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Androgen deprivation therapy is a mainstream treatment 
approach for PCa, which is one of the most common cancer 
types and leading causes of cancer-related death worldwide1. 

ADT extends overall survival, but most patients who received this 
treatment progress to CRPC in a median time of 16–18 months2–4. 
Second-generation antiandrogen drugs, such as enzalutamide, abi-
raterone and apalutamide, have been developed for CRPC by fur-
ther inhibition of the AR pathway5. Potent second-generation ADT 
drugs usually achieve an excellent initial response but, unfortu-
nately, disease recurrence still occurs rapidly and eventually leads to 
patient death6. Effective targeted therapy for CRPC is still lacking. 
Therefore, revealing novel treatment targets and developing new 
therapeutic strategies, including new antibody-based therapies, are 
major clinical objectives in regard to CRPC.

Gremlin1 is a highly conserved secreted protein in the differen-
tial screening-selected gene aberrative in the neuroblastoma (DAN) 
family of bone-morphogenetic protein (BMP) antagonists7. It was 
reported to bind to BMP2, BMP4 or BMP7 to form heterodimers 
and prevent interaction of BMP ligands with the corresponding 
BMP receptors, which subsequently inhibited the activation of BMP 
signaling7. Gremlin1 is a pivotal protein during embryogenesis8–10 
and is closely related to tissue fibrotic lesions, as well as to glioma 
and colon cancer, by modulation of BMP signaling10–14. However, 
our understanding of Gremlin1 as a secreted signaling protein is 
far from being in depth. In addition to the BMP signaling pathway, 

whether Gremlin1 exerts its function through a non-BMP mecha-
nism has not been elucidated.

Here, we report that Gremlin1 acts through a non-BMP-dependent 
mechanism and represents a new ligand of FGFR1 in advanced PCa; 
thus, it can serve as an important and promising therapeutic target 
for the treatment of CRPC, a deadly disease. Anti-Gremlin1 anti-
body exerts a strong tumor-inhibitory impact and displays a syner-
gistic effect with ADT on CRPC.

Results
Gremlin1 positively correlates with tumor progression in PCa. 
Secreted proteins are a group of important potential therapeutic 
targets for anticancer drug development15. We analyzed the tran-
scriptional levels of signaling-related secreted proteins on published 
PCa datasets16, and found that Gremlin1 was ranked one of the top 
differentially expressed proteins (Fig. 1a) in hormone-refractory 
PCa compared with hormone-naïve PCa. Gremlin1 expression lev-
els were also found to be increased significantly in advanced meta-
static CRPC compared with those in primary PCa, from the dataset 
of Yu et al.17 (Extended Data Fig. 1a). Analysis of the Beltran et al. 
2016 CRPC cohort18 showed that Gremlin1 was most abundantly 
expressed in double-negative prostate cancer (DNPC), an emerging 
CRPC subtype in the post-second-generation antiandrogen era, that 
expresses neither neuroendocrine markers nor AR signaling mole-
cules or low levels of AR signature genes19,20 (Extended Data Fig. 1b).  
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Importantly, amplification of GREM1 or a high GREM1 messenger 
RNA level was associated with shortened disease/progression-free 
survival (TCGA, Firehose Legacy) (Extended Data Fig. 1c). Analysis 
of the SU2C 2019 PCa dataset21 also revealed that patients with 
elevated transcription of GREM1 exhibited shorter overall survival 
(Extended Data Fig. 1d). We then performed Gremlin1 immuno-
histochemical (IHC) staining on a large cohort of 132 human PCa 
clinical samples collected at Ren Ji Hospital, School of Medicine, 
Shanghai Jiao Tong University. Among the 132 patient speci-
mens, 55 were obtained from patients with CRPC. Quantitative 
study of IHC results showed a significantly enhanced staining 
intensity of Gremlin1 in CRPC samples compared with that in 
hormone-sensitive PCa (HSPC) (Fig. 1b,c). Patients with CRPC and 
higher Gremlin1 expression in tumor samples had a notably shorter 
overall survival and progression-free survival (Fig. 1d). Collectively, 
Gremlin1 is upregulated in CRPCs and strongly correlates with 
poor disease outcome.

GREM1 expression is repressed by AR and facilitated following 
ADT. Androgen receptor plays a central role in PCa. To assess the 
relationship between Gremlin1 and AR signaling, we performed 
further IHC staining for Gremlin1 and prostate-specific antigen 
(PSA), a classic downstream target of AR, on sections of CRPC 
specimens. Statistical analysis showed that Gremlin1 expression 
was evidently upregulated in CRPCs with a low staining intensity 
of PSA (Fig. 1e). Furthermore, we found that GREM1 mRNA levels 
displayed a strongly negative correlation with AR signature genes 
in the Beltran et al. CRPC cohort18 (Fig. 1f). We also observed a 
negative correlation between GREM1 transcription expression and 
AR score in the SU2C 2019 PCa dataset21 (Extended Data Fig. 1e,f). 
There was a trend of shorter ADT treatment time in patients with 
high GREM1 expression from the SU2C 2019 PCa cohort, although 
the difference between the GREM1low and GREM1high groups was 
not statistically significant (P = 0.0677) (Extended Data Fig. 1g). 
We then asked whether the expression of Gremlin1 is regulated by 
AR signaling. Either an AR-expressing lentivirus or the CRISPR–
Cas9 method was used to achieve AR upregulation in PCa cell lines 
LNCaP and LAPC4 (Extended Data Fig. 2a,c) or AR knockout in 
cell line LNCaP (Extended Data Fig. 2e). Immunoblotting and 
quantitative PCR (qPCR) experiments together showed that AR 
repressed the transcription of GREM1 (Extended Data Fig. 2a–i).  
This conclusion is supported by experiments involving treat-
ment with the AR agonist R1881 and antagonist enzalutamide  
(Fig. 1g,h). Moreover, a luciferase reporter assay showed that 
GREM1 promoter-driven luciferase activity was greatly inhibited by 
treatment with R1881 but enhanced by the addition of enzalutamide 
(Fig. 1i). Chromatin immunoprecipitation (ChIP) experimental 
results further suggested the binding of AR to the promotor region 
of GREM1 (Fig. 1j). These data support the concept that Gremlin1 
is negatively regulated by AR.

To further understand the relationship between Gremlin1 
and AR in CRPC cells, we utilized two pairs of hormone-naïve 
and CRPC cell lines—LNCaP versus LNCaP-R and VCaP versus 
VCaP-R. LNCaP-R was derived from xenografted LNCaP tumors 
implanted in castrated mice, while VCaP-R was generated by treat-
ment of VCaP cells with charcoal/dextran-stripped serum for 
3 weeks. As shown in Extended Data Fig. 2j,k, we observed higher 
mRNA expression of AR in LNCaP-R and VCaP-R cells than in 
their corresponding control cells. In prostate cells, androgen binds 
to AR to trigger a conformational change, resulting in AR nuclear 
translocation and subsequent transcriptional control of AR target 
genes. To address the regulation of androgen-bound AR on GREM1 
expression, we performed a dihydrotestosterone (DHT) induc-
tion experiment on LNCaP, VCaP, LNCaP-R and VCaP-R cells. As 
shown in Extended Data Fig. 2l,m, repression of AR on GREM1 
transcription required a high DHT concentration (10 nM), which 
stands in contrast to a much lower level of DHT (0.1 nM) required 
for transcriptional induction of the classic AR-activated gene KLK3. 
Furthermore, we used ChIP–qPCR to assess AR–chromatin binding 
following DHT treatment at different concentrations. Recruitment 
of AR to the GREM1 gene required a higher concentration of DHT 
than that needed for the binding of AR to the KLK3 gene. Together 
these results demonstrate that the transcriptional suppression of AR 
on GREM1 depends on a high androgen concentration (Extended 
Data Fig. 2n,o).

Gremlin1 drives CRPC cell proliferation and tumor growth. 
To explore the role of Gremlin1 in the progression of CRPC, we 
utilized AR-dependent PCa cell lines LNCaP and LAPC4, as well 
as AR-independent PCa cell line PC3. Cell sublines with loss or 
gain of Gremlin1 expression were generated (Fig. 2a and Extended 
Data Fig. 3a,h). GREM1 knockdown in PCa cell lines suppressed 
sphere-forming capacity (Fig. 2b and Extended Data Fig. 3b) and cell 
growth (Fig. 2c and Extended Data Fig. 3c) and increased cell apop-
tosis (Extended Data Fig. 3d). GREM1 overexpression, or the addi-
tion of Gremlin1 protein in culture medium, resulted in a significant 
elevation in sphere formation and cell proliferation compared with 
the corresponding control sublines (Fig. 2b,c and Extended Data 
Fig. 3b,c,i,j). Moreover, GREM1 knockdown greatly potentiated the 
inhibitory effect of enzalutamide while GREM1 overexpression or 
the addition of Gremlin1 protein led to a compromised response 
to enzalutamide treatment in LNCaP and LAPC4 cells (Fig. 2c–e 
and Extended Data Fig. 3j,k). Furthermore, exogenous expression 
of Gremlin1 in hormone-sensitive PCa organoids generated from 
the Hi-Myc mouse, a genetically engineered mouse model (GEMM) 
for PCa, promoted organoid growth under the ADT condition  
(Fig. 2f,g). We found that knockdown of GREM1 markedly sup-
pressed PC3 tumor growth and cell survival in vivo, while overex-
pression of GREM1 enhanced tumor growth and tumor formation 
incidence in a limiting dilution assay (Extended Data Fig. 3e–g). 

Fig. 1 | Gremlin1 is highly expressed in CRPC and is negatively regulated by aR. a, Differential expression of secreted signaling proteins in hormone-naïve 
PCa compared with hormone-refractory PCa (data obtained from Oncomine PCa dataset16). b, IHC staining images of Gremlin1 in HSPCs and CRPCs 
(n = 77 HSPC samples, n = 55 CRPC samples). Representative images are presented. Scale bars: left panels, 500 μm; middle panels, 50 μm; right panels, 
20 μm. c, Gremlin1 staining intensity is significantly higher in CRPCs than in HSPCs (n = 77 HSPC samples, n = 55 CRPC samples). Cytoplasm H scores 
were analyzed with Aperio ScanScope software. d, Shorter overall survival and progression-free survival were found in patients with PCa and higher 
Gremlin1 expression (P = 0.0439 and P = 0.0023, respectively). e, IHC images of PSA and Gremlin1 in CRPCs. Scale bars: left panels in patient 1 and patient 
2, 200 μm; right panels in patient 1 and patient 2, 100 μm; n = 30, each dot represents tissue from an individual patient. f, Correlation analysis of GREM1 
mRNA level and AR signaling gene expression (data obtained from the Beltran et al. 2016 dataset18; n = 49 tumor samples. AR score 1 was adopted from 
the cBioPortal database containing 30 AR-responsive genes described previously46. AR score 2 was calculated based on ten AR-responsive genes adopted 
from a previous publication19. g–i, GREM1 mRNA transcription (n = 4 independent samples) (g), Gremlin1 protein level (h) and GREM1 promoter-driven 
luciferase activity (i) were downregulated following AR activation by R1881 (1 nM), and were significantly increased following AR inhibition by 
enzalutamide (Enz, 10 μg ml–1) in LNCaP cells (n = 3 independent samples). j, ChIP assay results showing enrichment levels of AR with Gremlin1 promoter 
in LNCaP cells following treatment with R1881 (1 nM) or enzalutamide (10 μg ml–1) (n = 3 independent samples). Two-tailed Student’s t-test was used for 
statistical analyses, and log-rank (Mantel–Cox) test was used for survival analyses. Data presented as means ± s.e.m.).
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Together, these data suggest a tumor-promoting role of Gremlin1 in 
PCa and the development of castration resistance.

Next, we investigated the potential impacts of Gremlin1 on 
AR signaling, cell lineage and stemness-related genes. As shown 
in Extended Data Fig. 4a,b, AR signaling was downregulated in 
GREM1-overexpressing LNCaP and LAPC4 cells compared with 
controls. Moreover, androgen response element (ARE)–luciferase 
reporter assays showed that AR-driven luciferase activity was inhib-
ited upon GREM1 overexpression (Extended Data Fig. 4c,d). We 
additionally found that GREM1-overexpressing LNCaP and LAPC4 
cells expressed higher levels of stemness-related genes and basal cell 
lineage markers, and lower levels of luminal genes (Extended Data 
Fig. 4a,b). In contrast, we did not observe alterations in neuroen-
docrine gene expression upon GREM1 overexpression. We further 
performed RNA-sequencing (RNA-seq) of GREM1-overexpressing 
LNCaP and Hi-Myc mouse organoid and their respective controls. 
Gene set enrichment analysis (GSEA) indicated consistent effects of 
GREM1 overexpression on AR signaling and cell lineage signatures 
(Extended Data Fig. 4e,f). ChIP sequencing (ChIP–seq) results fur-
ther indicated reduced AR–chromatin binding intensity at AR tar-
get genes in GREM1-overexpressing LNCaP cells (Extended Data 
Fig. 4g). These data suggest that Gremlin1 promotes the lineage 
plasticity of PCa cells from a luminal phenotype to a DNPC-like 
state with a basal/stem cell-feature transcriptional profile.

Oncogenic effect of Gremlin1 depends on FGFR1 activation. To 
address the mechanism involved, we carefully compared the tran-
scriptional profiles of the GREM1-overexpressing LNCaP subline 
and its control cells. We listed the most significantly differentially 
expressed gene sets in Fig. 3a. FGFR and MAPK signaling were the 
top hits in upregulated signaling pathways. Further GSEA showed 
an enrichment in signaling by FGFR1 and activation of MAPK 
activity in LNCaP cells transfected with GREM1-expressing lenti-
virus (Fig. 3b).

To test whether Gremlin1 promotes FGFR-MAPK signaling, 
we first performed an analysis of the expression levels of the four 
FGFRs in samples from patients with CRPC in a published CRPC 
dataset18. As shown in Fig. 3c, because FGFR1 was the most abun-
dantly expressed FGFR in CRPC we subsequently examined FGFR1 
activation following Gremlin1 treatment. We treated LNCaP-R 
and PC3 cells with Gremlin1 at different concentrations (1, 10 and 
100 ng ml−1) and examined the phosphorylation levels of FGFR1, 
MEK1/2 and ERK1/2. The known FGFR1 ligands FGF1 and FGF2 
were used as positive controls. As shown in Fig. 3d and Extended 
Data Fig. 5a, Gremlin1 treatment led to an increase in p-FGFR1, 
p-MEK1/2 and p-ERK1/2 levels in a dose-dependent manner. 
We further found that activation of the FGFR1/MAPK axis by 
Gremlin1 was independent of BMP, because the addition of BMP4 
did not alter the phosphorylation levels of FGFR1, MEK1/2 and 
ERK1/2 following Gremlin1 stimulation (Fig. 3e). Interestingly, 

Gremlin1 induced a more prolonged activation of MAPK signaling 
than FGF1 and FGF2 (Fig. 3f,g). Activation of MAPK in response to 
Gremlin1 treatment was maintained at a high level for up to 1 h fol-
lowing the addition of Gremlin1, while MAPK signaling was most 
highly activated within 10 min following FGF1 or FGF2 stimulation 
and rapidly diminished afterwards (Fig. 3f,g). In addition, exoge-
nous expression of Gremlin1 resulted in activation of the FGFR1/
MAPK signaling axis in PC3 and LNCaP PCa cell lines (Extended  
Data Fig. 5b).

MAPK signaling can be activated through many membrane 
receptors besides FGFR. To test whether MAPK pathway activation 
by Gremlin1 occurs via FGFR, we constructed a FGFR1 knock-
out LNCaP-R subline by the CRISPR–Cas9 method. As shown in 
Fig. 3h, phosphorylation of ERK1/2 and MEK1/2 following treat-
ment with Gremlin1 could be abrogated by FGFR1 knockout. 
Additionally, Gremlin1-mediated promotion effects on PCa cell 
growth and sphere formation were abolished by knockout of FGFR1 
(Extended Data Fig. 5c–e). Activation of the FGFR1/MAPK signal-
ing axis by Gremlin1 was attenuated by the FGFR1 inhibitor BGJ398 
but not by the EGFR inhibitor erlotinib (Fig. 3i,j). Furthermore, 
as shown in Extended Data Fig. 5f,g, the PCa proliferation- and 
sphere-formation-promoting roles of Gremlin1 were significantly 
compromised by treatment with both BGJ398 and the MAPK 
inhibitor trametinib, but not by the addition of BMP4. These results 
indicate that the oncogenic effect of Gremin1 is attributable to the 
activation of the FGFR1/MEK/ERK signaling pathway.

To explore whether Gremlin1/FGFR1 activation plays a role in 
castration resistance of PCa, we treated LNCaP cells transfected 
with vector or FGFR1 dominant active mutants22 (FGFR1-N546K 
and FGFR1-R656P) with ADT. Meanwhile, we knocked out AR in 
LNCaP cells and evaluated the effect of FGFR1 inhibition/activa-
tion or Gremlin1 addition on AR-independent PCa cell growth. As 
shown in Extended Data Fig. 5h,i, constitutive activation of FGFR1 
signaling was sufficient to drive PCa cell proliferation under the 
ADT condition or upon AR knockout. Treatment with BGJ398 led 
to a severe reduction in LNCaP-sgAR cell growth, while the addi-
tion of Gremlin1 protein promoted AR-independent growth of 
LNCaP cells (Extended Data Fig. 5j). These data collectively imply a 
critical function of the Gremlin1/FGFR1 axis in the development of 
castration resistance in PCa.

Gremlin1 is a novel FGFR1 ligand in PCa. We next sought to 
identify the mechanism leading to activation of the FGFR1/MEK/
ERK signaling pathway by Gremlin1 by performing surface plas-
mon resonance analysis (ForteBio). As shown in Fig. 4a, FGFR1 
bound to Gremlin1 immobilized on a ForteBio sensor chip with 
high affinity (KD = 1.06 × 10−8 M, KD: Dissociation constant). ELISA 
assays demonstrated a specific interaction between FGFR1 and 
Gremlin1, because binding signals were not obtained between 
FGFR1 and Gremlin2 or BMP antagonists COCO and DAN  

Fig. 3 | the oncogenic effect of Gremlin1 in PCa is dependent on activation of the FGFR1/MeK/eRK signaling pathway. a, Gene set enrichment analysis 
(GSEA) of RNA-seq data demonstrating that the FGFR1 and MAPK signaling pathways are the most enriched in the GREM1-overexpressed LNCaP 
subline. RNA-seq was performed on three independent samples. b, GSEA showing enrichments of the FGFR and FGFR1 signaling related genes in the 
GREM1 overexpressed LNCaP subline. FDR: false discovery rate. c, FGFR1 is the most abundantly transcribed FGFR in CRPC (data were obtained from 
the Beltran et al. 2016 dataset18; n = 49 tumor samples). TPM: Transcripts Per Kilobase Million. d, The FGFR1/MEK1/2/ERK1/2 signaling pathway is 
activated by Gremlin1 protein in PC3 cells and LNCaP-R cells in a dose-dependent manner. FGF1 (20 ng ml–1) was used as a positive control to stimulate 
FGFR. e, Activation of the MEK/ERK signaling pathway by Gremlin1 is independent of BMP4. PC3 and LNCaP-R cells were treated with Gremlin1 protein 
(100 ng ml−1) in the presence of BMP4 (20 ng ml−1) or without BMP4. f,g, Treatment with Gremlin1 (100 ng ml−1) (f) leads to more prolonged stimulation 
of FGFR1/MEK1/2/ERK1/2 signaling activation than FGF1 or FGF2 (20 ng ml−1) (g). h, Activation of the FGFR1/MEK1/2/ERK1/2 signaling pathway is 
abrogated by CRISPR–Cas9-mediated FGFR1 knockout. i, Gremlin1 activates the MEK/ERK signaling pathway through FGFR1. LNCaP-R cells were treated 
with Gremlin1 (100 ng ml−1), FGF1 (20 ng ml−1) or FGFR inhibitor BGJ398 (1 μM), as indicated. j, Activation of MEK/ERK signaling pathway by Gremlin1 
is independent of EGFR. LNCaP-R cells were treated with Gremlin1 (100 ng ml−1), EGF (20 ng ml−1) or erlonitib (1 μM), as indicated. Immunoblotting 
experiments were repeated at least three times and representative images are shown. Two-tailed Student’s t-test was used for statistical analyses. Data 
are presented as means ± s.e.m.
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(Fig. 4b). Coimmunoprecipitation assays using exogenously 
expressed Flag-tagged Gremlin1 and HA-tagged FGFR1 in LNCaP 
cells (Fig. 4c) or endogenous proteins in LNCaP cells (Fig. 4d), 
and pulldown experiments using purified Gremlin1 and FGFR1 
(extracellular region) proteins (Fig. 4e) together demonstrated a 

direct physical association between FGFR1 and Gremlin1. We did 
not observe binding between Gremlin1 and other receptor tyro-
sine kinases such as EGFR (Fig. 4e). Furthermore, we conducted a 
bimolecular fluorescence complementation (BiFC) assay (Fig. 4f). 
GREM1 and FGFR1 complementary DNA, fused with fragments of 
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the coding sequence of yellow fluorescent protein (YFP), were trans-
fected into 293 T cells individually or simultaneously. As shown in 
Fig. 4f, YFP signal could be detected only when GREM1 and FGFR1 
plasmids were cotransfected. Consistent with this finding, confocal 
microscopic imaging of immunofluorescent staining showed colo-
calization of Gremlin1 and FGFR1 on the membrane of LNCaP-R 
cells (Fig. 4g). In addition, soluble FGFR1 could compete the bind-
ing between Gremlin1 and FGFR1, as revealed by a competitive 
ELISA experiment (Extended Data Fig. 6a). Consistently, activation 
of the FGFR1/MEK/ERK signaling pathway due to Gremlin1 could 
be attenuated by application of excessive amounts of soluble FGFR1 
(Extended Data Fig. 6b). These data provide strong supporting evi-
dence for specific binding between Gremlin1 and FGFR1, and sup-
port the notion that this binding is required for activation of FGFR1 
and its downstream MAPK signaling (Extended Data Fig. 6b).

To further delineate the mode of Gremlin1–FGFR1 interaction, 
we performed coimmunoprecipitation between truncated FGFR1 
(Fig. 5a,b) and Gremlin1 or the classic FGFR1 ligand FGF1. The 
extracellular region of FGFR1 consists of domain 1 (D1), domain 2 
(D2) and domain 3 (D3)23. Consistent with previous reports that the 
linker between D2 and D3 is the key binding area between FGF1 
and FGFR1 (ref. 23), we found that the loss of either D2 or D3 abol-
ished coimmunoprecipitation of FGF1 and FGFR1. In contrast, 
only the loss of D2 abrogated the association between Gremlin1 

and FGFR1, suggesting that Gremlin1 binds to FGFR1 at D2  
(Fig. 5a,b). Moreover, we mutated the previously identified 
key amino acid residues of FGFR1 (C176 and R248) in its bind-
ing pocket to FGF1 (Extended Data Fig. 6c)24–26. As expected, 
FGFR1-C176G or FGFR1-R248Q indeed disrupted coimmuno-
precipitation of FGF1 and FGFR1 whereas these two mutations did 
not affect the interaction between Gremlin1 and FGFR1 (Extended 
Data Fig. 6c,d). These data indicated that FGFR1 binds to Gremlin1 
in a way distinct from the binding mode with its classic ligand 
FGF1. In agreement with that, ForteBio assays, coimmunofluores-
cent staining and coimmunoprecipitation experiments together 
demonstrated that the addition of Gremlin1 did not compete for 
the association of FGF1 and FGFR1, and vice versa (Extended Data 
Fig. 6e–g). Additionally, we treated LNCaP cells with Gremlin1 in 
the presence of FGF1 at different concentrations and vice versa. 
As shown in Extended Data Fig. 6h, we observed additive effects 
in the phosphorylation of FGFR1, MEK1/2 and ERK1/2 between 
Gremlin1 and FGF1. Therefore, Gremlin1 and FGF1 probably bind 
at different sites of FGFR1. We then assessed the expression lev-
els of Gremlin1 and various FGFs and their correlation in CRPC 
patient samples from a published RNA-seq dataset18 (Extended 
Data Fig. 6i,j). We observed that the GREM1 transcript was higher 
than that of FGFs (Extended Data Fig. 6i). In addition, we mea-
sured the concentrations of Gremlin1 and FGF1 in prostatic fluid 
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from patients with PCa using ELISA. As shown in Extended Data  
Fig. 6k, Gremlin1 (approximately 50 ng ml–1 on average) was more 
abundant than FGF1 (approximately 0.2 ng ml–1 on average) in pros-
tatic fluid. These data collectively suggest that Gremlin1 serves as an 
important ligand for FGFR1 in CRPC.

Subsequently, we sought to decipher the structural basis of the 
Gremlin1–FGFR1 interaction. We used the HDOCK platform 
(http://hdock.phys.hust.edu.cn/) to perform docking of previously 
characterized protein structures of the Gremlin1 (PDB: 5AEJ)27 
and FGFR1 extracellular regions (PDB: 3OJV)28. As shown in 
Fig. 5c, two positively charged clusters of amino acid residues in 
Gremlin1—denoted by blue in the docking model (Lys90-Arg91; 
R116-Lys147-Lys148-Arg172)—and extracellular D2 of FGFR1 
were predicted to be an essential binding area between Gremlin1 
and FGFR1. We then performed mutagenesis, as described in 
Fig. 5d,f, to test protein-binding simulation. Lys147-Lys148 to 
Ala147-Ala148 mutations in Gremlin1 or the corresponding 
E160A mutant of FGFR1 severely impaired coimmunoprecipitation 
between Gremlin1 and FGFR1 (Fig. 5e,g,h). Thus, Lys147-Lys148 
of Gremlin1 and the corresponding Glu160 of FGFR1 are key  
amino acid residues in the formation of the Gremlin1–FGFR1  
protein complex.

Gremlin1 antibody inhibits CRPC development in GEMM. The 
upregulation and oncogenic effect of Gremlin1 in CRPC make it a 
promising therapeutic target. To target Gremlin1, we developed a 

monoclonal antibody against murine Gremlin1 with high affinity 
(Extended Data Fig. 7a). This antibody did not bind to Gremlin2 or 
other BMP antagonists such as COCO and DAN.

To determine the effect of anti-Gremlin1 antibody on PCa, we 
utilized an aggressive mouse model of CRPC, the Pbsn-Cre4; Ptenfl/fl;  
Trp53fl/fl GEMM, which developed spontaneously invasive PCa at 
an average of 3 months29,30 (Fig. 6a). As shown in Fig. 6b, Gremlin1 
was upregulated in Pbsn-Cre4; Ptenfl/fl; Trp53fl/fl tumors compared 
with wild-type (WT) prostates, and was further enriched in cas-
trated Pbsn-Cre4; Ptenfl/fl; Trp53fl/fl tumors. Coimmunostaining 
of E-cadherin and Gremlin1 indicated that Gremlin1 is largely 
expressed by tumorous epithelial cells in castrated Pbsn-Cre4; Ptenfl/fl;  
Trp53fl/fl tumors (Extended Data Fig. 7b). Notably, qPCR analysis of 
Grem1 in several major organs of Pbsn-Cre4; Ptenfl/fl; Trp53fl/fl mice 
demonstrated that its expression was highest in PCa tissue, which 
indicated that Gremlin1 is a plausible therapeutic target for PCa 
(Extended Data Fig. 7c).

We then evaluated the effect of anti-Gremlin1 antibody treat-
ment on CRPC development in castrated Pbsn-Cre4; Ptenfl/fl; 
Trp53fl/fl mice. Two-month-old Pbsn-Cre4; Ptenfl/fl; Trp53fl/fl mice 
were castrated and subjected to anti-Gremlin1 antibody or con-
trol IgG treatment three times per week at 10 mg kg−1 for 8 weeks  
(Fig. 6a). Two months after castration, the animals were sacrificed 
for analysis. As shown in Fig. 6c,d, all control IgG-treated mice 
developed aggressive CRPC. Anti-Gremlin1 antibody exerted a 
profound repressive effect on PCa growth, as evidenced by marked 
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suppression of gross tumor size and weight and a significant reduc-
tion in proliferative PCNA-positive cells (Fig. 6e). Hematoxylin 
and eosin staining of prostate sections from anti-Gremlin1-treated 
Pbsn-Cre4; Ptenfl/fl; Trp53fl/fl mice showed mostly intraductal hyper-
plasia with an intact basement membrane, which stands in marked 
contrast to the invasive PCa phenotype seen in IgG-injected mice 
(Fig. 6f). After treatment at 10 mg kg−1 for 2 months, we observed no 
evident distinctions in major organs including the intestine, lung, 
liver, spleen, bone marrow and kidney, or alterations in peripheral 
blood cell count, between the two experimental groups (Extended 
Data Fig. 7d,e), suggesting minimal side effects.

To understand the underlying mechanism, we carried 
out RNA-seq on prostate samples from IgG- and Gremlin1 
antibody-treated mice. Gene set enrichment analysis demon-
strated that FGFR1 signaling was the most significantly changed 
signaling pathway in the Gremlin1 antibody-treated group  
(Fig. 6g,h). Further immunostaining and immunoblotting experi-
ments confirmed that administration of Gremlin1 antibody resulted 
in considerable decrease in FGFR1, MEK1/2 and ERK1/2 phos-
phorylation (Fig. 6i,j). These results collectively show that reduced 
FGFR1/MAPK activation by Gremlin1 antibody contributes to its 
profound inhibitory impact on CRPC development in Pbsn-Cre4; 
Ptenfl/fl; Trp53fl/fl mice. GSEA of RNA-seq data and qPCR experi-
ments further suggested downregulation of stem cell-related and 
basal cell lineage genes, and upregulation of luminal lineage and AR 
signaling molecules, in the antibody-treated group (Extended Data 
Fig. 8), indicating reversal of lineage transition in PCa cells by the 
Gremlin1 antibody.

Gremlin1 antibody exerts antitumor effects in PCa cell lines. To 
target Gremlin1 in human PCa, we developed a monoclonal anti-
body against human Gremlin1. The affinity and specificity of this 
antibody to human Gremlin1 were verified by ELISA (Extended 
Data Fig. 9a). Anti-human Gremlin1 antibody exerted an inhibitory 
impact on proliferation and sphere formation in PC3 and LNCaP 
cells (Fig. 7a,b and Extended Data Fig. 9b,c). This antibody potenti-
ated the antitumor effect of enzalutamide in AR-dependent LNCaP 
cells (Extended Data Fig. 9b,d). Biochemical analysis demonstrated 
dose-dependent inhibition of the FGFR1/MEK/ERK signaling 
pathway by anti-Gremlin1 antibody treatment in both PC3 and 
LNCaP cells (Fig. 7c and Extended Data Fig. 9e). To test the effect 
of anti-Gremlin1 antibody in CRPC in vivo, nude mice bearing the 
CRPC cell line PC3 xenografts were injected intraperitoneally (i.p.) 
with anti-Gremlin1 antibody or IgG three times per week for 2 weeks 
(10 mg kg–1 body weight). Antibody against Gremlin1 blocked PC3 
tumor growth (Fig. 7d,e). Meanwhile, FGFR1 knockout also signifi-
cantly constrained PC3 growth in vivo. Gremlin1 antibody did not 
further repress xenografts of FGFR1-KO PC3 cells, suggesting that 
the effect of Gremlin1 is mediated via FGFR1 in vivo (Fig. 7d,e). On 
the other hand, knockout of BMPR2, the gene encoding bone mor-
phogenetic protein receptor type-2, via CRISPR–Cas9 did not abro-
gate the inhibitory effect of anti-Gremlin1 antibody on PCa cells, 

thus indicating a BMP signaling-independent role of anti-Gremlin1 
antibody (Extended Data Fig. 9f,g). These data collectively  
demonstrate that a Gremlin1-specifc antibody exerted a strong anti-
tumor effect in CRPC, both in vitro and in vivo, by inhibition of 
FGFR1 signaling.

Synergistic effects of Gremlin1 antibody and ADT in CRPC. 
We then tested the effect of anti-human Gremlin1 antibody on 
patient-derived organoids (PDOs) and xenografts (PDXs). Four 
previously established CRPC PDO lines31 from the Memorial Sloan 
Kettering Cancer Center were treated with anti-Gremlin1 anti-
body, enzalutamide or a combination of the two. We found that 
anti-human Gremlin1 antibody displayed a repressive role in PDO 
growth in two out of four PDO lines (Fig. 7f,g), an inhibitory effect 
that became more evident in serial PDO passage (Fig. 7f,g and 
Extended Data Fig. 9h). Enzalutamide treatment alone did not exert 
any effect on these four PDOs but showed an inhibitory impact on 
PDO growth in combination with anti-human Gremlin1 antibody 
(Fig. 7f,g). In addition, we assessed the endogenous levels of FGFR1 
in these four organoids, BM1, BM61 and ST60, which were more 
sensitive to Gremlin1 antibody treatment and showed relatively 
higher FGFR1 expression compared with ST88 (Extended Data  
Fig. 9i). Furthermore, we tested the effect of FGFR1 inhibition in 
human organoids using BGJ398 and, as shown in Extended Data 
Fig. 9j, growth of human PCa organoids was suppressed. We did 
not find an additive effect between BGJ398 and Gremlin1 antibody 
(Extended Data Fig. 9j). We then tested the effects of anti-human 
Gremlin1 antibody in PDX in vivo. As shown in Fig. 7h,i, human 
CRPC PDX lines BM1 (ref. 31) and MDA PCa 118b32 were resistant to 
ADT while Gremlin1-specific antibody exhibited tumor-inhibitory 
functions and displayed synergistic effects when applied in com-
bination with enzalutamide. These data together demonstrate that 
antibody targeting Gremlin1 can serve as a promising therapeutic 
approach in patients with CRPC (Fig. 7j).

Discussion
Our study demonstrates an unexpected new function of Gremlin1 
that is distinct from its previously well-known role as an antago-
nist of BMP7. We find that Gremlin1 promotes PCa progression 
and resistance to androgen deprivation through direct Gremlin1–
FGFR1 binding to activate the FGFR1/MAPK signaling pathway. 
Neither activation of FGFR1/MAPK nor the tumor-promoting 
effects on PCa induced by Gremlin1 is affected by the addition 
of BMP4. Moreover, the anticancer effects of Gremlin1-blocking 
antibody on PCa cannot be overridden by BMPR2 knockout, but 
are achieved by suppression of FGFR1 signaling. These results 
together support the premise that the Gremlin1/FGFR1/MAPK 
signaling axis drives PCa progression and points to Gremlin1 as 
an important therapeutic target in advanced PCa. Using coimmu-
nostaining, BiFC, ForteBio, coimmunoprecipitation, pulldown and 
computer simulation approaches, we provide compelling evidence 
that Gremlin1 can directly bind to FGFR1. Of note, the binding 

Fig. 6 | Gremlin1 antibody profoundly inhibits CRPC development in a Pbsn-Cre4; Ptenfl/fl; Trp53fl/fl GeMM. a, Schematic illustrating treatments 
administered to a Pbsn-Cre4; Ptenfl/fl; Trp53fl/fl GEMM. Mice that were castrated at 2 months received anti-Gremlin1 antibody (Ab) (10 mg kg−1 i.p.) or IgG, as 
indicated, three times per week for 2 months. b, Gremlin1 highly expressed in the castrated Pbsn-Cre4; Ptenfl/fl; Trp53fl/fl murine PCa model. Representative 
images of Gremlin1 immunostaining are presented. Scale bars: top, 200 μm; bottom, 25 μm. The experiment was performed on three mice per group.  
c–e, Anti-Gremlin1 antibody (10 μg ml−1) exerts a significant inhibitory effect on PCa growth. Obvious suppression is evidenced by gross tumor appearance 
(c; scale bars: left, 1 cm; middle, 5 mm; right, 50 μm), tumor weight (d; IgG: n = 5 tumors; Ab: n = 6 tumors) and a significant reduction in PCNA-positive 
cells (e; n = 9 samples; scale bars: top, 200 μm; bottom, 25 μm). f, Anti-Gremlin1 treatment markedly represses the development of invasive PCa in 
castrated Pbsn-Cre4; Ptenfl/fl; Trp53fl/fl mice. Scale bars, 50 μm. Experiments were performed with at least three independent tumor sections. g, GSEA 
indicates significant suppression of the FGFR1 signaling pathway in prostates of anti-Gremlin1 treatment group. h, GSEA showing downregulation of the 
FGFR1 signaling pathway in the group of anti-Gremlin1 treatment. FDR, false discovery rate. i,j, Immunostaining (i) and immunoblot analysis (j) showing 
inhibitory effects of anti-Gremlin1 antibody on the FGFR1/MAPK signaling pathway in prostates of Pbsn-Cre4; Ptenfl/fl; Trp53fl/fl mice. The experiment was 
performed on three mice per group. Scale bars, 25 μm; two-tailed Student’s t-test was used for statistical analyses. Data are presented as means ± s.e.m.
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between Gremlin1 and FGFR1 is different from that in the FGF1–
FGFR1 interaction. While previous reports have shown that the 
linker between D2 and D3 in FGFR1 is an essential binding pocket 
of FGFR1 to FGF1 (ref. 23), in the current study we discovered that 

Gremlin1 binds to D2 of the FGFR1 extracellular region and that 
Glu160 of FGFR1 and Lys147-Lys148 of Gremlin1 are key residues 
for Gremlin1/FGFR1 binding, based on protein structure docking 
and further mutation experiments. These results, together, strongly 
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support the view that Gremlin1 is a new ligand for FGFR1. More 
broadly, the FGFR signaling pathway is also known as a pivotal 
oncogenic driver in other tumors such as bladder cancer33, gastric 
cancer34, lung cancer35 and breast cancer36. Further study is war-
ranted to determine whether the Gremlin1/FGFR1/MAPK axis is 
involved in tumorigenesis and progression in other cancer types. 
Following the wide application of second-generation ADT drugs for 
PCa in the clinic, the number of cases of AR-independent CRPC has 
increased significantly19. Among these cases, DNPC is an emerging 
AR-independent CRPC subtype that has been under-researched in 
the past19. In this study, we find that the expression of Gremlin1 
in CRPC, particularly in DNPC, is abnormally increased compared 
with hormone-naïve or newly diagnosed PCa cases. The Gremlin1/
FGFR1 axis promotes the AR independence of PCa cells, which is 
particularly relevant in light of recent findings that FGF signal acti-
vation is an essential molecular signature of DNPC and required 
for the AR-independent growth of DNPC19. Interestingly, we find 
that Gremlin1 upregulation in PCa leads to suppression of lumi-
nal and AR signaling molecules and increases in basal and stem 
cell-related gene expression, but not to alterations in neuroendo-
crine markers. Different groups have reported that lineage transi-
tion or neuroendocrine transdifferentiation is involved in the loss 
of ADT sensitivity19,20,37–40. Although our data suggest that lineage 
plasticity may contribute to Gremlin1-mediated castration resis-
tance, the mechanism of Gremlin1-driven lineage plasticity awaits  
future exploration.

Although second-generation antiandrogen drugs have been 
shown to trigger the upregulation of key drivers of AR-independent 
CRPC41,42, the mechanism by which these drivers are modulated 
by AR signaling remains incompletely understood. We find that 
GREM1 is negatively correlated with the AR signaling pathway in 
samples from patients with CRPC. GREM1 transcription markedly 
increases when AR is knocked out or inhibited by enzalutamide. 
Conversely, AR activation leads to a decrease in GREM1 expres-
sion in PCa cells. ChIP and luciferase reporter assay data, together, 
support the premise that suppression is achieved through binding 
of AR to the GREM1 promoter region. Interestingly this repres-
sion requires a high DHT concentration, which stands in marked 
contrast to a much lower level of DHT required for transcriptional 
induction of the classic AR-activated gene KLK3. Therefore, inhi-
bition of GREM1 by AR is lifted upon treatment with strong AR 
antagonists such as enzalutamide. In abiraterone-treated PCa or 
in CRPC with low intratumor androgen levels, AR repression of 
GREM1 transcription is also compromised. These mechanisms may 
explain the upregulation of Gremlin1 in advanced PCa.

Secreted proteins are an important category of drug targets 
for anticancer drug development15. In this study, we developed 
monoclonal antibodies against human or murine Gremlin1. Based 
on experiments in human PCa cell lines, PDO and PDX, as well 
as in vivo studies on the Pbsn-Cre4; Ptenfl/fl; Trp53fl/fl murine PCa 
model, we demonstrate a prominent tumor-inhibitory effect of 
Gremlin1 antibody on CRPC. However, we must take into con-
sideration that Gremlin1 is also expressed in other tissues13,43,44. 
A recent study has shown that conventional knockout of GREM1 
in mice causes abnormal development of the intestinal tract and 
a disorder of the hematopoietic system45. In our study we care-
fully examined the main organs, including the intestines, of mice 
after Gremlin1 antibody treatment. At a dose of 10 mg kg−1 by i.p. 
injection three times per week, we observed neither obvious toxic 
effects, significant damage to the main organs nor altered peripheral 
blood cell counts. The minimal presence of side effects is probably 
attributable to the fact that the selective upregulation of Gremlin1 
in PCa occurs after ADT. These observations suggest that applica-
tion of Gremlin1 antibody in adults with a suitable dosing window 
may avoid unwanted side effects. The current work provides new 
insights into understanding of the molecular mechanisms of castra-
tion resistance development, and underscores the great therapeutic 
potential of Gremlin1 antibody in the treatment of CRPC.

Methods
Mice. All mouse experiments were conducted following protocols approved by 
the Ren Ji Hospital Laboratory Animal Use and Care Committee. Athymic nu/
nu male mice (6 weeks old) and SCID mice were purchased from Shanghai Slac 
laboratory animal company. Pbsn-Cre4; Ptenfl/fl; Trp53fl/fl mice were obtained from 
the Jackson Laboratory. Hi-Myc mice were provided by the NCI mouse repository. 
To test the therapeutic effect of Gremlin1 antibody on a PCa GEMM, Pbsn-Cre4; 
Ptenfl/fl; Trp53fl/fl mice were castrated at the age of 2 months. Anti-murine Gremlin1 
antibody or IgG was administrated to castrated mice i.p. three times per week 
at 10 mg kg−1 for 8 weeks. All mice were sacrificed at proximately 2 months after 
castration and before tumor volume reached 2,000 mm3. Prostate and other major 
organs were then harvested carefully, photographed and processed for further 
experiments. Peripheral blood was collected for complete blood cell count using a 
Sysmex pocH-100iVD machine (Sysmex).

Patient samples. The procedures of patient sample collection and analysis were 
approved by the Ethics Committee at Ren Ji Hospital, School of Medicine, Shanghai 
Jiao Tong University. Patients diagnosed with PCa and aged 50–85 years were 
recruited. Diagnosis of HSPC or CRPC was based on both histological examination 
and the expression of AR-related markers, by certified pathologists in the 
Department of Pathology, Ren Ji Hospital. A 149-spot, paraffin-embedded tissue 
microarray chip containing 67 paired prostate primary tumors and adjacent normal 
tissues, ten tumor tissues and five normal tissues, along with 55 paraffin-embedded 
PCa sections from patients with CRPC, was collected for IHC staining from the 
Urology Department of Ren Ji Hospital. Prostatic fluid was collected from patients 

Fig. 7 | Synergistic effect of Gremlin1 antibody and enzalutamide in growth suppression of organoids and PDXs derived from patients with CRPC. a, The 
antibody against human Gremlin1 (10 μg ml−1) represses cell proliferation of PC3 cells (n = 3 independently treated cell cultures). b, Anti-Gremlin1 antibody 
(10 μg ml−1) exerts an inhibitory effect on sphere formation in PC3 cells (n = 3 biological replicates). c, Gremlin1 antibody neutralizes the activation of 
FGFR1/MEK1/2/ERK1/2 signaling induced by Gremlin1 protein (100 ng ml−1) in PC3 cells in a dose-dependent manner. Experiments were repeated at 
least three times, with similar results. d,e, Gremlin1 antibody treatment or FGFR1 knockout significantly suppresses growth of PC3 cells in nude mice, 
as measured by tumor volume (d) and weight (e). Gremlin1 antibody was administered i.p. three times per week at 10 mg kg−1. n = 5 mice; scale bars, 
1 cm. f, Anti-Gremlin1 antibody (10 μg ml−1) demonstrates strong inhibitory impact on organoids derived from patients with PCa, and shows a synergistic 
antitumor effect with enzalutamide as demonstrated in serial organoid-forming assays. Four previously reported PDO lines (BM1, BM61, ST60 and ST88) 
were tested in these experiments31 Scale bars, 50 μm. g. Quantification of PDO numbers under IgG, Gremlin1 antibody, ADT and ADT+Gremlin1 antibody 
treatments during serial passages (n = 3 biological replicates). h,i, Anti-Gremlin1 antibody (10 μg ml−1) slows in vivo growth of two PDX lines derived from 
patients with PCa and exerts synergistic inhibition on tumor growth with enzalutamide (10 mg kg−1) in PDX line BM1 (ref. 31) (left) and PDX line MDA PCa 
118b32 (right). Treatment was started when tumors reached around 200 mm3. Relative tumor volume at 30–53 days (h) and 7–30 days (i). Antibody was 
given three times per week (10 mg kg−1 i.p.). Final tumor size was standardized individually to pretreatment tumor. ADT: enzalutamide was administrated 
orally 5 days per week at 10 mg kg−1 after castration. Scale bars, 1 cm. n = 12 mice in the BM1 experiment; for MDA PCa 118b, n = 13, 8, 12 and 13 mice in 
groups IgG, Gremlin1 antibody, ADT + IgG and ADT + Gremlin1 antibody, respectively. j, Schematic showing that Gremlin1 is transcriptionally upregulated 
after ADT therapy in CRPC. Gremlin1 acts as a novel ligand for FGFR1 to drive the activation of downstream MAPK signaling for castration-resistant growth 
of PCa. Targeting Gremlin1 using monoclonal antibody can serve as an attractive therapeutic approach for the treatment of advanced PCa. Two-tailed 
Student’s t-test was used for statistical analyses, and two-way ANOVA analysis for measurement of tumor volume.
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diagnosed with PCa at the Urology Department of Ren Ji Hospital. All specimens 
were obtained with patient informed consent.

Cell lines. Cell lines PC3, LNCaP and VCaP were obtained from the American 
Type Culture Collection. The LAPC4 cell line was kindly shared by C. Sawyers 
(Memorial Sloan Kettering Cancer Center). These cell lines were validated at 
Shanghai Biowing Applied Biotechnology by short tandem repeat profiling. 
LNCaP-R was derived from LNCaP cells implanted in castrated male nude mice. 
VCaP-R was generated from VCaP cells treated with charcoal/dextran-stripped 
serum (CSS3) (Gibco) for 3 weeks. PC3 and VCaP cells were grown in DMEM 
(Gibco), while LNCaP and LAPC4 were cultured in RPMI-1640 (Gibco). Both 
culture media were supplemented with 10% fetal bovine serum (FBS, Gibco) 
and 100 U ml−1 penicillin/streptomycin (Gibco). LNCaP-R and VCaP-R cells 
were cultured in medium supplemented with 8% CSS3, 2% FBS and 100 U ml−1 
penicillin/streptomycin. Patient-derived organoid lines BM1, BM61, ST88 and 
ST60 were cultured and passaged according to the protocol published in ref. 31.

Plasmids. GREM1 CDS (NM_013372.7) with a Flag tag or FGFR1 CDS 
(a gift from J. Han) with a HA tag was cloned into a pLenti-CMV vector 
(GENOMEDITECH, no. GM-6172P1). The AR-expressing plasmid pLENTI6.3/
AR-GC-E2325 (Addgene, plasmid no. 85128, deposited by K.-H. Kalland) and 
plasmids containing fragments of YFP CDS (pBiFC-VN155I152L, Addgene, no. 
27097 and pBiFC-CC155, Addgene, no. 22015), both deposited by C.-D. Hu, were 
purchased from Addgene. For the BiFC experiment, VN155 was fused into the 3′ 
end of the GREM1 CDS sequence and CC155 was inserted into the FGFR1 CDS 
between the signal peptide sequence and sequence encoding the extracellular 
domain. Short hairpin RNA was constructed to the GV248 vector (GENE.CHEM). 
Single guide RNA was designed using an online platform (www.benchling.com). 
The annealed DNA oligos were cloned into pLenti-CRISPRv2 (Addgene plasmid 
no. 52961, deposited by F. Zhang) for genome editing. Data from all shRNA and 
sgRNA sequencing used in this study are provided in Supplementary Table 1. 
GREM1 promoter (chr15:32,716,990-32,720,976, hg38) and a luciferase CDS from 
the Firefly luciferase reporter vector pGL4.17(luc2/Neo) vector (Promega) were 
cloned into the pLenti-CMV vector for reporter assay.

Point mutations of Gremlin1 or FGFR1 were generated using site-directed 
mutagenesis by cloning entire GREM1- or FGFR1-expressing plasmids. Primers 
were created by CE Design (https://crm.vazyme.com/cetool/en-us/singlepoint.
html). Truncated FGFR1 was cloned from a FGFR1-expressing plasmid by PCR. 
BamHI and EcoRI were used to perform pLenti-CMV vector linearization. All 
fragments and vectors were purified from agarose gel using the E.Z.N.A. Gel 
Extraction Kit (Omega, no. D2500-02) and assembled with the In-Fusion Cloning 
kit (Vazyme, no. C115) according to the manufacturers’ protocols. Details of all 
primers used here are provided in Supplementary Table 1. All plasmids were 
verified by Sanger sequencing.

RNA-seq, ChIP–seq and sequencing data analyses. Total RNA was extracted 
from PC3, LNCaP cells or murine PCa samples using the Qiagen RNeasy kit 
according to the manufacturer’s instructions (Qiagen). Libraries were generated 
using the NEBNext UltraTM RNA Library Prep Kit for Illumina (NEB) and index 
codes were added to each sample. Adapters were cut by Cutadapt (v.2.6) and clean 
reads were then mapped to the human genome (GRCh38 release 84) using Hisat2 
(v.2.1.0) with default settings. Gene expression quantification was calculated 
using Stringtie (v.1.3.6). Differential expression analysis was performed with 
DESeq2 (v.1.24.0). AR score 1 was acquired from the cBioPortal database (www.
cbioportal.org), which contains 30 AR-responsive genes described previously46. 
AR score 2 was calculated using the GSVA method (v.1.38.2) in R (v.3.6.1) based 
on ten AR-responsive genes adopted from a previous publication19. RNA-seq data 
on patients with PCa were accessed in dbGaP with accession phs000915.v2.p2 
and analyzed using the same pipeline. GSEA was performed using GSEA (v.4.0.3) 
within MSigDBv.7.1. CRPCs in the Beltran et al. cohort18 were divided into three 
subgroups (AR+CRPC (ARPC), AR–NE–PC (DNPC) and NEPC) using AR and NE 
scores generated by GSVA as previously described20.

For ChIP–seq, immunoprecipitated DNA was used for ChIP–seq library 
preparation created by Novogene. Paired-end sequencing of samples was 
performed on the Illumina platform. Adapters were cut by Cutadapt (v.2.6) and 
clean reads were then mapped to the human genome (GRCh38 release 84) using 
bowtie2 (v.2.3.5) and SAMtools (v.1.9) with default settings. Picard (v.2.25.5) 
was used to remove duplicates. Heatmaps and summary plots were generated by 
deepTools (v.3.3.1).

Generation and validation of anti-Gremlin1 antibody. Anti-Gremlin1 antibodies 
were generated by immunization of mice with human Gremlin1 recombinant 
protein (ACRO Biosystems). Serum from immunized mice was analyzed for 
anti-Gremlin1 titer by ELISA assay. B cells isolated from the mouse with the 
highest anti-Gremlin1 titer were selected for further electrofusion with myeloma 
cells in log-phase growth status (SP2/0). Hybridoma cells were then collected, 
washed and plated into 96-well cell culture plates. Using the ELISA binding assay, 
clones with high binding affinity were selected. After two rounds of rescreening, 
lead antibodies were obtained and evaluated by ELISA assay and immunoblotting 

to examine binding affinity, competitive binding ability and biological functions. 
The selected anti-mouse and anti-human Gremlin1 antibodies were then cloned 
and sequenced (Mabspace Biosciences). Plasmids containing anti-Gremlin1 
antibody heavy- and light-chain genes were cotransfected into Expi-CHO cells 
(Gibco). After incubation at 37 °C under a humidified atmosphere of 5% CO2 
for 12–14 days, the cell suspension was harvested and centrifuged at 4,000g for 
20 min. The cell culture supernatant was then filtered through a 0.22-µm filtration 
capsule to remove cell debris. The filtered supernatant was then loaded onto a 
pre-equilibrated Protein A affinity column. Protein A resin within the column was 
washed with equilibration buffer (PBS), and 25 mM citrate (pH 3.5) was used to 
elute the antibody. pH was adjusted to about 6.0–7.0 with 1 M Tris-base (pH 9.0). 
Endotoxin was kept below <1 EU mg−1. Purified antibody was then characterized 
by SDS–polyacrylamide gel electrophoresis and size exclusion chromatography–
high-performance liquid chromatography. The binding specificity of antibodies 
was carried out using ELISA with Gremlin1 and related proteins.

Anti-human Gremlin1 antibody (Mabspace Biosciences) was utilized to 
perform immunoblotting, immunofluorescence, IHC and immunoprecipitation 
assays. Specificity assessment of anti-human Gremlin1 antibody in all four assays 
was validated using GREM1-overexpressing and GREM1 knockout LNCaP 
cells and their respective controls (Extended Data Fig. 10). The procedure for 
immunoprecipitation of LNCaP cell lysates was conducted as described below. 
Mass spectrometry of anti-human Gremlin1 antibody immunoprecipitated 
proteins was performed by BGI genomics as previously described47. Details on the 
procedures used in these assays are provided below.

Hematoxylin and eosin, immunofluorescence, IHC staining and BiFC assay. 
Hematoxylin and eosin, immunofluorescence and IHC staining were conducted as 
previously reported48. Images of stained sections were captured using the Aperio 
ScanScope slide scanner (Leica Microsystems). Quantitative analysis and relative 
score standard of immunostained images were performed with Aperio ImageScope 
software (Leica Microsystems). Antibody staining area and image intensity 
were evaluated with the Aperio cytoplasm algorithm (Leica Biosystems), and 
H scores were calculated by averaging the intensity score for the analyzed region. 
Upregulation was defined when the cytoplasm H score of the cancer specimen was 
higher than that of the paired normal one. For coimmunostaining of Gremlin1 and 
FGFR1 experiments, LNCaP cells were treated with Gremlin1 (100 ng ml−1) alone 
or in combination with FGF1 (100 ng ml−1) for 10 min at 37 °C before washing and 
fixation.

For the BiFC experiment, cells transfected with plasmids GREM1-VN155 and 
FGFR1-CC155, individually or simultaneously, were plated on cover slides. When 
cell confluency reached 70% we replaced the culture medium with a basic medium 
without FBS and allowed cells to grow for a further 12 h. Cells were then kept at 
4 °C for 2 h and subsequently washed with ice-cold PBS. Slides were fixed with 
4% paraformaldehyde for 30 min at 4 °C and mounted with Vectashield mounting 
medium (Vector Laboratories). Fluorescent images were captured using a Leica 
DM2500 microscope.

Protein–protein interaction docking study. Gremlin1 (PDB: 5AEJ) was selected 
as ligand and FGFR1 (PDB: 3OJV) as receptor for protein–protein docking. The 
HDOCK web service was used for docking, with default parameters (http://hdock.
phys.hust.edu.cn/). Both ligand and receptor protein were first prepared within the 
Protein Preparation Panel in Schrodinger, with default parameters. Exported PDB 
files were used for job submission49.

PDO culture, PDX and cell line in vivo study. Fresh PCa samples were minced 
and digested following a reported protocol31. Established patient-derived cell 
lines BM1, BM61, ST88 and ST60 were cultured as previously described31. 
Patient-derived PDX MDA PCa 118b was kept and passaged as previously 
described32. All patient-derived cells were cultured in culture medium specific 
for human PCa organoids50. For patient-derived PDX experiments, 1 million cells 
mixed 1:1 with Matrigel (Corning), or tissues in small pieces, were injected or 
implanted subcutaneously (s.c.) into SCID mice. We started drug treatment when 
tumor volume reached approximately 200 mm3. Gremlin1 or IgG antibody was 
dissolved in PBS and administered i.p. at 10 mg kg–1 three times per week  
for 2 weeks.

1 × 106 PC3 control or PC3 sgFGFR1 cells were suspended in a volume of 50 μl 
of basic medium and then mixed with Matrigel at a ratio of 1:1. Cell suspensions 
were injected s.c. into the flanks of BALB/C nude mice (4 weeks old, male; SLAC). 
Tumor volume was measured three times per week from 1 week post implantation. 
We used the following formula to calculate tumor volume: tumor volume = (tumor 
length × width2)/2. Gremlin1 antibody or IgG was injected i.p. three times per 
week at 10 mg kg−1 for 2 weeks when tumor volume reached 100 mm3. Mice were 
sacrificed at about 30 days after implantation, when tumors were collected and 
photographed. All animal experiments were conducted according to the protocols 
approved by Ren Ji Hospital’s committee on animal care. All animals were 
sacrificed before 20% body weight loss had occurred.

RNA extraction and reverse transcription–qPCR. Total RNA of human prostate 
tumor samples, adjacent normal tissues and PCa cell lines was extracted by TRIzol 
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reagent (Invitrogen) according to the manufacturer’s protocol. RNA was reverse 
transcribed into cDNA using the PrimeScriptTM RT Reagent Kit (TaKaRa). qPCR 
was performed using the SYBR Green PCR kit (TaKaRa). β-Actin or GAPDH was 
used as the internal control gene. All results were calculated by the ΔΔct method 
and performed in triplicate. Primers used in the study are listed in  
Supplementary Table 1.

Immunoblotting, coimmunoprecipitation, pulldown assays and ChIP assay. 
Immunoblotting experiments were performed using conventional methods. Details 
of antibodies used in this study are provided in Supplementary Table 2.

For coimmunoprecipitation experiments with endogenous proteins, LNCaP 
or 293 T cells were washed twice with ice-cold PBS and fully lysed in M-PER 
Mammalian Protein Extraction Reagent (Thermo). For coimmunoprecipitation of 
exogenous, truncated or mutated proteins, cells were transfected with the indicated 
plasmids 48 h before harvest and lysis. Cell lysates were mixed with rabbit IgG 
(abclonal), mouse IgG (abclonal) or the indicated antibody at 4 °C overnight. 
Protein G Agarose beads (Roche) were then added with further incubation for 2 h. 
The beads were washed twice with HNTG buffer (50 mM HEPES pH 7.4, 150 mM 
NaCl, 10% glycerol, 1% Triton X-100) supplemented with protease inhibitor. 
Immunoprecipitates were boiled for 10 min at 98 °C in protein loading buffer 
(Beyotime) for further immunoblotting analysis. Information on antibodies used 
in coimmunoprecipitation experiments is provided in Supplementary Table 2.

Protein pulldown was performed using purified his-tagged Gremlin1 protein 
(ACRO Biosystems) and recombinant human FGFR1 beta (IIIc) Fc Chimera 
Protein (R&D). Gremlin1-his protein was enriched using Ni Sepharose 6Fast Flow 
(GE) following the manufacturer’s instructions. FGFR1-Fc protein was enriched by 
Pierce Protein A/G Magnetic Beads (Thermo). Pulled-down proteins were detected 
by immunoblotting.

For each ChIP assay, LNCaP or VCaP cells were cultured in 5% charcoal/
dextran-stripped FBS medium for 3 days and subsequently treated with DHT at 
varying concentration, with 1 × 107 cells harvested. The SimpleChIP Enzymatic 
Chromatin IP Kit (Magnetic Beads; CST) was used following the manufacturer’s 
protocol. The GREM1 promoter sequence was analyzed using JASPAR  
(http://jaspar.genereg.net/) software to search for androgen response elements. 
BLAST (blast.ncbi.nlm.nih.gov/Blast.cgi) was utilized to design qPCR primers for 
AR enrichment analysis. Details of primers used are provided in  
Supplementary Table 1.

Sphere and cell proliferation assays and Annexin V staining. Single PCa cells 
(GREM1 overexpression sublines, GREM1 knockdown sublines, PC3 or LNCaP 
cells following the indicated treatment) were suspended in prostate sphere culture 
medium (DMEM/F12 medium supplemented with N2 (Gibco), B27 (Gibco), 
epidermal growth factor (PeproTech) and fibroblast growth factor (20 ng ml−1, 
PeproTech). Cells were seeded in 24-well, low-attachment dishes (Corning) at 
1,000 cells per well in 500 μl. Sphere number was counted under a light microscope 
after 2 weeks.

Cell proliferation assay was performed with cell counting kit-8 (Dojindo). Cells 
were plated in 96-well plates at 1,000 cells per well and cultured under the indicated 
treatment condition. Cell proliferation was examined at 24, 48 and 72 h according 
to the manufacturer’s instructions.

Cell apoptosis was accessed by Annexin V-APC (eBioscience) and DAPI 
(Sigma) staining. Data were collected using a BD Fortessa Flow cytometer and 
analyzed with Flowjo software.

ELISA and ForteBio assay. For specific binding assays of DAN family proteins, 
high-binding, clear polystyrene, 96-well plates (Nunc) were coated with 100 μl 
per well of 2 μg ml−1 FGFR1-his (Sino biological) in high-pH coating buffer 
(PBS containing 0.16% Na2CO3 and 0.3% NaHCO3, pH 9.8) and incubated 
at 4 °C overnight. After three washes with washing buffer (PBS containing 
0.1% Tween-20) on an automatic plate washer, 200 μl of blocking buffer (PBS 
containing 1% BSA, 1% normal goat serum and 0.05% Tween-20) was added to 
each well and plates were incubated for 2 h at room temperature. DAN family 
proteins (Gremlin1, DAN, Gremlin2 and COCO) (Sino Biological) were labeled 
with biotin using the Biotin Antibody Labeling Kit (Novus). Serially diluted 
biotinylated DAN family proteins (0.0001–2.0 μg ml−1) were applied to wells 
with incubation at room temperature for 1 h. After a thorough wash, 100 μl of 
Neutr-Avidin (Thermo), diluted in blocking solution at 1:5,000, was then added 
to the plates with incubation at room temperature for 1 h. Finally, 100 μl per well 
of 3,3′,5,5′-tetramethylbenzidine (TMB; A:B = 1:1) was added to each well and 
the reaction terminated using 0.64 M H2SO4. The plates were read on a Thermo 
Multiscan FC at 450 nm.

For confirmation of anti-Gremlin1 specificity, ELISA plates were coated 
with 100 μl per well of 0.5 μg ml−1 Gremlin1-his (ACRO Biosystems) or DAN 
family proteins, with incubation overnight at 4 °C. Next, 100 μl of serially diluted 
anti-human-Gremlin1, anti-murine Gremlin1 or control IgG (0.0001—2.0 μg ml−1) 
was transferred to wells of the ELISA plates and allowed to incubate for 1 h at room 
temperature. This was followed by the addition to each well of 100 μl of a solution 
of horseradish peroxidase conjugated goat anti-mouse IgG and anti-human IgG 
antibody (Southern Biotech) diluted in blocking solution. Finally, 100 μl per well 

of TMB was added to each well. The reaction was terminated and the plates were 
detected following the methods described above.

For the competing assay of soluble FGFR1, 100 μl per well of 2 μg ml−1 anti-hFc 
(ACRO Biosystems) was coated on ELISA plates and the plates incubated for 
1 h. After washing and blocking, 100 μl of FGFR1-Fc was applied to the plates 
at 0.2 μg ml−1 per well at room temperature for 1 h. Mixtures of Gremlin1 and 
soluble FGFR1 (50 μl of serially diluted FGFR1-Fc (0.0001–20 μg ml−1) and 50 μl 
of Gremlin1-biotin (5 μg ml−1) were incubated at room temperature for 1 h before 
being adding to the plates. These mixtures were then transferred to wells and 
allowed to incubate for 1 h at room temperature. The plates were incubated with 
NeutrAvidin-HRP and detected by TMB, using the protocols mentioned above.

Interaction of Gremlin1 with FGFR1 was evaluated by surface plasmon 
resonance (ForteBio). Human Gremlin1-his (Peprotech) protein was diluted with 
kinetics buffer to 2 μg ml−1. Gremlin1 was immobilized onto a NTA biosensor. The 
baseline was detected for 60 s, then FGFR1 association was detected for 120 s to 
acquire Kon factor data followed by dissociation in kinetic buffer for 60 s to acquire 
Koff factor data. All kinetics data were collected at 30 °C. Data were acquired using 
the ForteBio Octet RED96 and analyzed using Octet Data Analysis software.

For the FGF1–Gremlin1 competing assay performed by ForteBio, 100 μl 
per well of FGFR1-his (Sino biological) at 5 μg ml−1 was added to the loading 
column of the plate. Human Gremlin1-Fc (ACRO Biosystems) and FGF1 (ACRO 
Biosystems) were diluted with kinetics buffer (PBS pH 7.4, containing 0.1% bovine 
serum albumin and 0.2% Tween-20) to achieve a concentration of 500 nM in the 
association column of a 96-well, half-area Microplate (Greiner Bio-one) at 100 μl 
per well. A mixture of Gremlin1-Fc and FGF1 at 500 nM was also added to the 
association column. Kinetics buffer was used as a reference control. NTA sensors 
were settled in the first baseline column for 60 s to acquire the first baseline. Next, 
these sensors were placed in the loading column for 120 s to capture the Gremlin1 
antibody and then in the second baseline column for 60 s for the second baseline. 
The NTA sensors were then placed in the association column for 300 s to ensure 
that protein–protein association was complete. Finally, the sensors were placed in 
the dissociation column for 100 s. Data were acquired and analyzed as above.

For the assessment of Gremlin1 or FGF1 concentration in prostatic fluid, the 
human Gremlin1 ELISA kit (LifeSpan BioSciences, no. LS-F6538) and human 
FGF1 ELISA kit (Boster Biosciences, no. EK0339) were used following the 
manufacturers’ instructions.

Statistical analysis and reproducibility. All statistical analyses were performed 
with GraphPad 7.0 software. Student’s t-test assuming equal variance was used, and 
two-way analysis of variance for independent variance. P < 0.05 was considered 
significant. Data distribution was assumed to be normal, but this was not formally 
tested. No data were excluded from the analyses. No statistical methods were used 
to predetermine sample sizes, but ours are similar to those reported in previous 
publications51. All animals were randomized and exposed to the same environment. 
Blinding was not performed in tumor measurement and IHC staining. Treatments 
or stimuli organized in regard to cells were all randomized. Human specimens 
were obtained from the Department of Pathology, Ren Ji Hospital by certified 
pathologists who were blinded to the experiments. Immunoblotting experiments 
were repeated at least three times, and representative images are shown. Further 
information on research design is available in the Nature Research Reporting 
Summary linked to this article.

Reporting summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Anti-human Gremlin1 antibody and anti-mouse Gremlin1 antibody were 
generated in this study. Deep-sequencing (ChIP–seq and RNA–seq) data that 
support the findings of this study have been deposited in the National Omics 
Data Encyclopedia, with accession number OEP001758. Previously published 
microarray data that were reanalyzed here are available at www.oncomine.org. The 
human PCa transcriptome data that support the findings of this study are available 
at www.cbioportal.com. The data from Beltran et. al. generated for this study are 
available through dbGaP phs000909 and can be accessed by agreement.
Source data for Figs. 1–7 and Extended Data Figs. 1–10 have been provided as 
Source Data files. All other data supporting the findings of this study are available 
from the corresponding author on reasonable request. Source data are provided 
with this paper.
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Extended Data Fig. 1 | Gremlin1 is upregulated in CRPCs and associated with a poor disease outcome. (a) Analysis of Oncomine PCa dataset (yu dataset 
(GSE6919), n = 64 tumor samples in primary site; n = 24 CRPC samples) demonstrates that the GREM1 expression level is significantly upregulated 
in castration resistant PCa. (b) The GREM1 gene transcription is significantly upregulated in DNPC (data were obtained from the Beltran 2016 dataset 
(dbGaP phs000909), n = 25 ARPC samples, n = 11 DNPC samples, n = 13 NEPC samples). (c) A significant shorter disease/progression-free survival time 
in patients carrying GREM1 gene copy number amplifications compared to patients without GREM1 DNA alterations (left panel) or in patients with higher 
GREM1 mRNA expression (right panel). (d) High expression of Gremlin1 has a positive correlation with poor overall survival in SU2C 2019 dataset (dbGaP 
phs000915). (e-f) GREM1 mRNA exhibits a negative correlation with AR score in the SU2C 2019 dataset, total n = 266 tumor samples, n = 133 tumor 
samples in the group of high AR score, n = 133 tumor samples in the group of low AR score. The AR score here was acquired from the cBioPortal database 
which contains 30 AR responsive genes described previously. FPKM, fragments per kilobase million. (g) The treatment time on AR targeted therapy in 
patient groups with high or low expression level of Gremlin1 in the SU2C 2019 dataset (dbGaP phs000915), n = 28 tumor samples in the group of GREM1 
high, n = 28 tumor samples in the group of GREM1 low. (Two-tailed Student’ s t test was used for the statistical analysis. Log-rank (Mantel-Cox) test was 
used for the survival analysis. Data are presented as means ± s.e.m.).
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | transcriptional suppression of aR on GREM1 depends on a high androgen concentration. (a-i) Immunoblotting and q-PCR 
analysis of GREM1 expression, and GREM1 promoter-driven luciferase assay in AR overexpressed LNCaP (a, b, g) or LAPC4 cells (c, d, h) and AR knock-
out LNCaP cells (e, f, i) (b, d, n = 4 independently treated cell cultures, f, n = 3 independently treated cell cultures, g, h, i, n = 3 independently transfected 
replicates). (j, k) The AR gene transcription is upregulated in LNCaP-R and VCAP cells treated with charcoal/dextran-stripped FBS for 3 weeks (VCAP-R) 
(n = 3 independently treated cell cultures). (l, m) LNCaP or LNCaP-R cells and VCAP or VCAP-R cells were treated with 0, 0.01, 0.1, 1, or 10 nM DHT for 
24 hrs. GREM1, KLK3 and OPRK1 mRNA are measured by q-PCR analysis (n = 3 independently treated cell cultures). (n) 0, 0.1 or 10 nM DHT were added to 
LNCaP cells for 4 hr. Binding of AR to the ARE of GREM1 or KLK3 gene is measured by ChIP q-PCR. (o) LNCaP-R cells were treated with or without 10 nM 
DHT. The enrichment of AR to GREM1 and KLK3 gene is measured by ChIP q-PCR (n = 3 independently treated cell cultures). (Two-tailed Student’ s t test 
was used for the statistical analysis. Data are presented as means ± s.e.m.).
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Gremlin1 promotes PCa cell proliferation, castration resistance and tumor growth in vivo. (a) Immunoblotting confirms the 
efficiency of GREM1 knockdown or GREM1 overexpression in PC3 cells. (b, c) GREM1 knockdown leads to a suppression of sphere formation capacity 
(n = 3 biological replicates) (b) and cell proliferation (n = 3 independently treated cell cultures) (c) in PC3 cells, while GREM1 overexpression or addition 
of exogenous Gremlin1 protein display a promoting effect. (d) Knockdown of GREM1 increases cell apoptosis in PC3 cells (n = 3 independently treated cell 
cultures). (e) GREM1 knockdown represses PC3 xenografts growth in vivo. n = 8 mice. (f) GREM1 knockdown increases cell apoptosis of PC3 xenografts 
in vivo characterized by the level of cleaved caspase3. (g) GREM1 overexpression promotes PC3 xenografts forming incidence and tumor growth in vivo. 
Scale bars = 1 cm. n = 6 mice in the xenograft experiments with 1×106 and 1×104 cells. n = 4 mice in the 1×104 cell xenograft assay. (h) Immunoblotting 
confirms Gremlin1 overexpression in LAPC4 cells transfected with GREM1 lentivirus. (i) Gremlin1 enhances sphere forming of LAPC4 cells (n = 3 
biological replicates). (j) Gremlin1 promotes the growth of LAPC cells under the ADT treatment (n = 3 independently treated cell cultures). (k) GREM1 
overexpression prevents cell death upon enzalutamide treatment characterized by a decreased Annexin V/DAPI staining (n = 3 independently treated cell 
cultures). Immunoblotting was repeated at least 3 times and representative images were shown. ADT: treated with enzalutamide at 10 μg/ml. (Two-tailed 
Student’ s t test was used for the statistical analysis. Two-way ANOVA analysis were used for the measurement of tumor volume. Data are presented as 
means ± s.e.m.).

NatuRe CaNCeR | www.nature.com/natcancer

http://www.nature.com/natcancer


Articles Nature CaNCerArticles Nature CaNCer

Extended Data Fig. 4 | Gremlin1 induces a decrease in aR signaling and alterations in expression of cell lineage genes in PCa cells. (a, b) q-PCR 
assessment of transcription of AR signaling genes, stem cell-related genes, basal, luminal, and neuroendocrine lineage makers in control and GREM1 
overexpressing LNCaP (a) or LAPC4 (b) cells (n = 3 independently treated cell cultures). (c, d) ARE-luciferase reporter assay demonstrates an AR 
signaling decrease upon GREM1 overexpression in LNCaP (c) (n = 3 independently transfected replicates) or LAPC4 (d) cells (n = 4 independently 
transfected replicates). (e, f) Gene set enrichment analysis shows a downregulation of AR signaling and luminal genes, and an enrichment of basal cell 
signature and stemness genes in Gremlin1 overexpressed LNCaP cells (e) and Hi-Myc mouse PCa derived organoids (f) (n = 3 independent samples). (g) 
ChIP-seq analysis indicate a reduced AR chromatin binding intensity at AR target genes.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Gremlin1 promotes PCa in a FGFR1/MaPK-dependent manner. (a) Gremlin1 treatment leads to an activation of FGFR1/MEK/
ERK signaling pathway in a dose-dependent way. FGF1 and FGF2 are used as positive controls. Concentration (ng/ml) of Gremlin1, FGF1 and FGF2 are 
shown in the figure. (b) FGFR1/MEK/ERK signaling pathway is activated in the GREM1 overexpressed PC3 and LNCaP cells. GREM1 overexpression also 
promotes FGFR2 and AKT phosphorylation. (c) Immunoblotting shows the efficiency of FGFR1 knockout in LNCaP cells. (d, e) FGFR1 knockout significantly 
attenuates the positive effects of Gremlin1 (100 ng/ml) on LNCaP-R cell proliferation (n = 3 independently treated cell cultures) and sphere formation 
(n = 3 biological replicates). (f, g) The promoting effects of Gremlin1 protein (100 ng/ml) on LNCaP-R cells proliferation (f, n = 6 independently treated 
cell cultures) and sphere forming (g, n = 4 biological replicates) are abrogated by FGFR1 or MEK inhibitors but are not affected by the addition of BMP4 or 
BMP6. BGJ398, FGFR1 inhibitor; Trametinib, MEK inhibitor. (h, i) FGFR1 activation promotes LNCaP cell growth in ADT condition (f, n = 4 independently 
treated cell cultures) or upon AR knock-out (g, n = 5 independently treated cell cultures). LNCaP or LNCaP sgAR cells were transfected with plasmids 
expressing FGFR1 N546K or FGFR1 R656P constitutively activated mutation, or treated with FGFR1 inhibitor BGJ398. (j) Addition of Gremlin1 protein 
enhances the cell proliferation in LNCaP AR knock-out cells (n = 5 independently treated cell cultures). Immunoblotting was repeated at least 3 times and 
representative images were shown. (Two-tailed Student’ s t test was used for the statistical analysis. Data are presented as means ± s.e.m.).
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Gremlin1 binds to FGFR1 in a way different from FGF1/FGFR1 interaction. (a) The specific binding of Gremlin1 to immobilized 
FGFR1 is competed by soluble FGFR1 in a dose-dependent manner (n = 2 technical replicates, experiments have been repeated twice). (b) Soluble FGFR1 
(200 ng/ml) competitively inhibits the activation of FGFR1/MEK/ERK signaling by Gremlin1 (100 ng/ml) in PC3. The experiments were repeated at least 
3 times with similar results. (c) Schematics of FGFR1 mutations. (d) FGFR1-C176G or FGFR1-R248Q mutation abolishes co-immunoprecipitation of FGF1 
and FGFR1(left panel), but do not influence the forming of protein complex between Gremlin1 and FGFR1(right panel). The experiments were repeated at 
least 3 times with similar results. (e-h) The binding between Gremlin1 and FGFR1 is not affected by addition of FGF1, and vice versa, which are revealed by 
Fortebio (e), co-immunostaining (f), pull-down (g), and immunoblotting (h) assays. Scale bars = 10 μm. The Fortebio experiment was repeated at least 
twice with similar results. The pull-down and immunoblotting assay were repeated at least 3 times with similar results. The immunostaining experiment 
was repeated at least twice. Multiple fields of cell culture slides were examined during each repeat and representative images were shown. (i) mRNA 
levels of GREM1 and FGFs in CRPCs (data were obtained from the Beltran 2016 dataset (dbGaP, phs000909), n = 49 tumor samples). (j) Correlation 
analysis of GREM1 and FGFs expression in CRPCs (data were obtained from the Beltran 2016 dataset (dbGaP, phs000909), n = 49 tumor samples). (k) The 
concentration of Gremlin1 and FGF1 in prostatic fluid of human PCa patients is analyzed by the enzyme-linked immunosorbent assay. n = 18 prostatic fluid 
samples in Gremlin1 ELISA assay; n = 23 prostatic fluid samples in FGF1 ELISA assay. (Two-tailed Student’ s t test was used for the statistical analysis. Data 
are presented as means ± s.e.m.).
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Extended Data Fig. 7 | Gremlin1 antibody treatment in mice does not cause major side effects in vivo. (a) Binding specificity of anti-murine Gremlin1 
antibody to Gremlin1 is validated by the enzyme-linked immunosorbent assay (n = 2 technical replicates, experiments have been repeated twice). Ab is 
anti-Gremlin1 in this figure. (b) Gremlin was mainly expressed by the tumorous epithelial cells in castrated Pbsn-Cre4; Ptenfl/fl; Trp53fl/fl PCa. Scale bars = 
20μm. The immunostaining experiment was repeated at least twice. The representative images were presented. (c) Grem1 was most highly expressed 
in the prostate cancer tissue compared to other organs from Pbsn-Cre4; Ptenfl/fl; Trp53fl/fl mice (n = 3 mice). (d, e) Gremlin1 antibody treatment does not 
induce major side effects when administered systemically to mice (10 mg/kg three times a week). No obvious alterations are detected in peripheral blood 
cell counts (d, IgG: n = 5 mice; Ab: n = 7 mice) or major organs (e) in mice received the antibody treatment. Scale bars: left panel = 2 mm; right panel = 
100 μm. Ab: anti-murine Gremlin1. (Two-tailed Student’ s t test was used for the statistical analysis. Data are presented as means ± s.e.m.).
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Extended Data Fig. 8 | Gremlin1 antibody treatment suppresses stem cell-related gene expression, whereas upregulates aR signaling and luminal 
signature genes in murine Pbsn-Cre4; Ptenfl/fl; Trp53fl/fl PCa. (a-e) q-PCR (a) and Gene set enrichment analysis (b-e) on stem cell-related gene, AR 
signaling, luminal, basal, and neuroendocrine signatures on anti-Gremlin1 antibody-treated murine Pbsn-Cre4; Ptenfl/fl; Trp53fl/fl prostate cancer tissue  
(n = 3 mice). FDR, false discovery rate. (Two-tailed Student’ s t test was used for the statistical analysis. Data are presented as means ± s.e.m.).
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | antitumor effects of the Gremlin1 antibody are acted through the FGFR1 inhibition. (a) Binding specificity of the anti-human 
Gremlin1 to Gremlin1 is validated by the enzyme-linked immunosorbent assay. Ab is anti-human Gremlin1 in this figure. (b) The antibody against Gremlin1 
(100 ng/ml) facilitates the inhibition of in vitro cell proliferation by enzalutamide (10 μg/ml) (n = 3 independently treated cell cultures). (c) Anti-Gremlin1 
treatment suppresses the sphere formation ability of LNCaP-R cells (n = 3 biological replicates). (d) Annexin-V/DAPI staining demonstrates that anti-
Gremlin1 antibody displays a synergistic effect with enzalutamide in inducing cell death (n = 2 independently treated cell cultures, experiments have 
been repeated at least 3 times). (e) The activation of FGFR1/MEK/ERK signaling pathway is suppressed by the Gremlin1 antibody in LNCaP-R cells. 
The experiment was repeated at least 3 times with similar results. (f) Immunoblotting confirms the efficiency of BMPR2 knockout in LNCaP-R cells. The 
experiment was repeated at least 3 times with similar results. (g) BMPR2 knockout shows no significant influence to the inhibitory effect of Gremlin1 
antibody (10 μg/ml) on LNCaP-R cell proliferation (n = 3 independently treated cell cultures) and sphere formation (n = 3 biological replicates). Ab: anti-
Gremlin1. ADT: treated with enzalutamide at 10 μg/ml. (h) Anti-Gremlin1 antibody (10 μg/ml) suppresses PCa PDO formation in a serial organoid forming 
assay (n = 3 biological replicates). (i) Expression levels of FGFR1 in four patient-derived xenograft lines are assessed by immunoblotting. The experiment 
was repeated at least 3 times with similar results. (j) FGFR inhibitor BGJ398 decreases organoid forming capacity of BM1 and BM61 PDX lines. No 
additive effect is detected between BGJ398 (1 μM) and Gremlin1 antibody (10 μg/ml) treatment (n = 3 biological replicates). Scale bars= 50 μm. FGFRi, 
FGFR1 inhibitor BGJ398. (Two-tailed Student’ s t test was used for the statistical analysis and the tumor size at the end timepoint was analyzed. Data are 
presented as means ± s.e.m.).
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Extended Data Fig. 10 | Validation of the anti-human Gremlin1 antibody for various applications and gating strategy for flow cytometry in this 
study. (a-c) Antibody specificity of the anti-human Gremlin1 antibody (Mabspace Biosciences) in immunoprecipitation, immunoblotting, IHC and IF 
was validated using GREM1 overexpressing, GREM1 knockout and respective control LNCaP cells. IHC Scale bars = 50 μm, IF Scale bars = 20 μm. The 
immunostaining experiment was repeated at least twice and representative images were presented. The immunoblotting experiment was repeated at 
least 3 times with similar results. (d) Mass spectrum of immunoprecipitants with the anti-human Gremlin1 antibody (Mabspace Biosciences) in LNCaP 
cells shows an enrichment of the Gremlin1 protein. The experiment was repeated at least 3 times with similar results. (e) Gating strategy for the flow 
cytometric examination of apoptosis in this study. The frequency of the cells in the apoptotic stage were calculated based on APC + /DAPI−.
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