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Abstract Lymphatic metastasis is the main metastatic route for colorectal cancer, which increases the

risk of cancer recurrence and distant metastasis. The properties of the lymph node metastatic colorectal

cancer (LNM-CRC) cells are poorly understood, and effective therapies are still lacking. Here, we found

that hypoxia-induced fibroblast activation protein alpha (FAPa) expression in LNM-CRC cells. Gain- or

loss-function experiments demonstrated that FAPa enhanced tumor cell migration, invasion, epithelial

emesenchymal transition, stemness, and lymphangiogenesis via activation of the STAT3 pathway. In

addition, FAPa in tumor cells induced extracellular matrix remodeling and established an
.edu.cn (Minfeng Chen), chywc@aliyun.com (Wencai Ye), dmzhang701@jnu.edu.cn (Dongmei Zhang),

s to this work.

hinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical Sciences.

d by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:minfengchen@jnu.edu.cn
mailto:chywc@aliyun.com
mailto:dmzhang701@jnu.edu.cn
mailto:freshlucy07@126.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsb.2023.11.002&domain=pdf
https://doi.org/10.1016/j.apsb.2023.11.002
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.elsevier.com/locate/apsb
http://www.sciencedirect.com
https://doi.org/10.1016/j.apsb.2023.11.002
https://doi.org/10.1016/j.apsb.2023.11.002


Targeting FAPa-positive lymph node metastatic tumor cells suppresses CRC 683
transition;
STAT3;

Extracellular matrix

remodeling;

Immunosuppressive
immunosuppressive environment via recruiting regulatory T cells, to promote colorectal cancer lymph

node metastasis (CRCLNM). Z-GP-DAVLBH, a FAPa-activated prodrug, inhibited CRCLNM by

targeting FAPa-positive LNM-CRC cells. Our study highlights the role of FAPa in tumor cells in

CRCLNM and provides a potential therapeutic target and promising strategy for CRCLNM.

ª 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute

of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Colorectal cancer (CRC) is the third most common malignant
tumor with high incidence and mortality, and metastasis is the
major cause of death in patients with CRC1. Lymph nodes (LN)
are the first location for the spread and growth of metastatic CRC,
which provides a gateway for distant metastasis2. Currently, sur-
gical resection is the primary therapeutic strategy for patients with
lymphatic metastasis. Nevertheless, owing to nodal skip metas-
tasis and insidious metastasis, the efficacy of surgical resection for
eliminating the metastatic LN is limited, resulting in patients with
poor prognoses3,4. Therefore, identifying new targets and devel-
oping effective therapeutic strategies for the eradication of meta-
static LN are of important clinical significance.

During the formation of the LN metastatic niche, metastatic
cancer cells serve as one of the major components that promote
tumor progression by acquiring epithelial-to-mesenchymal tran-
sition (EMT) and stemness phenotypes, inducing lymphangio-
genesis, remodeling the extracellular matrix (ECM), and
promoting immune suppression5e7. At the early stage of
lymphatic metastasis, metastatic cancer cells in primary tumors
acquire EMT and stemness properties to gain access to lymphatic
vessels8,9. Meanwhile, metastatic cancer cells-derived secreted
factors, including vascular endothelial growth factor, platelet-
derived growth factor, fibroblast growth factor, hepatocyte
growth factor, and angiopoietin-2, stimulate tumor lymphangio-
genesis and the proliferation, migration, invasion and tube for-
mation of human lymphatic endothelial cells (hLECs), which in
turn secrete diverse chemokines to activate chemokine receptors
on metastatic tumor cells7,10, promoting the invasion of tumor
cells into LN through lymphatic vessels in a positive feedback
loop. At the stage of LN colonization, metastatic cancer cells
modify collagen I, a major ECM component in the reorganized or
pre-metastatic LN niche, leading to ECM remodeling to facilitate
the establishment of metastatic LN6,11, which is different from the
hematogenous metastasis mediated by the degradation of collagen
IV in the basement membrane12. Moreover, metastatic cancer cells
can also recruit immunosuppressive cells such as myeloid-derived
suppressor cells, tumor-associated macrophages, and regulatory T
cells (Treg cells) into LN, thus generating an immunosuppressive
environment and facilitating the formation of metastatic LN13,14.
Although the properties and complex molecular programs of
metastatic cancer cells in regulating lymphatic metastasis have
been extensively studied, specific molecules that can serve as
druggable targets for LN metastatic cancer cells are still lack-
ing5,15,16. Therefore, investigating the characteristics of LN
metastatic cancer cells, discovering potential molecular targets,
and developing effective therapeutic strategies for the eradication
of metastatic LN is urgently required.
Fibroblast activation protein alpha (FAPa) is a type II serine
protease belonging to the family of prolyl-specific serine pro-
teases, which displays both exopeptidase and collagenase activ-
ities that can specifically degrade collagen I and cleave N-terminal
benzyloxy carbonyl-blocked (Z-blocked) Gly-Pro (Z-GP)
dipeptide-linked substrates17. Previous studies reveal that FAPa is
specifically expressed in tumor stromal cells including fibroblasts,
pericytes, mesenchymal stem cells, and macrophages, whereas
recent studies demonstrate that FAPa is also expressed in
epithelial tumor cells18,19. FAPa in tumor cells plays an important
role in tumor development and metastasis by regulating tumor
growth, invasion, and angiogenesis20,21. However, the prevalence
and significance of FAPa in LN metastatic cancer cells and its
potential contribution to lymphatic metastasis remain unknown.

Here, we found that tumor hypoxia induced FAPa expression in
lymph node metastatic colorectal cancer (LNM-CRC) cells, which
promoted themigration, invasion, EMT, and stemness of tumor cells
and stimulated lymphangiogenesis via STAT3 signaling. Moreover,
FAPa in tumor cells induced metastatic LN formation through
type-I collagen-dependent ECM remodeling and immunosuppres-
sive cell recruitment. Furthermore, a FAPa-activated prodrug,
Z-GP-DAVLBH, synthesized by our lab22e24, exhibited potent
cytotoxicity in FAPa-positive LNM-CRC cells, effectively inhib-
iting colorectal cancer lymph node metastasis (CRCLNM).

2. Materials and methods

2.1. Human tissue specimens

Clinical and pathological staging was performed according to the
tumor-node-metastasis classification of the International Union
Against Cancer. A total of 100 clinical tumor samples including
primary tumor tissues derived from Stages I and II CRC patients
(nZ 20), primary tumor tissues (nZ 20) and LN metastatic tumor
tissues (nZ 20) derived fromStage III CRCpatients, primary tumor
tissues (nZ 20) and liver metastatic tumor tissues (nZ 20) derived
fromStage IVCRCpatients, were obtained from60CRCpatients at
the First AffiliatedHospital of JinanUniversity (Guangzhou, China)
following the ethical guidelines of the Declaration of Helsinki, and
written informed consents were obtained. Detailed information is
summarized In Supporting Information Table S1.

2.2. Cell lines and cell culture

HumanCRCcell lines SW480, SW620,HCT116,HT-29, LoVo, and
DLD1 were purchased from the American Type Culture Collection
(VA). The mouse colorectal carcinoma cell line (MC38) was pur-
chased from the BeNa Culture Collection (Beijing, China). These
cells were cultured in DMEM (Gibco, NY, USA) containing
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10% FBS (ExCell Bio, Shanghai, China) and 1% pen-
icillinestreptomycin (Gibco). hLECs were obtained from iCell
(Shanghai, China) and cultured in an Endothelial Cell Medium
(ScienCell, CA, USA, 1001). All cell lines were maintained in a
humidified atmosphere containing 5% CO2, authenticated by the
STR Multi-Amplification Kit (Microreader™21 ID System), and
tested negative for mycoplasma contamination using the
TransDetect� PCR Mycoplasma Detection Kit (Transgen, Beijing,
China, FM311-01). Cells used in the hypoxia experiments were
incubated in a modular incubator chamber (Billups-Rothenberg,
CA, USA) filled with 1% O2, 5% CO2 and 94% N2 at 37

�C before
testing.

2.3. Isolation and characterization of primary tumor cells

Primary tumor tissues and metastatic LN tissues were aseptically
harvested from CRCLNM patients or HCT116 CRCLNM xeno-
grafts, cut into small pieces (w1 mm3 in size), and digested with
the tumor tissue dissociation kit (Miltenyi Biotec, Kolner,
Germany, 130-108-339). Single-cell suspension of digested tissues
was obtained using a GentleMACS™ tissue processor (Miltenyi
Biotec). Primary CRC (P-CRC) cells, LNM-CRC cells, HCT116P

and HCT116LNM cells were filtered with a 100 mm filter, collected
with anti-CD326 microbeads (Miltenyi Biotec., 130-061-101), and
characterized as positive for EpCAM (Biolegend, CA, USA,
369809) and CK19 (R&D, MN, USA, AF3506) with purity
>95%, as determined by flow cytometry.

2.4. Cell transfection and infection

Lentiviruses were constructed by Genechem (Shanghai, China),
and lentiviral infection was performed according to the manu-
facturer’s instructions. P-CRC and MC38 cells stably expressing
FAPa were obtained by infection of cells with lentivirus harboring
the FAPa plasmid and the corresponding vector (GV367, Ubi-
MCS-SV40-EGFP-IRES-puromycin). FAP-knockdown LNM-
CRC cells were generated by infection of LNM-CRC cells with
FAP shRNA lentivirus and the corresponding negative control
(PTSB-U6-PGK-Fluor-2A-ARG, Tsingke, Beijing, China). The
shFAP sequences are listed in Supporting Information Table S2.
P-CRC-luc, MC38-luc and HCT116-luc cells were generated by
infection with lentivirus harboring luciferase (GV260, Ubi-MCS-
firefly luciferase-IRES-puromycin). Green fluorescent protein
(GFP)-positive cells were generated by infection of P-CRC cells
with lentivirus harboring GFP (GV492, Ubi-MCS-3FLAG-CBh-
gcGFP-IRES-Puromycin). All cells were selected using puromy-
cin (2 mg/mL, Gibco, A1113803) following lentivirus infection.
SW480 cells were transfected with the pFLAG-FAP-over-
expressing plasmid or vector using Lipofectamine™3000
(Invitrogen, CA, L3000150) according to the manufacturer’s in-
struction. SW620 cells were transfected with siRNA targeting
FAP, VEGFC or the negative control, and SW480 cells were
transfected with siRNA targeting HIF1A, STAT3 or the negative
control (Genepharma, Shanghai, China) to construct FAPa-,
VEGFC-, HIF-1a-, or STAT3-knockdown cells, respectively. The
sequences of siFAP, siVEGFC, siHIF1A and siSTAT3 are listed in
Supporting Information Table S3.

2.5. Animals

Male BALB/c nude mice and C57BL/6 mice (aged 4e6 weeks)
were purchased from BesTest (Zhuhai, China) and housed in a
specific pathogen-free facility. All animal experiments were
approved by the Animal Ethics Committee of Jinan University and
complied with the ARRIVE guidelines (https://www.nc3rs.org.uk/
arrive-guidelines), and were conducted according to the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals.

2.6. In vivo experiments

CRCLNM xenografts were constructed as previously described,
with minor modifications25. P-CRC or HCT116 cells (1 � 107)
suspended in 50 mL PBS (HyClone, UT) were injected into the
cecum wall of BALB/c nude mice. For drug administration, mice
were randomly divided into vehicle and treatment groups. Mice in
the treatment group were intravenously (i.v.) injected with
2 mg/kg Z-GP-DAVLBH once every other day for 14 days, while
those in the vehicle group received saline (Servicebio, Wuhan,
China)23. The bioluminescence signals of the tumor-bearing mice
were detected using an IVIS Lumina LT imaging system
(PerkinElmer, MA, USA) after injection with D-luciferin (Yeasen,
Shanghai, China). To investigate the role of FAPa in vivo,
P-CRCVector, P-CRCFAP, LNM-CRCshNC and LNM-CRCshFAP

cells were injected into the cecum wall of BALB/c nude mice,
whereas MC38Vector and MC38FAP cells were injected into the
cecum wall of C57/BL6 mice to generate MC38Vector and
MC38FAP allografts. At the end of the experiment, blood was
collected from the heart punctures for serum analysis, and the
primary tumors and lymphatic metastases were collected for
further analysis.

2.7. Hematoxylin and Eosin staining (H&E),
immunohistochemistry, Masson staining, and Sirius Red staining

Paraffin-embedded tissue blocks were sectioned (5 mm). For H&E
staining, the tissue sections were stained according to standard
procedures. For immunohistochemical, antigen retrieval, blocking
and staining were performed on the sections. Sections were incu-
bated with specific primary antibodies at 4 �C overnight, and then
stained with HRP-conjugated secondary antibodies. Positive stain-
ing was visualized using the DAB staining kit (Servicebio, G1212).
Detailed information on the primary and secondary antibodies is
provided in Supporting Information Table S4. For Masson staining,
tissue sections were stained with a Masson Trichrome Staining Kit
(Solarbio, Beijing, China, G1343) according to the manufacturer’s
instructions. For Sirius Red staining, tissue sections were assayed
with a Sirius Red staining kit (Servicebio, GB1018) according to the
manufacturer’s protocol. Images were acquired using an Olympus
BX53 inverted epifluorescence microscope (Olympus, Tokyo,
Japan) and analyzed using Image-Pro Plus 6.0.

2.8. Immunofluorescence analysis

Paraffin-embedded sections were deparaffinized, antigen-
retrieved, permeabilized, blocked, and incubated with primary
antibodies overnight at 4 �C. The tissue sections were then incu-
bated with HRP-conjugated secondary antibodies and visualized
with iF488-Tyramide or iF555-Tyramide using TSAPLus Fluo-
rescence Kits (Servicebio, G1236). For immunofluorescence assay
in cell lines, cells were plated on confocal dishes containing
cultured medium for 24 h. The cells were fixed, permeabilized,
incubated with the primary antibody, and then incubated with
Alexa Fluor 488-conjugated secondary antibody (Invitrogen) or
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Alexa Fluor 594-phalloidin (Thermo Scientific, MA, USA,
A12381). Images were photographed using a Zeiss LSM 800
confocal microscope (Zeiss, Oberkochen, Germany) and blindly
analyzed using Image-Pro Plus 6.0. FAPaþ tumor cells ratio (%)
was calculated according to Eq. (1):

FAPaþ tumor cells ratio (%) Z Counts of FAPaþ tumor cells of
the sample/Mean counts of FAPaþ tumor cells of the control
group � 100 (1)

Tumor cells were identified by EpCAM staining in the tumor
tissue, and FAPaþ tumor cells were FAPaþ EpCAMþ cells.
2.9. Fluorescent in situ hybridization assay

The RNA fluorescence in situ hybridization (FISH) assay was
performed using the Fluorescent in situ Hybridization Kit
(GenePharma) according to the manufacturer’s instructions.
Briefly, tissue sections were incubated with CY3 labeled FAP
probe in hybridization buffer. Subsequently, they were stained
with primary antibodies followed by incubated with Alexa-
coupled secondary antibodies. Images were visualized with mi-
croscopy. The antibodies used are provided in Supporting
Information Table S4, and probe sequences are listed in
Supporting Information Table S5. FAPþ tumor cells ratio (%) was
calculated according to Eq. (2):

FAPþ tumor cells ratio (%) Z Counts of FAPþ tumor cells of the
sample/Mean counts of FAPþ tumor cells of the control
group � 100 (2)

Tumor cells were identified by EpCAM staining in the tumor
tissue, and FAPþ tumor cells were FAPþ EpCAMþ cells.
2.10. Western blot analysis

Western blotting was performed as previously described23. Briefly,
cells were harvested and lysed with ice-cold RIPA lysis buffer
(Servicebio, G2002). The Pierce™ BCA Protein Assay Kit
(Thermo Scientific, 23225) was used to measure the protein
concentration. The protein blots were then visualized using Pierce
ECL Western Blotting Substrate (Thermo Scientific, 23132). The
primary antibodies used are listed in Table S4.
2.11. Real-time quantitative PCR (RT-qPCR)

Total RNA was extracted using the E.Z.N.A.� Total RNA Kit I
(Omega Bio-Tek, GA, USA, R6834), and reverse transcription of
total RNA (2 mg) was performed using All-in-One cDNA Syn-
thesis SuperMix (Genestar, Beijing, China, A233) according to the
manufacturer’s protocol. Quantitative PCR was performed using
2� SYBR Green qPCR Master Mix (Genestar, A301) in a
LightCycler 480 system (Roche, CA, USA). The mRNA levels of
the target gene were normalized to those of the endogenous ACTB
gene and calculated using the 2eDDCt method. Primer sequences
are listed in Supporting Information Table S6.
2.12. Cell proliferation assay

Cell proliferation was detected using Cell Counting Kit-8
(CCK-8; Targetmol, Shanghai, China, C0005). Cells (5 � 103

per well) suspended in 100 mL DMEM were plated in a 96-well
plate and cultured in a 37 �C incubator overnight. Following
treatment with different concentrations of Z-GP-DAVLBH for
24 h, CCK-8 was added to each well, and the absorbance was
measured at 450 nm using a microplate reader (Tecan, Män-
nedorf, Switzerland). Cell viability (%) was calculated accord-
ing to Eq. (3):

Cell viability (%)Z The absorbance value of the treatment group/
The mean of absorbance value of the control group � 100(3)

2.13. EdU proliferation assay

Cells (3 � 103 per well) were seeded in a 96-well plate and treated
with different concentrations of Z-GP-DAVLBH or conditioned
medium for 24 h. Cell proliferation was analyzed using an EdU
cell proliferation kit (Beyotime, Shanghai, China, C0075) ac-
cording to the manufacturer’s instructions. The number of EdUþ

cells was calculated using Image J software. Proliferative activity
(%) was calculated according to Eq. (4):

Proliferative activity (%) Z The value of the sample/The mean
value of the control group � 100 (4)

2.14. Cell scratch assay

Cells were seeded in the Culture-Insert (ibidi, Munich, Germany,
80369). Images at time zero and 24 h later were captured using the
Axio Observer inverted fluorescence microscope (Zeiss) and
analyzed using ImageJ software (ImageJ Software Inc., MD,
USA). Wound healing (%) was calculated according to Eq. (5):

Wound healing (%) Z The value of the sample/The mean value of
the control group � 100 (5)

2.15. Tube formation assay

Diluted Matrigel (Corning, NY, USA, 356234) was pre-coated in
a 96-well plate at 37 �C for 30 min. hLECs (3 � 104 cells per
well) supplemented with different conditioned mediums were
seeded in Matrigel-coated plates. After 4 h of incubation, the
capillary-like tubes were photographed under an inverted mi-
croscope, and the number of tubes was quantified using ImageJ
software.

2.16. Propidium iodide staining

Cells (3 � 103 cells/well) were seeded in a 96-well plate and
treated with different concentrations of Z-GP-DAVLBH for 24 h.
The cells were then stained with propidium iodide (PI, Beyotime,
ST512), following the manufacturer’s instructions. The number of
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PIþ cells was determined using ImageJ software. Apoptotic cells
(%) were calculated according to Eq. (6):

Apoptotic cells (%)Z The value of the sample/The mean value of
the control group � 100 (6)

2.17. Cell migration and invasion assays

For the migration assay, cells (1 � 105 per well) suspended in
serum-free DMEM were seeded in the upper chamber of a 24-well
transwell with an 8 mm pore size membrane (Corning, 3422). For
the invasion assay, cells were added to the upper chamber that was
pre-coated with 40 mL of diluted Matrigel at 37 �C for 30 min.
Different concentrations of Z-GP-DAVLBH or conditioned me-
dium were added to the lower chamber. Following a certain period
of incubation, the migrated/invaded cells were fixed with 4%
paraformaldehyde (Servicebio), stained with 0.1% Crystal Violet
dye (SigmaeAldrich, MO, USA), and photographed using an
Olympus BX53 inverted microscope (Olympus). Migrated/
Invaded cells (%) were calculated according Eq. (7):

Migrated/Invaded cells (%) Z The value of the sample/The mean
value of the control group � 100 (7)
2.18. Sphere-forming assay

Cells (1 � 104 per well) with indicated treatments were labeled
with PKH67 fluorescent dye using a PKH67 green fluorescent
cell linker kit (SigmaeAldrich) and seeded in an ultra-low
attachment 96-well-plate (Corning, 7007) with DMEM-F12
(VivaCell, Shanghai, China) medium containing epidermal
growth factor (20 ng/mL, PeproTech, NJ, USA, 100-47), fibro-
blast growth factor (20 ng/mL, PeproTech, 100-18B) and B-27
serum-free-supplement (Gibco, 17504-044) for 24 h. PKH67-
positive spheres were imaged after culturing for 5 days
using the Axio Observer inverted fluorescence microscope
(Zeiss). Sphere forming efficiency (%) was calculated according
to Eq. (8):

Sphere forming efficiency (%) Z The fluorescence intensity value
of the sample/The mean fluorescence intensity value of the
control group � 100 (8)

2.19. Enzyme-linked immunosorbent assay (ELISA)

VEGFC ELISA Kits (Liankebio, Hangzhou, China), CCL17
and CCL22 ELISA Kits (Neobioscience, Shenzhen, China) were
used to measure VEGFC, CCL17 and CCL22 levels in the cell
cultural supernatant or serum according to the manufacturer’s
instructions.

2.20. Chromatin immunoprecipitation (ChIP)-qPCR assay

The ChIP assay was performed using the SimpleChIP™ Enzy-
matic Chromatin IP Kit (Cell Signaling Technology, 9002S)
following the manufacturer’s instructions. The antibodies used are
shown in Table S4, and the primers used for ChIP-qPCR analysis
are shown in Table S7. The standard formula used to evaluate the
percentage of input was as Eq. (9):

Input (%) Z 2% � 2(C[T]2% input sample � C[T]IP sample) (9)
where C[T] stands for threshold cycle of PCR reaction.

2.21. Flow cytometry analysis

Metastatic LN tissues from MC38Vector and MC38FAP allografts
were finely minced into small pieces and subjected to digestion
with 1 mg/mL of type IV collagenase (Servicebio) and 200 U/mL
of hyaluronidase (Servicebio) for 30 min at 37 �C. Following
digestion, the dissociated tissue samples were then filtered through
a 30-mm mesh filter, and the resultant cells were collected by
centrifugation at 600 � g for 5 min. To identify mouse
CD4þCD25þFOXP3þ Treg cells, the cells were stained with anti-
CD4-FITC, anti-CD25-APC and anti-FOXP3-PE antibodies using
a mouse regulatory T cell staining kit (Liankebio). Then, the cells
were acquired using a FACS Canto II flow cytometer (BD Bio-
sciences, CA, USA) and the data were analyzed using FlowJo VX
software (FlowJo LLC, OR).

2.22. Statistical analysis

All quantitative data are presented as mean � standard error of the
mean (SEM). Statistical analyses were performed using GraphPad
Prism 8.0 (GraphPad Software, Inc., CA, USA). Statistical dif-
ferences between two groups were evaluated using a two-tailed
unpaired t-test, and differences among three or more groups were
evaluated using one-way ANOVA followed by Tukey’s post hoc
test. KaplaneMeier survival curves were constructed and
analyzed using the log-rank test. P < 0.05 was considered to be
statistically significant.

3. Results

3.1. Tumor cells expressing FAPa are associated with colorectal
cancer lymph node metastasis

Firstly, the protein and gene expression levels of FAPa in tumor
cells were evaluated in primary and metastatic tumor tissues
derived from patients with CRC. Immunofluorescence staining
and FISH assay showed that the protein and gene expression levels
of FAPa in EpCAMþ tumor cells were higher in LN metastatic
tumor tissues than those in primary tumor tissues or liver meta-
static tumor tissues (Fig. 1A). In CRC cell lines with microsat-
ellite stability (SW620, SW480 and HT-29) and microsatellite
instability (DLD1, HCT116 and LoVo), FAPa expression was
significantly higher in the LN metastatic line SW620 compared to
other cell lines (Supporting Information Fig. S1). To confirm the
distinct expression of FAPa in LN metastatic tumor cells, P-CRC
and LNM-CRC cells isolated from the primary or LN metastatic
lesions in CRCLNM patients (Supporting Information Fig. S2A)
were identified by flow cytometry and immunofluorescence
staining (Fig. S2B and S2C). RT-qPCR and Western blotting
showed that the expression levels of FAPa were higher in LNM-
CRC cells than in P-CRC cells (Fig. 1B). Moreover, in the P-CRC
cells-constructed patient-derived xenografts, FAPa expression in
LN metastatic tumor tissues was higher than that in primary tumor
tissues (Figs. 1C, D, and S2D). Consistently, another CRCLNM
model was generated using HCT116 cells, and the expression of
FAPa was found to be higher in HCT116LNM cells (derived from
LN metastatic tumor tissues of HCT116 CRCLNM xenografts)
compared to HCT116P cells (derived from primary tumor tissues
of HCT116 CRCLNM xenografts) (Supporting Information
Fig. S3). These data indicate that FAPa is highly expressed in



Figure 1 High expression of FAPa in tumor cells is associated with colorectal cancer lymph node metastasis. (A) Immunofluorescence and

FISH analysis of the colocalization of EpCAM and FAPa or FAP in the primary and metastatic tissues derived from CRC patients. Representative

images and quantification of the overlapping fluorescence of EpCAM and FAPa are shown (n Z 20 in each group). White arrows indicate

FAPaþEpCAMþ tumor cells. Scale bar, 20 mm. (B) RT-qPCR and Western blot analysis of FAPa expression in P-CRC and LNM-CRC cells

(n Z 3). P-CRC cells or LNM-CRC cells were isolated from the primary tumor tissues or the metastatic LN in a CRCLNM patient, respectively.

(C) Bioluminescence imaging of growth and lymphatic metastasis of patient-derived CRCLNM xenografts (n Z 6). (D) Immunofluorescence

staining and quantification of FAPaþ (red) EpCAMþ (green) tumor cells in tumor tissues derived from patient-derived CRCLNM xenografts

(n Z 6). Scale bar, 20 mm. White arrows indicate FAPaþ tumor cells. Data are presented as mean � SEM. ***P < 0.001 (one-way ANOVAwith

Tukey’s post hoc comparison in A, two-tailed unpaired t-test in B and D). CRC, colorectal cancer; LN, lymph node; LNM, lymph node metastasis;

LNM-CRC, lymph node metastatic colorectal cancer; LM, liver metastasis; P-CRC, primary colorectal cancer.

Targeting FAPa-positive lymph node metastatic tumor cells suppresses CRC 687
LNM-CRC cells with either microsatellite stability or microsat-
ellite instability.

We proceeded to investigate the underlying mechanism by
which FAPa expression was induced in tumor cells. Given that
hypoxia has been demonstrated to be involved in lymphatic
metastasis via the HIF-1a pathway26, we hypothesized that
FAPa expression in tumor cells might be regulated by HIF-1a.
Our results showed that the expression of HIF-1a was signifi-
cantly increased in primary tumor tissues derived from
CRCLNM patients compared to CRC patients without lymphatic



Figure 2 FAPa induces tumor cell migration, invasion, EMT, stemness, and lymphangiogenesis via the STAT3 pathway. (A) Western blot

analysis of FAPa, STAT3, and p-STAT3 in SW480Vector, SW480FAP, SW620siNC and SW620siFAP cells (nZ 3). (B) Quantification of migrated and

invaded FAPa-overexpressing SW480 cells treated with or without CTS (n Z 3). (C) Quantification of migrated and invaded FAPa-knockdown

SW620 cells treated with or without CTS (n Z 3). (D) Western blot analysis of E-cadherin, N-cadherin, Vimentin and ZEB-1 in FAPa-over-

expressing SW480 cells or FAPa-knockdown SW620 cells treated with or without CTS (n Z 3). (E) The sphere-forming assay of SW480 or

SW620 cells in the absence or presence of CTS (n Z 3). Original magnification: 20� (enlargement) and 10� (insert). Scale bar, 100 mm.

688 Shuran Fan et al.
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metastasis (Supporting Information Fig. S4A). Moreover, hyp-
oxic significantly enhanced the expression of FAPa in
SW480 cells by upregulating HIF-1a expression (Fig. S4B). In
addition, overexpression of HIF-1a markedly increased the
expression of FAPa in SW480 cells under normoxic conditions,
whereas knockdown of HIF-1a decreased the expression of
FAPa in SW480 cells under hypoxic conditions (Fig. S4CeS4F).
However, the ChIP-qPCR assay showed that HIF-1a did not bind
to the FAP promoter under hypoxic conditions (Fig. S4G), sug-
gesting that hypoxia may induce FAPa expression in tumor cells
through the HIF-1a pathway in a transcription-independent
manner. Taken together, these data demonstrate that hypoxia
induced FAPa expression in tumor cells may be associated with
CRCLNM.

3.2. FAPa promotes tumor cell motility, EMT, stemness, and
lymphangiogenesis via activation of STAT3 in vitro

We next investigated the role of FAPa in tumor cells in
CRCLNM. SW480 cells (derived from primary tumor tissues)
with intrinsically low expression of FAPa were transfected with
a vector or FAPa plasmid to generate SW480Vector and
SW480FAP cells, respectively. In parallel, SW620 cells (derived
from LN metastatic tumor tissues) with intrinsically high
expression of FAPa were transfected with negative control
siRNA or FAP siRNA to generate SW620siNC or SW620siFAP

cells, respectively (Fig. 2A, Supporting Information Fig. S5A).
With these cells, downstream signaling of FAPa associated with
tumor metastasis, such as STAT3, P65, AKT, b-catenin and
ERK21,27,28, were firstly examined. Our results showed that the
phosphorylation levels of STAT3, P65, and AKT were signifi-
cantly upregulated in SW480FAP cells compared to those in
SW480Vector cells. Notably, among these factors, the phosphor-
ylation levels of STAT3 exhibited the most significantly upre-
gulated in CRC cells with higher FAPa expression, whereas they
markedly reduced in FAPa-knockdown CRC cells (Figs. 2A,
S5B). Functionally, overexpression of FAPa promoted migra-
tion, invasion and decreased the expression of the epithelial
marker E-cadherin, and increased the expression of the mesen-
chymal markers Vimentin and N-cadherin in SW480 cells, while
knockdown of FAPa showed the opposite effects in SW620 cells
(Figs. 2BeD, S5CeS5E). Moreover, the levels of FAPa in tumor
cells were positively correlated with spheroid size and increased
expression of stemness markers including CD44, CD133, SOX2
and OCT4 in CRC cells (Figs. 2E, F, S5F). However, these ef-
fects were significantly attenuated by cryptotanshinone (CTS, a
specific STAT3 inhibitor) (Figs. 2BeF, S5CeS5F). To further
investigate whether STAT3 is a specific pathway through which
FAPa promotes tumor metastasis, we constructed FAPa-
(F) Western blot analysis of CD133, CD44, OCT-4 and SOX-2 expression

(G) Quantification of EdUþ hLECs treated with conditioned medium from S

Tube formation by hLECs treated with conditioned medium from SW480

100 mm. (I) Correlation analysis of FAP and VEGFC expression in patien

database (http://gepia.cancer-pku.cn/). (J) ELISA analysis of VEGFC in hL

the absence or presence of CTS (n Z 3). (K) Immunofluorescence stain

SW480 or SW620 cells in the absence or presence of CTS (nZ 3). Scale b

medium from SW620 cells in the absence or presence of SAR131675 (n Z
from SW620 cells in the absence or presence of SAR131675 (n Z 3). S

**P < 0.01, ***P < 0.001 by one-way ANOVA with Tukey’s post hoc c
overexpressing SW480 cells transfected with siNC (SW480VectorsiNC ,
SW480FAPsiNC) or siSTAT3 (SW480VectorsiSTAT3, SW480FAPsiSTAT3)
(Supporting Information Fig. S6A and S6B). Data showed that
migration, invasion, and the expressions of Vimentin,
N-cadherin, and ZEB-1 were significantly increased, while the
expression of E-cadherin was decreased in SW480FAPsiNC cells.
However, these effects were reversed by the knockdown of
STAT3 (Fig. S6CeS6E). Moreover, the sphero-forming ability
and the expression of stemness markers, including CD133,
CD44, SOX-2 and OCT-4, were significantly increased in
SW480FAPsiNC cells, which were ameliorated by STAT3 knockdown
(Fig. S6FeS6H).

Lymphangiogenesis is a crucial event for lymph node
metastasis, in which the proliferation and tube formation of
LECs are the basic processes29. Besides, it is also induced by
STAT3 signaling in tumor progression30. Our results showed
that the conditioned medium from CRC cells with high levels of
FAPa (SW480FAP and SW620siNC cells) significantly promoted
the proliferation and tube formation of hLECs, which was
attenuated by CTS; whereas the conditioned medium from CRC
cells with low expression of FAPa (SW480Vector and
SW620siFAP cells) inhibited the proliferation and tube formation
of hLECs (Fig. 2G, H, Supporting Information Fig. S7A).
Vascular endothelial growth factor C (VEGFC) is a key regu-
lator of lymphangiogenesis31. Correlation analysis using the
Gene Expression Profiling Interactive Analysis database
revealed a positive correlation between FAP and VEGFC
expression in CRC patients (Fig. 2I). We next investigated the
effect of FAPa on the expression and secretion of VEGFC in
tumor cells. Data showed that the expression and secretion of
VEGFC were elevated in CRC cells with higher expression of
FAPa, while these effects were significantly attenuated by CTS
(Figs. 2J, and S7B and S7C). In addition, our results showed that
phosphorylation of VEGFR3 was notably increased in hLECs
treated with conditioned medium from SW480FAP and
SW620shNC cells compared to that in hLECs treated with the
conditioned medium from SW480Vector and SW620shFAP cells,
which was attenuated by CTS (Fig. 2K). In addition, prolifer-
ation and tube formation were significantly inhibited in hLECs
treated with conditioned medium from VEGFC-knockdown
SW620 cells (SW620siVEGFC) compared to those in hLECs
treated with conditioned medium from SW620siNC cells (Figs.
2L, M, and S7D). Furthermore, SAR131675 (a VEGFR3 spe-
cific inhibitor) treatment also attenuated the proliferation and
tube formation of hLECs treated with SW620siNC medium
(Figs. 2L, M, and S7D). Taken together, these data indicate that
FAPa induces migration, invasion, EMT and stemness in tumor
cells, and stimulates lymphangiogenesis via activation of
STAT3 signaling.
in SW480 or SW620 cells in the absence or presence of CTS (n Z 3).

W480 or SW620 cells in the absence or presence of CTS (nZ 3). (H)

or SW620 cells in the absence or presence of CTS (n Z 3). Scale bar,

ts with CRC using the Gene Expression Profiling Interactive Analysis

ECs treated with conditioned medium from SW480 or SW620 cells in

ing of p-VEGFR3 in hLECs treated with conditioned medium from

ar, 20 mm. (L) Quantification of EdUþ hLECs treated with conditioned

3). (M) Tube formation of hLECs treated with conditioned medium

cale bar, 100 mm. Data are presented as mean � SEM. *P < 0.05,

omparison. CTS, cryptotanshinone.
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3.3. FAPa promotes colorectal cancer lymph node metastasis
in vivo

To further investigate the effect of FAPa in tumor cells in CRCLNM
in vivo, P-CRC cells with intrinsically low expression of FAPawere
infected with lentivirus-containing vector or FAPa overexpression
plasmid to generate P-CRCVector or FAPa-overexpressing P-
CRCFAP cells, respectively. In parallel, LNM-CRC cells with
intrinsically high levels of FAPa were infected with lentiviruses
harboring negative control shRNA or FAP shRNA to generate
LNM-CRCshNC or FAPa-knockdown LNM-CRCshFAP cells
(Supporting Information Fig. S8). CRCLNM xenografts were
constructed using these cell lines. Data showed that overexpression
of FAPa in tumor cells stimulated lymphatic metastasis whereas
FAPa knockdown exerted the opposite effects, as indicated by the
increased number of LNmetastatic nodules in P-CRCFAP andLNM-
CRCshNC xenografts comparedwith those in P-CRCVector andLNM-
CRCshFAP xenografts, respectively (Fig. 3A, B). Consistently, the
EMT and stemness in P-CRCFAP and LNM-CRCshNC xenografts
were more prominent than those in P-CRCVector and LNM-
CRCshFAP xenografts, as evidenced by the decreased expression of
E-cadherin, and increased expression of Vimentin, CD44, and
CD133 (Fig. 3C). Furthermore, the expression of VEGFC and the
numbers of lymphatic vessels in the P-CRCFAP and LNM-CRCshNC

xenografts were higher than those in the P-CRCVector and LNM-
CRCshFAP xenografts (Fig. 3C, D). Taken together, these data sug-
gest that FAPa promotes tumor cell EMT, stemness and lym-
phangiogenesis, thus facilitating CRCLNM.

3.4. FAPa regulates ECM remodeling and induces an
immunosuppressive environment in metastatic lymph nodes

ECM remodeling plays a critical role in lymphatic metastasis12.
Type I collagen is the main ECM component in LN, and ECM
remodeling is characterized by collagen I deposition and lineari-
zation6,11,32,33. Hence, we further investigated whether FAPa can
remodel the ECM in LN by modulating collagen fiber deposition
and linearization through its collagen I-specific gelatinase activity,
which promotes the formation of a permissive microenvironment
to facilitate lymphatic metastasis. Our results showed that P-
CRCFAP and LNM-CRCshNC xenografts displayed increased
collagen fiber deposition in the metastatic LN compared to the P-
CRCVector and LNM-CRCshFAP xenografts (Fig. 4A). Moreover,
immunofluorescence staining revealed that collagen I was arranged
irregularly with curly and unfixed outlines in P-CRCVector and
LNM-CRCshFAP xenografts, whereas it was arranged tightly with
parallel orientation in P-CRCFAP and LNM-CRCshNC xenografts
(Fig. 4B). Treg cell-mediated immunosuppression is one of the
most crucial tumor immune evasion mechanisms for the formation
of pre-metastatic LN niche13. Our results showed that the expres-
sion of Treg cell recruitment-related factors was increased in CRC
cells with high expression of FAPa (SW480FAP and P-CRCFAP

cells), and the secretion of CCL17 and CCL22 was upregulated in
the conditioned medium from FAPa-overexpressing CRC cells
(Fig. 4C, D). Murine colon adenocarcinoma cell line MC38 was
infected with lentivirus-containing vector or FAPa overexpression
plasmid to construct MC38Vector and MC38FAP cells, which were
injected into the cecum wall of C57/BL6 mice to generate
MC38Vector and MC38FAP allografts, respectively (Fig. 4E). ELISA
assay showed that the serum levels of CCL22 were higher in
MC38FAP allografts than in MC38Vector allografts (Fig. 4F). The
number of CD4þFOXP3þ Treg cells in metastatic LN was
increased in MC38FAP allografts compared to that in MC38Vector

allografts (Fig. 4G, H). Taken together, these data indicate that
FAPa in tumor cells regulates ECM remodeling and establishes an
immunosuppressive microenvironment to facilitate the formation
of the metastatic LN niche.

3.5. Z-GP-DAVLBH inhibits proliferation, induces apoptosis,
and inhibits the migration, invasion, EMT, and stemness of lymph
node metastatic tumor cells

We further investigated whether targeting FAPa-positive LN met-
astatic tumor cells could effectively inhibit CRCLNM. Our results
showed that Z-GP-DAVLBH significantly decreased the viability
and proliferation of LNM-CRC, SW620 and HCT116LNM cells in a
concentration-dependent manner (Supporting Information Fig. S9).
PI staining and Western blotting showed that Z-GP-DAVLBH
treatment markedly induced apoptosis of LN metastatic tumor
cells in a dose-dependent manner (Fig. 5A, B, Supporting
Information Fig. S10). In addition, Z-GP-DAVLBH treatment
significantly inhibited the migration and invasion of LN metastatic
tumor cells in a dose-dependent manner (Fig. 5C, D, Supporting
Information Fig. S11A and S11B), which might be a result of its
inhibitory effect onEMT, as indicated by the increased expression of
E-cadherin and decreased expression of N-cadherin, Vimentin and
ZEB1 in the LNmetastatic tumor cells (Figs. 5E, S11C). Moreover,
Z-GP-DAVLBH significantly decreased the expression of stemness
markers including CD133, CD44, SOX-2 and OCT-4 in LN meta-
static tumor cells (Figs. 5F, S11D). The sphero-forming ability of
LN metastatic tumor cells was also significantly suppressed in a
dose-dependent manner by Z-GP-DAVLBH (Fig. 5G). Taken
together, these data indicate that Z-GP-DAVLBH inhibits prolifer-
ation, induces apoptosis, and inhibits migration, invasion, EMTand
stemness of LN metastatic tumor cells.

3.6. Z-GP-DAVLBH blocks colorectal cancer lymph node
metastasis in vivo

To evaluate the effect of Z-GP-DAVLBH on CRCLNM in vivo,
patient-derived CRCLNM xenografts were constructed, and tumor
growth and lymphatic metastasis were monitored using the IVIS
Lumina LT imaging system (Fig. 6A, Supporting Information
Fig. S12A). Our results showed that Z-GP-DAVLBH treatment
dramatically inhibited tumor growth and caused tumor regression in
patient-derivedCRCLNMxenografts, as indicated by the decreased
number of LN metastatic niches (Fig. 6B and C). Importantly, no
significant loss in body weight was observed in mice treated with
Z-GP-DAVLBH (Fig. S12B). Mechanistically, Z-GP-DAVLBH
suppressed tumor cell EMT, as indicated by increased E-cadherin
and decreased N-cadherin and Vimentin expression, inhibited
tumor stemness by decreasing the expression of CD44 and CD133,
as well as suppressed tumor lymphangiogenesis by downregulating
the expression of VEGFC and the number of lymphatic vessels in
primary tumor tissues (Fig. 6D and E). In addition, Z-GP-DAVLBH
treatment inhibited collagen I deposition and linearization in met-
astatic LN (Fig. 6F). These effects may be associated with Z-GP-
DAVLBH-induced apoptosis in FAPa-positive LN metastatic
tumor cells (Fig. 6G). Ultimately, Z-GP-DAVLBH prolonged the
overall survival of mice bearing CRCLNM xenografts (from 20 to
30 days) (Fig. 6H). These data indicate that Z-GP-DAVLBH
significantly induces apoptosis in LN metastatic tumor cells,
suppresses tumor EMT, stemness and lymphangiogenesis, and
regulates ECM, thus inhibiting CRCLNM.



Figure 3 FAPa in tumor cells promotes colorectal cancer lymph node metastasis in vivo. (A) Representative images of growth and lymphatic

metastasis of P-CRCVector, P-CRCFAP, LNM-CRCshNC and LNM-CRCshFAP xenografts (n Z 5). (B) H&E staining and quantification of the LN

metastatic nodules (n Z 5). Red arrows indicate the metastatic LN nodules. Scale bar: 2 mm. (C) Immunohistochemical staining and quanti-

fication of E-cadherin, Vimentin, CD44, CD133 and VEGFC in orthotopic tumor tissues from patient-derived CRCLNM xenografts (n Z 5).

Scale bar: 50 mm. (D) Immunofluorescence staining and quantification of LYVE-1 in orthotopic tumor tissues from patient-derived CRCLNM

xenografts (n Z 5). Scale bar, 20 mm. Data are presented as mean � SEM. **P < 0.01, ***P < 0.001 by two-tailed unpaired t-test. LNM-

CRC, lymph node metastatic colorectal cancer; P-CRC, primary colorectal cancer.
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Figure 4 FAPa induces ECM remodeling and immunosuppressive environment in the metastatic lymph nodes. (A) Representative images and

quantification of Masson trichrome staining and Sirius Red staining in the LN metastatic tissues from patient-derived CRCLNM xenografts

(n Z 5). Scale bar: 50 mm. (B) Immunofluorescence staining and quantification of collagen I in the LN metastatic tissues from patient-derived

CRCLNM xenografts (n Z 5). Scale bar: 20 mm. (C) RT-qPCR analysis of CCL1, CCL2, CCL5, CCL8, CCL17 and CCL22 levels in FAPa-

overexpressing SW480 and P-CRC cells (n Z 3). (D) Cytokine concentrations in the cell culture supernatants were measured by ELISA kit

(n Z 3). (E) Representative bioluminescence images of tumor growth and lymphatic metastasis in MC38Vector and MC38FAP allografts (n Z 5).

(F) Serum CCL22 levels were measured using an ELISA kit (n Z 5). (G) Flow cytometry analysis of CD4þCD25þFOXP3þ Treg cells in

metastatic LN tissues from MC38Vector and MC38FAP allografts (n Z 5). (H) Immunofluorescence staining of CD4þFOXP3þ Treg cells in

metastatic LN tissues from MC38Vector and MC38FAP allografts (n Z 5). Scale bar: 20 mm. Data are presented as mean � SEM. *P < 0.05,

**P < 0.01, ***P < 0.001 by two-tailed unpaired t-test. LNM-CRC, lymph node metastatic colorectal cancer; P-CRC, primary colorectal cancer.
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Figure 5 Z-GP-DAVLBH induces apoptosis, and inhibits the motility and stemness of the lymph node metastatic tumor cells. (A) Propidium

iodide (PI) staining of LN metastatic tumor cells following Z-GP-DAVLBH treatment. Quantification of apoptotic cells is shown (n Z 3). (B)

Western blot analysis of Caspase-3, Cleaved Caspase-3, Caspase 9, and Cleaved Caspase-9 in LN metastatic tumor cells after Z-GP-DAVLBH

treatment (n Z 3). (C, D) Quantification of the number of migrated (C) and invaded (D) LN metastatic tumor cells treated with Z-GP-DAVLBH

(n Z 3). (E) Western blot analysis of the expression of E-cadherin, N-cadherin, Vimentin and ZEB-1 in LN metastatic tumor cells treated with

Z-GP-DAVLBH (n Z 3). (F) Western blot analysis of CD133, CD44, OCT-4 and SOX-2 in LN metastatic tumor cells treated with Z-GP-

DAVLBH (n Z 3). (G) Representative images and quantification of sphere-forming of LN metastatic tumor cells treated with Z-GP-

DAVLBH (n Z 3). Original magnification: 20� (top) and 10� (bottom). Scale bar: 100 mm. Data are presented as mean � SEM.

**P < 0.01, ***P < 0.001 by one-way ANOVA followed by Tukey’s post hoc comparison. LNM-CRC, lymph node metastatic colorectal cancer.
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Figure 6 Z-GP-DAVLBH inhibits tumor growth and lymph node metastasis in vivo. (A) Quantification of bioluminescence signals in mice

bearing patient-derived CRCLNM xenografts following Z-GP-DAVLBH treatment (n Z 5). (B) Representative fluorescence images of tumor

growth and lymphatic metastasis in mice bearing patient-derived CRCLNM xenografts at the endpoint of Z-GP-DAVLBH treatment (n Z 5). (C)

H&E staining and quantification of the LN metastatic nodules in mice bearing patient-derived CRCLNM xenografts after Z-GP-DAVLBH

treatment (n Z 5). Red arrows indicate the LN metastatic nodules. Scale bar: 2 mm. (D) Immunohistochemical staining and quantification of

E-cadherin, N-cadherin, Vimentin, CD44, CD133 and VEGFC in orthotopic tumor tissues (n Z 5). Scale bar: 50 mm. (E) Immunofluorescence

staining and quantification of LYVE-1 in orthotopic tumor tissues (n Z 5). Scale bar, 20 mm. (F) Immunofluorescence staining and quantification

of collagen I in LN metastatic tissues (n Z 5). Scale bar: 20 mm. (G) Immunohistochemical staining and quantification of Cleaved-caspase 3 in

LN metastatic tissues (n Z 5). Scale bar: 50 mm. (H) The overall survival (OS) curves of mice bearing patient-derived CRCLNM xenografts

treated with vehicle and Z-GP-DAVLBH (n Z 5). (I) Proposed diagram of the role of FAPa-positive LN metastatic tumor cells in CRCLNM and

the therapeutic strategy. Data are presented as mean � SEM. ns, no significance, *P < 0.05, **P < 0.01, and ***P < 0.001 (two-tailed unpaired

t-test in A, CeG; ManteleCox test in H). MS, median survival; OS, overall survival.
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4. Discussion

Lymphatic metastasis is one of the most typical metastatic types of
malignant tumors and LN is frequently the first site of spread and
growth of metastasis34. Since LN are widely distributed, tumor
cells invading the LN have always been a substantial clinical
problem in CRC therapy, whereas the underlying mechanism of
metastatic tumor cells in the formation of metastatic LN has not
been fully elucidated, resulting in a lack of effective therapeutic
strategies targeting metastatic LN35,36. Here, we revealed the role
of FAPa-positive tumor cells in the formation of metastatic LN
and provided an effective strategy for attenuating CRCLNM. We
found that tumor hypoxia induced FAPa expression in tumor cells
and promoted tumor EMT, stemness, lymphangiogenesis, ECM
remodeling and immune suppression, facilitating the formation of
metastatic LN. Targeting FAPa-positive LNM-CRC cells by a
FAPa-activated prodrug Z-GP-DAVLBH significantly inhibited
CRCLNM (Fig. 6I).

The contribution of cancer cells to tumor metastasis has been
well-determined37. However, the mechanism by which cancer
cells complete the metastatic process remains unclear. Accumu-
lating evidence reveals that the expression of specific genes is
altered in metastatic tumor cells, which is essential for their
adaptation and colonization of the metastatic niche38,39. Recently,
the underlying mechanism of metastatic tumor cells contributing
to the formation of metastatic LN has been revealed, and more
attention has been paid to the phenotypic characteristics of met-
astatic tumor cells during lymphatic metastasis5,40,41. The
phenotypic and molecular alterations in LN metastatic tumor cells
are represented by acquired EMT and stemness phenotype,
induced lymphangiogenesis, ECM remodeling, and an immuno-
suppressive microenvironment, which contribute to lymphatic
metastasis8,9,13,29,42. Moreover, single-cell genome sequencing has
recently shed light on the heterogeneity of tumor cells during
lymphatic metastasis, demonstrating that the phenotypic and
biological characteristics of tumor cells in the LN metastatic
lesion differ from those in the primary tumor, which is being
applied to discover specific therapeutic targets of LN metastatic
tumor cells9,26,43e46. However, effective druggable targets for LN
metastatic tumor cells are still lacking. Here, we focused on the
properties of tumor cells in LN metastatic lesions and found that
FAPa was highly expressed in LNM-CRC cells, providing a
potential target for the treatment of CRCLNM.

Previous studies have identified the functional roles of FAPa in
tumor migration, invasion, EMT, and stemness20,21. Recently, the
roles of FAPa in the formation of immunosuppressive microen-
vironment and ECM remodeling during tumor metastasis have
been highlighted28,33,47. LN is an important immune organ and the
composition of ECM in LN is mainly collagen I6,11, we here found
that the LN metastatic tumor cells expressed FAPa, presumably to
recruit immunosuppressive cells and to remodel the ECM during
lymphatic metastasis. In addition, it has been demonstrated that
hypoxia plays a role in lymphatic metastasis via the HIF-1a
pathway26,48. However, whether hypoxia promotes lymphatic
metastasis by inducing FAPa expression in tumor cells remains
unclear. Here, we revealed that tumor hypoxia-induced FAPa
expression in tumor cells via the HIF-1a pathway in a
transcription-independent manner, which provided a novel insight
into the mechanism underlying FAPa in tumor cells in promoting
CRCLNM.
Considering the important role of FAPa in tumor progression
and its restricted expression profile, it has become one of the
most promising targets in tumor therapy49. Strategies to target
FAPa-expressing cells by inhibiting its enzymatic activity
include small molecule inhibitors (Identifier: NCT05420558,
NCT05339113, NCT05262855, NCT04939610, NCT05432193;
ClinicalTrials.gov), monoclonal antibodies (Identifier:
NCT05547321, NCT00004042, NCT04826003, NCT05098405;
ClinicalTrials.gov), and other immunotherapies using DNA
vaccines, FAPa-directed CAR-T cells or bi-specific T cell
engagers (Identifier: NCT03875079, NCT04826003,
NCT03386721, NCT02627274, NCT01722149; ClinicalTrials.
gov)50. These approaches have been evaluated in clinical tri-
als, but most of them are unsatisfactory because of the pro-
tumorigenic effects associated with the non-enzymatic activity
of FAPa51. Therefore, the design of peptide-based cytotoxic
prodrugs based on the proteolytic activity of FAPa may be an
alternative therapeutic strategy for directly killing FAPa-
expressing cells. In recent years, several peptide-based cytotoxic
prodrugs have been developed to target FAPa-expressing cells,
showing promising effects against tumor growth19,52. Similarly,
a FAPa-activated prodrug, Z-GP-DAVLBH, synthesized in our
laboratory, exhibited potent activity against several xenograft
tumors22,23. Our previous studies showed that Z-GP-DAVLBH
can be cleaved in FAPa-positive tumor-associated mesen-
chymal stem cells, destroying the cells-mediated pulmonary
metastasis in triple-negative breast cancer xenografts53. More-
over, Z-GP-DAVLBH can be activated in FAPa-positive
tumor pericytes, resulting in the destruction of tumor vascula-
tures and inhibition of tumor growth22. These results highlight
the effects of Z-GP-DAVLBH on tumor metastasis by targeting
FAPa-positive tumor stromal cells. In the present study,
considering the lack of pericyte coverage in lymphatic vessels of
metastatic LN54 and the high expression of FAPa in LNM-CRC
cells, we speculated that the inhibition of CRCLNM by Z-GP-
DAVLBH is primarily attributed to its targeting of FAPa-posi-
tive LNM-CRC cells. Furthermore, although some tumor cells in
metastatic LN did not express FAPa, FAPa-activated prodrug
may exert a marked bystander effect, which can kill those FAPa-
negative tumor cells surrounding the FAPa-positive LN meta-
static tumor cells55. Nevertheless, we cannot guarantee that
Z-GP-DAVLBH completely inhibits the formation of metastatic
LN, which may be supplemented by a combination with other
agents.

In conclusion, our findings reveal the role of FAPa in tumor
cells in CRCLNM and demonstrate that targeting FAPa-positive
LNM-CRC cells may be a potential therapeutic strategy for
CRCLNM.
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