and pro-inflammatory functions or immunosuppressive phenotype macrophages (M2)

with tumor-promoting function.49

In our study, FAP regulated protumourigenic chemokine including MIF, Serpin E1/PAI-1, CXCL8, and

CXCL12. Previous studies have shown that MIF and Serpin E1/PAI-1 are strong chemoattractants that re-

cruit TAMs and induce macrophage M2 polarization.50–52 CXCL8 and CXCL12 are chemokines in CXC fam-

ily that can regulate TAMs in tumors.53 YAP and TEA Domain Transcription Factor 4 (TEAD4) could bind to

the gene promoter of PAI-1 (SERPINE1) and regulate its expression and secretion.54 YAP activation and

translocation from cytoplasm to nucleus leads to YAP/p65 formation and binding to the nuclear factor

kB (NF-kB) site, thereby enhancing interleukin-8 (IL-8)/CXCL8 expression.55 Previous work has shown

that NF-kB activity also increased the expression of CXCL12, thereby promoting tumor progression.56

MIF expression could be regulated by AP-1 and NF-kB.57 YAP/TAZ could induce the activation of AP-1,

which then collaboratively regulates target genes expression with YAP/TAZ.58

The above-mentioned results indicated that FAP may suppress Hippo pathway by interacting MPRIP and

activating Rho GTPase activity, leading to subsequent enhancement of TIC functions, the recruitment and

polarization of M2 TAM cells. Taken together, our results indicated that FAP may influence the efficiency of

chemotherapy and prognosis by promoting the crucial functions of CRCs through regulating the Rho/

Hippo/YAP signaling pathway.

In conclusion, our results demonstrated that FAP could serve as a useful biomarker for prognosis and

therapeutic outcome of MC, as well as a candidate therapeutic target to overcome chemoresistance by

suppressing functions of CRC TICs, thereby improving therapeutic efficacy and survival in MC patients.
Limitations of the study

The expression of FAP was confined not only to stromal cells but also to some malignant epithelial cells. In

this study, we found that FAP was expressed in both tumor cells and stromal cells, which was consistent with

previous studies. In the present work, we just investigate the role of FAP in tumor cells. The effect of FAP

expression in stromal cells on the prognosis of MC needs to be further studied. The correlation between

FAP expression in stromal cells and tumor cells remains to be determined.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

FAP Abcam ab207178; RRID: AB_2864720

BMI1 Abcam ab126783; RRID: AB_11127730

ABCG2 Abcam ab108312; RRID: AB_10861951

LMO7 Abcam ab224113

MDR1 Cell Signaling Technology Inc 13342; RRID: AB_2631176

NANOG Cell Signaling Technology Inc 4903; RRID: AB_10559205

MPRIP Cell Signaling Technology Inc 14396; RRID: AB_2798472

YAP Cell Signaling Technology Inc 14074; RRID: AB_2650491

pS397YAP Cell Signaling Technology Inc 13619; RRID: AB_2650554

pS109YAP Cell Signaling Technology Inc 46931; RRID: AB_2799315

KLF4 Cell Signaling Technology Inc 4038; RRID: AB_2265207

FAP Santa Cruz Biotechnology sc-65398; RRID: AB_831316

CD45 BD Biosciences clone 30-F11; Cat# 557659, RRID: AB_396774

CD86 BD Biosciences clone GL1; Cat# 560956, RRID: AB_10563076

CD206 BD Biosciences clone MR5D3; Cat# 564668, RRID: AB_2738882

F4/80 BD Biosciences clone T45-2342; 565410, RRID: AB_2687527

Bacterial and virus strains

LV-GV249/FAP/GFP GeneChem Co., Ltd N/A

LV-GV249/GFP GeneChem Co., Ltd N/A

Biological samples

Paraffin tissue section of CRC patients Peking University Cancer

Hospital & Institute

N/A

Critical commercial assays

CCK-8 Dojido CK04

Bio-Rad SureBeads� Magnetic Beads Kit Bio-Rad 1614916

RhoA activation assay kit Cytoskeleton BK036

murine tumor dissociation kit Miltenyi Biotec 130-095-929

Proteome Profiler Human Cytokine Array kit R&D Systems, Inc. ARY005B

Experimental models: Cell lines

HCT116 ATCC CCL-247

HCT8 ATCC CCL-244

LS174T ATCC CL-188

Experimental models: mouse

BALB/c-nu mice Beijing HFK Bio-technology

Co. Ltd

N/A

Oligonucleotides

GAPDH forward 50- TGCACCACCAACTGCTTAGC-30 Invitrogen N/A

GAPDH reverse 50- GGCATGGACTGTGGTCATGAG-30¢ Invitrogen N/A

FAP forward 50- GGAAGTGCCTGTTCCAGCAATG -30¢ Invitrogen N/A

FAP reverse 50- TGTCTGCCAGTCTTCCCTGAAG -30¢ Invitrogen N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

BMI1 forward 50- AGCAGCAATGACTGTGATGC-30 Invitrogen N/A

BMI1 reverse 50-CAGTCTCAGGTATCAACCAG-30 Invitrogen N/A

ABCG2 forward 50-CCTGGTGCTCCATGAGGAGAC-30 Invitrogen N/A

ABCG2 reverse 50-CAGACTCTGACCTTTTGCCAGG-30 Invitrogen N/A

SOX2 forward 50-ACATGAACGGCTGGAGCAAC-30 Invitrogen N/A

SOX2 reverse 50-AGGAAGAGGTAACCACAGGG-30 Invitrogen N/A

OCT4 forward 50-GACAACAATGAAAATCTTCAGGAGA-30 Invitrogen N/A

OCT4 reverse 50-CTGGCGCCGGTTACAGAACCA-30 Invitrogen N/A

NANOG forward 50-TGCCTCACACGGAGACTGTC-30 Invitrogen N/A

NANOG reverse 50-TGCTATTCTTCGGCCAGTTG-30 Invitrogen N/A

CTNNB forward 50-TGATGGAGTTGGACATGGCC-30 Invitrogen N/A

CTNNB reverse 50-CTCATACAGGACTTGGGAGG-30 Invitrogen N/A

KLF4 forward 50-AAGCCAAAGAGGGGAAGAC-30 Invitrogen N/A

KLF4 reverse 50-CATCTGAGCGGGCGAATTTC-30 Invitrogen N/A

MDR-1 forward 50-GCCTGGCAGCTGGAAGACAAATAC-30 Invitrogen N/A

MDR-1 reverse 50-ATGGCCAAAATCACAAGGGTTAGC-30 Invitrogen N/A

ABCG2 forward 50-GGAGGCCTTGGGATACTTTGAA-30 Invitrogen N/A

ABCG2 reverse 50-GAGCTATAGAGGCCTGGGGATTAC-30 Invitrogen N/A

ALDH1 forward 50-CGGGAAAAGCAATCTGAAGAGGG-30 Invitrogen N/A

ALDH1 reverse 50-GATGCGGCTATACAACACTGGC-30 Invitrogen N/A

ALCAM forward 50-TCCAGAACACGATGAGGCAGAC-30 Invitrogen N/A

ALCAM reverse 50-GTAGACGACACCAGCAACAAGG-30 Invitrogen N/A

EPHB2 forward 50-CGCCATCTATGTCTTCCAGGTG-30 Invitrogen N/A

EPHB2 reverse 50-GATGAGTGGCAACTTCTCCTGG-30 Invitrogen N/A

siFAP50-GAACAATATCCTAGAACAA dTdT -30 RiboBio Co. Ltd. N/A

siMPRIP50-GACGGTTCTTCATCCTTTA dTdT -30 RiboBio Co. Ltd. N/A

Software and algorithms

GraphPad Prism 6.0 software GraphPad Prism Software Inc. https://www.graphpad.com/
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Aiwen Wu(wuaw@sina.com).
Materials availability

This study did not generate new unique reagents and all materials in this study are commercially available.

Data and code availability

d Data: All the data reported in this study will be shared by the lead contact upon request. This paper an-

alyzes existing, publicly available data. These accession numbers for the datasets are listed in the key

resources table.

d Code: This study does not report any original code. Five CRC datasets were downloaded from the GEO

datasets (GSE28814, GSE7390, GSE17536, GSE39582, and GSE14333).

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and experimental animals

Human CRC cell lines HCT116, HCT8, and LS174T were purchased from the American Type Culture Collec-

tion (ATCC; Manassas, VA, USA), and were cultured in Dulbecco’s modified Eagle’s medium (DMEM;

Gibco, New York, NY, USA) containing 10% fetal bovine serum (FBS), 100 U/ml penicillin sodium, and

100 mg/ml streptomycin sulfate in a humidified atmosphere with 5% CO2 at 37
�C. The cell lines were tested

and authenticated (STR [short tandem repeat]) profiling. LS174T cell line was from MC removed from a

woman patient.59 HCT8 cell line was derived from adenocarcinoma of the ileocecum from a male patient.60

HCT116 cell line is poorly differentiated and highly tumorigenic colon adenocarcinoma from a male pa-

tient.61 Chemo-resistant cells HCT8-5Fu and HCT8-CPT11 were established by stepwise exposure of

HCT8 cells to increasing concentrations of 5-Fu or CPT11. Male BALB/c-nu mice (age, 4–6 weeks old)

were purchased from Beijing HFK Bio-technology Co. Ltd. (Beijing, China). Mice were maintained in a spe-

cific pathogen-free barrier facility and used in accordance with the protocols approved by the Institutional

Animal Care and Use Committee (IACUC) at the Peking University Cancer Hospital.
Patients and collection of samples

The study protocol was approved by the Ethics Committees of Peking University Cancer Hospital & Insti-

tute (Beijing, China), and conducted in accordance with the Declaration of Helsinki. All patients signed the

written informed consent form prior to start of the study. Tissues consisting of MC and surrounding non-

tumor tissues were obtained from 188 patients who underwent surgical resections from 2007 to 2018. These

samples were paraffin-embedded for immunohistochemistry. All samples were collected from patients

who didn’t receive any preoperative chemotherapy or radiotherapy, and were verified to contain at least

80% tumor cells. Final cutoff date of follow-up was October, 2018. A summary of the clinical characteristics

of these patients is shown in Table S2.
METHOD DETAILS

Study design

TCGA database was used to identify MC-related genes and to analyze the correlation between gene

expression and prognosis. A cohort of 188MC patients was used to assess the association of fibroblast acti-

vation protein (FAP) expression with prognosis by immunohistochemistry. Sample collection and usage

was approved by the Ethics Review Committees of Peking University Cancer Hospital & Institute and in

accordance with the Declaration of Helsinki. All patients were informed prior to the study and a consent

formwas signed by each participant. The details of patients’ inclusion and exclusion criteria were described

below.

Manipulation of FAP expression and its consequences in tumor growth and metastasis were demonstrated

in various in vitro and in vivomodels. Immunoprecipitation and liquid chromatography-tandemmass spec-

trometry (LC-MS/MS) were performed to identify proteins that interact with FAP. All animal experiments

were performed following protocols approved by the Institutional Animal Care and Use Committee

(IACUC) at the Peking University Cancer Hospital. In all experiments, animals were assigned to various

experimental groups at random, but investigators were not blinded. For survival studies, sample sizes of

5–8 mice per group were used. In vivo studies were terminated either when the animals succumbed to

death or when tumor burden reached a protocol-specified size of 1.5 cm in maximum dimension.
Oligonucleotide, lentiviral vector construction, and cell infection

The small interfering RNAs (siRNAs) targeting FAP and MPRIP were synthesized by RiboBio Co. Ltd.

(Guangzhou, China). An unrelated sequence was used as a negative control (RiboBio Co. Ltd., Guangzhou,

China). The sequence was FAP siRNA, 50 GAACAATATCCTAGAACAA dTdT -30(sense). The sequence was

MPRIP siRNA, 50GACGGTTCTTCATCCTTTA dTdT -30(sense). Stable transfection overexpressing FAP was

generated by lentiviral transduction using a GV492 vector (GeneChem Co., Ltd, Shanghai, China). A lenti-

viral vector expressing green fluorescent protein alone (LV-GFP) was used as a control. Transfection of ol-

igonucleotides or lentivirus construction was performed using Lipofectamine 2000 reagent (Invitrogen,

Carlsbad, CA, USA) according to the manufacturer’s instructions. HCT-8, HCT116, and LS174T cells were

infected with recombinant lentivirus-transducing units plus 8 mg/mL Polybrene (Sigma-Aldrich, St Louis,

MO, USA).
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Colony formation assay

The cells were seeded into 6-well plates (300 cells/well) and cultured for two weeks. Then the cells were

fixed with 4% polyformaldehyde for 30 min, then stained with crystal violet for 30 min, and then washed

with water.
Cell cytotoxicity assay

The cells were seeded into 96-well plates (density, 104 cells/well) and treated with serial dilutions of the

agent, in triplicate. Cell viability was measured with a cell counting kit-8 (CCK-8) (Dojido, Kumamoto,

Japan) assay 48 h after treatment with compound or 5-FU, CPT-11. The percentage of cell survival in treated

samples was normalized with untreated controls. The half maximal inhibitory concentration (IC50) was

calculated with GraphPad Prism 5.0 (GraphPad Prism Software Inc., San Diego, CA, USA).
Spheroid formation assay

Spheroid formation was carried out by seeding 100 cells/well into 96-well ultra-low attachment plates

(Corning Life Sciences, Acton, MA, USA) in a serum-free DMEM/F12 medium (Invitrogen, Carlsbad, CA,

USA), supplemented with B27 (1:50; Gibco, New York, NY, USA), 50 ng/mL basic fibroblast growth factor

(bFGF), 50 ng/mL EGF (Invitrogen, Carlsbad, CA, USA), and 1% methylcellulose (Sigma-Aldrich, St Louis,

MO, USA). Cells were incubated in an incubator with CO2 for 2–3 weeks, and spheres were counted under

a stereomicroscope (Olympus, Tokyo, Japan). After that, spheres were collected by gentle centrifugation,

dissociated to single cells, and then cultured to generate spheres of the next generation.
In vitro cell growth, spreading, motility, and invasion assays

Cell growth was assessed using CCK-8 kit (Dojindo, Tokyo, Japan) according to the manufacturer’s instruc-

tions. Cells were plated in 96-well plates (5,000 cells per well) and cultured. Five duplicates were set. Cell

proliferation was measured at 24h, 48h, 72h and 96 h respectively. After CCK-8 reagent was added to the

plate and incubated for 1h at 37�C, the optical density (OD) value was measured at 450 nm. Cell spreading

was evaluated by wound healing assay. Cells were plated into 6-well plates and cultured until attached.

Wound Maker was used to create precise and repeatable wounds in all wells of the 6-well plate. Wound

closure was observed by taking time elapsed micro-photos at 0 and 24 h after scratching. Cell motility

or invasion was measured using a Boyden chamber assay with or without Matrigel. The cells were seeded

in the upper part of the chamber containing serum-free medium and the lower part containing 10% serum

medium. After 24 h culture, the cells were fixed with 4% paraformaldehyde and stained with 0.1% crystal

violet. Photographs of three randomly selected fields of the fixed cells were taken and cells were counted.

Experiments were performed in triplicate and repeated three times independently. The assays were carried

out as previously described.62
In vivo mouse studies

CRC cell line-derived xenograft mouse models were used to explore the activity of FAP in vivo. LS174T xe-

nografts were established by subcutaneous injection of 53105 cells in the right flank of BALB/c-nu mice.

For mouse models of CRC with liver metastasis, LS174T cells with stably transfected luciferin (13105 cells)

were injected into the spleen subcapsular of nude mice through an abdominal incision under sterile con-

ditions. After injection, the spleen was returned gently back to abdominal cavity and homoeostasis was

assured. The area was thoroughly irrigated with warm sterile water and the abdominal cavity was closed

in appropriate layers.

Tumor volumes and mouse weight were measured every three days. Volume was calculated using the

following formula: L 3 A 3 B 3 0.52, where L denotes the longest dimension, and A and B are long and

short diameters of the largest coronal section, respectively.

The tumor burden on liver was quantified by in vivo bioluminescence imaging using an IVIS Spectrum-CT

(PerkinElmer, Waltham, MA, USA). The in vivo bioluminescence intensity of liver metastases was measured

weekly, and the whole liver was examined by in vitro fluorescence imaging at the end of the experiment.

Data were analyzed using Living Image 4.0 software (Caliper Life Sciences, Waltham, MA, USA).
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Western blot analysis

Total protein lysates extracted from samples were separated with 10% sodium dodecyl sulfate-polyacryl-

amide gel electrophoresis (SDS-PAGE), and transferred to a polyvinylidene fluoride (PVDF) membrane. The

membrane was blocked with 3% bovine serum albumin BSA, followed by incubation with antibodies. The

membrane was then incubated with secondary horseradish peroxidase (HRP)-conjugated goat anti-rabbit

or anti-mouse antibody (Jackson ImmunoResearch Laboratories Inc., West Grove, PA, UAS), and visualized

using Immobilon� Western Chemiluminescent HRP substrate (Millipore, Burlington, MA, USA). Glyceral-

dehyde 3-phosphate dehydrogenase (GAPDH) was used as the loading control. The following primary an-

tibodies were used: rabbit monoclonal anti-human FAP, BMI1, ABCG2, rabbit polyclonal anti-human

LMO7, (ab207178, ab126783, ab108312; ab224113; Abcam, Cambridge, UK), rabbit monoclonal anti-hu-

man MDR1, NANOG, MPRIP, YAP, pS397YAP, rabbit polyclonal anti-human pS109YAP, KLF4, (13342,

4903, 14396, 14074,13619,46931, 4038; Cell Signaling Technology Inc., Danvers, MA, USA).

Quantitative reverse transcription polymerase chain reaction (RT-qPCR)

Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufac-

turer’s protocol. For mRNAdetection, total RNA (2 mg) was used in 20 mL of reverse transcriptase reaction to

synthesize cDNA by using Moloney murine leukemia virus-reverse transcriptase (MMLV-RT) for RT-qPCR

(Invitrogen, Carlsbad, CA, USA), according to themanufacturer’s instructions. RT-qPCR was undertaken us-

ing the above RT products with the SYBR Green PCR Master Mix (Toyobo Co. Ltd., Osaka, Japan) on an

ABI7500 PCR machine. PCR cycling conditions were as follows: at 95�C for 1 min, 40 cycles of 95�C for

15 s, at 60�C for 15 s, and at 72�C for 45 s. Data were presented as relative quantification (RQ) to

GAPDH based on 2�DDCt method. All primers are listed in.

Immunoprecipitation (IP) and identification of proteins by liquid chromatography-tandem

mass spectrometry (LC-MS/MS)

IP and elution procedures were performed using a Bio-Rad SureBeads Magnetic Beads Kit (Bio-Rad cat.

1614916; Bio-Rad Laboratories Inc., Hercules, CA, USA), according to the manufacturer’s protocols. In all

experiments, 8 mg/200 mL of mAb in coupling buffer was used for crosslinking to magnetic beads. Eluates

(20 mL) from the beads were transferred to 0.5 mLmicrofuge tube with 2 mL neutralization buffer from the kit,

mixed, and stored in liquid nitrogen. Analysis of immunoprecipitated proteins was conducted based

shotgun proteomics. The samples were separated by SDS-PAGE followed by silver staining. The bands

were isolated, trypsin-digested, and identified by LC/MS/MS. The trypsin-digested samples were first

filtered through a 0.22 mm micro-pore membrane, and then subjected to liquid chromatography coupled

with an LTQ Velos pro mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The Captrap Pep-

tide column (20 mL/min) was used to load the 1 Peptide solution (10 mL), and separation of the analytes was

performed on an RP-C18AQ column (100 mm id3 15 cm;MichromBioresources Inc., Auburn, CA, USA), and

set the oven temperature to 35�C. The electrospray voltage was equal to 1.8 kV.

Immunofluorescence staining

For the detection of the intracellular distribution of FAP, MPRIP, and YAP, cells (1 3 104 cells/well) were

seeded into six-well glass-bottom plates, fixed in 4% paraformaldehyde for 15min, and then permeabilized

with 0.2% Triton X-100 (PBS) for 10 min. Nonspecific binding sites were blocked with 1% BSA in PBS for 1 h.

Cells were treated with a primary antibody specific for FAP (sc-65398, Santa Cruz Biotechnology), MPRIP

(14396, Cell Signaling Technology, Beverly, MA) or YAP(14074, Cell Signaling Technology, Beverly, MA)

overnight at 4�C. Thereafter, the cells were incubated with Alexa Fluor647-goat anti-mouse IgG (H + L)

and Alexa Fluor488-goat anti-rabbit IgG (H + L) (Jackson ImmunoResearch, 115-605-003, 111-545-003).

Herein, 40,6-diamidino-2-phenylindole (DAPI) (Beyotime Institute of Biotechnology, Shanghai, China) was

used to stain nuclei before capturing images. The images were acquired using a confocal microscope

(Zeiss, Oberkochen, Germany). The red fluorescence indicated FAP expression, the green fluorescence

indicated MPRIP or YAP expression, and the blue fluorescence indicated the nuclei.

Rho activation assay

When RhoA is bound to GTP, its status is activated. The amount of GTP-RhoA was herein measured with a

RhoA activation assay kit (Cytoskeleton, BK036). HCT8 overexpressing FAP and control cells were lysed and

centrifuged at 13000 g for 10 min at 4 �C. Next, the pellet was discarded, and the supernatants were used

for the following assays. After that, 10% of the supernatant was mixed directly with loading buffer, and the
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leftover supernatant wasmixed with beads conjugated with the Rho-binding domain of Rhotekin for 2 h at 4
�C. Then, the beads were washed twice with PBS.
Immunohistochemistry (IHC)

IHC was performed using anti-Human FAP monoclonal antibody (ab207178; Abcam, Cambridge, UK). All

images were examined by two experienced pathologists independently. The immunoreactivity of the pro-

teins detected was recorded through the intensity of staining, and the percentage of immunoreactive cells

was as follows: tissues with no staining were rated as 0, with a faint or moderate staining to strong staining in

<25% of cells rated as 1, strong staining in 25–50% of cells rated as 2, and strong staining in >50% of cells

rated as 3.
Flow cytometric analysis

The tumor masses frommice were removed, minced and processed using a gentle MACS dissociator and a

murine tumor dissociation kit (Miltenyi Biotec). The cell suspensions were filtered through 70 mm cell

strainers and washed with PBS. Single-cell suspensions were counted and stained with CD45 (APC-Cy7,

clone 30-F11), CD86 (BUV395, clone GL1), CD206 (Alexa Fluor 647, clone MR5D3), F4/80 (PE, clone T45-

2342). All flow cytometric analyzes were performed using FACSAria II flow cytometer (BD Biosciences,

San Jose, California, USA) and the data were processed using FlowJo software (Tree Star). Gating strategy

was shown in online Figure S4.
Cytokine array

To investigate the effect of FAP on the cytokine secretion, we compared the differences in cytokine secre-

tion between FAP overexpressed LS174T and control cells. FAP overexpressed LS174T and control cells

were cultured from serum-supplemented to serum-free culture (CD CHO, Gibco) through sequential

adaptation method. 700 mL of cell supernatant were collected for each sample and centrifuged to remove

particles. The supernatant was analyzed with the Proteome Profiler Human Cytokine Array kit (cat. no.

ARY005B; R&D Systems, Inc.) according to the manufacturer’s protocol.
TCGA database

TCGA level 3 RNASeq data for CRC patients were downloaded, including 674 CRC samples on July

18, 2017.
Study approval

Sample collection and usage was approved by the Ethics Review Committees of Peking University Cancer

Hospital & Institute and in accordance with the Declaration of Helsinki. All patients were informed prior to

the study and a consent form was signed by each participant. All animal experiments were performed

following protocols approved by the Institutional Animal Care and Use Committee (IACUC) at the Peking

University Cancer Hospital.
QUANTIFICATION AND STATISTICAL ANALYSIS

Data were expressed as median values or as mean G standard deviation (SD). Comparisons were

performed using the nonparametric Mann-Whitney U test or Kruskal-Walis test for continuous variables.

Student’s t test or one-way ANOVA was used to compare the expression of FAP among different groups.

Pearson’s correlation coefficient was used to estimate the correlation between the expression of FAP and

MPRIP in CRC tissues. two-way ANOVAwas used to compare the proliferation difference between different

groups. Tukey’s multiple comparison test was used to compare the differences between multiple groups.
�Sı́dák’s multiple comparisons test was used to compare the difference of the infiltration rate of immune

cells between the high expression group and the low expression group of FAP. Student’s t test was

used to compare the difference of manocytes between FAP overexpressed and control groups. Survival

curves were plotted using the Kaplan-Meier analysis, and the log rank test was utilized to examine signif-

icant differences. A mixed-effect linear model was used to determine significance of differences in tumor

growth. Statistical analyses were undertaken using GraphPad Prism 6.0 software (GraphPad Prism Software

Inc., San Diego, CA, USA). p < 0.05 was considered statistically significant.
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