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Abstract.  

The Crk adaptor protein, a critical modifier of multiple signaling pathways, is overexpressed in 

many cancers where it contributes to tumor progression and metastasis.  Recently, we have 

shown that Crk interacts with the peptidyl prolyl cis-trans isomerase, Cyclophilin A (CypA; 

PP1A) via a G219P220Y221 (GPY) motif in the carboxyl-terminal linker region of Crk, thereby 

delaying pY221 phosphorylation and preventing down-regulation of Crk signaling. Here we 

investigate the physiological significance of the CypA/Crk interaction and query whether CypA 

inhibition effects Crk signaling in vitro and in vivo.  We show that CypA, when induced under 

conditions of hypoxia, regulates Crk pY221 phosphorylation and signaling in cancer cell lines. 

Using NMR spectroscopy, we show that CypA binds to the Crk GPY motif via the catalytic PPII 

domain of CypA, and small molecule non-immunosuppressive inhibitors of CypA (Debio-025) 

disrupt the CypA-CrkII interaction and restores phosphorylation of Crk Y221. In cultured cell 

lines, Debio-025 suppresses cell migration, and when administered in vivo in an orthotopic 

model of triple negative breast cancer, Debio-025 showed anti-tumor efficacy either alone or in 

combination with anti-PD1 mAb, reducing both tumor volume and metastatic lung dispersion. 

Furthermore, when analyzed by Nanostring immune profiling treatment of Debio-025 with anti-

PD1 mAb increased both T cell signaling and innate immune signaling in TME.   

 

Implications: These data suggest that pharmacological inhibition of CypA may provide a 

promising and unanticipated consequence in cancer biology, in part by targeting the CypA/Crk II 

axis that regulates cell migration, tumor metastasis, and host anti-tumor immune evasion.  
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Introduction. 
 
CT10 regulator of kinase (v-Crk), originally identified as a transforming gene in the avian 

chicken tumor virus CT10 1,2, encodes a modular Src homology 2 (SH2) and Src homology 3 

(SH3) domain-containing adaptor protein that mediates assemblages of protein-protein 

interactions downstream of tyrosine kinases 3,4.  By binding to tyrosine phosphorylated 

cytoskeletal proteins, such as Paxillin and p130Cas/BCAR1 via the SH2 domain, and proline 

(PxxP)-containing proteins, including DOCK1 and C3G via the SH3N domain, Crk links 

signaling from integrins and growth factor receptors in order to regulate proliferation, motility, 

and survival 5,6,7. Pathophysiologically, when Crk is overexpressed in cancer cells, the adaptor 

protein function of Crk amplifies tyrosine phosphorylation-dependent signaling and can facilitate 

cell transformation, migration/invasion, and metastasis 8,9.  In addition to the SH2 and SH3N, the 

predominant cellular Crk isoform (c-Crk II) also encodes a  ~50 amino acid proline-rich linker 

sequence between the SH3 domains and an atypical carboxyl-terminal SH3 domain (SH3C) 

that does not bind proline-rich sequences 5,6,10,11.   Both the SH3 linker sequence and SH3C 

function as negative regulatory elements that curtail the adaptor protein function of c-Crk II, 

explaining why c-Crk II has less cell transformation and oncogenic activity compared to v-Crk 12.  

In the case for the negative regulatory activity of the SH3-SH3 linker sequence, this motif 

contains a consensus GPY221DHP224 that when (tyrosine) phosphorylated by either receptor 

tyrosine kinases (i.e. EGFR, PDGFR-B) 13,14,15 or non-receptor tyrosine kinases (i.e. Abl, Arg) 

16,17, promote a conformation change via an intra-molecular pTyr221-SH2 domain clamp that 

restricts the SH2 domain from binding other tyrosine phosphorylated proteins in trans, thereby 

inhibiting canonical Crk signaling 12. Reversible tyrosine phosphorylation of Tyr221 allows fine-

tuning of Crk-II adaptor function and permits dynamic regulation in signal transduction.   

 

While Tyr221 phosphorylation/dephosphorylation represents a general on-off switch 

mechanism for the Crk adaptor function, we have recently described a separate level of 
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regulation for Crk II, whereby CypA (a peptidyl-prolyl cis-trans isomerase (PPIase) that 

catalyzes cis-trans isomerization of peptide bonds preceding proline residues)  binds directly to 

the Crk II pTyr221 site via a G219P220  motif immediately adjacent to Tyr221 phosphorylation site 

18. The GP duet of Crk II is a preferred substrate for CypA 19, and when bound by CypA, delays 

both EGFR and Abl-mediated phosphorylation of Tyr221 phosphorylation in vitro and the 

subsequent negative regulation of the Crk II 18.   Based on this arrangement, and the fact that 

CypA has been shown to be up-regulated and overexpressed in a variety of human cancers, 

including breast cancer 20, non-small cell lung carcinoma (NSCLC) 21, lung adenocarcinoma 

22,23, gastric cancer 24, pancreatic cancer 25, melanoma 26 and linked with aggressive cancer 

phenotypes including increased cell proliferation, cell invasion, and chemo-resistance 27, and 

hypoxia 28, we posit that CypA binds to Crk Y221 to delay negative regulation and augment Crk 

signaling.   Indeed, previous findings that siRNA to CypA 29 suppress cancer cell growth and 

metastasis support a role for CypA in oncogenic processes, although it is not clear whether 

CypA inhibition indirectly impinges on Crk signaling pathways to drive oncogenesis.    

 

While Crk has a well-established role in cancer, and has been intensely studied with 

respect to signaling downstream of integrins and growth factor receptors to control a variety of 

cellular functions important for the malignant phenotype, including proliferation, migration, and 

invasion 5,6, recently we identified an unexpected role for Crk for regulating the anti-tumor 

immune response in mouse model for triple negative breast cancer 30.   We found that Crk 

knockout in the poorly immunogenic 4T1 cell line, generated by CRISPR/Cas9 gene editing, led 

to decreased EMT and PD-L1 on the tumor cells, and broadly regulated the tumor 

microenvironment in an immune-competent syngeneic Balb/c model, including the enhanced 

infiltration of T lymphocytes, the elevation of cytotoxic effector cytokines, elevation in immune-

surveillance cytokines and interleukins, and decreased TH2 cells and tumor suppressive 

cytokines such as TGF-beta 30.  
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Here we explored the physiological significance of the Crk/CypA interaction in cell lines 

and in an in vivo tumor model.   Consistent with previous reports showing that many solid 

tumors can up-regulate CypA expression 28,31,32, we show using unbiased mass spectrometry 

that CypA is up-regulated in hypoxia, and in doing so, delays growth factor (EGF)-inducible 

tyrosine phosphorylation of Crk II. Using the low molecular weight CypA inhibitor Debio-025 33,34, 

we show in vitro that Debio-025 dissociated CypA from Crk, and in cell lines decreased motility 

and invasion of cancer cells.  Moreover, in vivo, oral gavage administration of Debio-025 shows 

anti-tumor and anti-metastastic activity and can synergize with anti-PD-1 checkpoint therapy.  

Together, these data suggest that pharmacological inhibition of CypA targets Crk indirectly by 

changing the kinetics of Crk Tyr221 phosphorylation to inhibit canonical Crk signaling. These 

data also show a potential therapeutic activity of Debio-025 in immune-oncology applications as 

a cancer repurposed drug that can target, in part, the Crk/CypA axis.  

 
 
Materials and Methods. 

Protein isolation and immunoblotting 
 
Whole cell lysates of cells were prepared in HNTG buffer (HEPES 50mM, NaCl 150mM, Triton 

X-100 1%, Glycerol 10%) supplemented with protease inhibitor cocktail (Sigma) and 

phosphatase inhibitor cocktail (Cell Signaling Technology, CST). Cell were scraped, incubated 

on ice for 10min and centrifuged at 12,000rpm for 10min. Cleared lysates were isolated, mixed 

with SDS containing Laemmli buffer boiled for 5min and resolved by SDS-PAGE. 

Immunoblotting was performed using monoclonal Crk (CST), CypA (CST), Crk pY221 (CST), 

HIF1 (NovusBio), β-actin (CST) antibodies.  

 

Cell lines and Hypoxia conditions 
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MDA-MB-231, MDA-MB-468, HS683 and DU145 cells were purchased from ATCC. 4T1-luc2-

GFP cells were purchased from Caliper Life Sciences. The cells were grown either in DMEM or 

RPMI supplemented with 10% FBS and 1% penicillin-streptomycin as suggested by ATCC. To 

induce hypoxia Cobalt chloride (CoCl2) was added at the indicated concentrations in the media 

or the cells were cultured in hypoxia incubator (Coy Laboratory Products). After thawing, cells 

were used for up to 8-10 passages and their authenticities were checked by Short Tandem 

Repeat (STR) analysis according to manufacturer’s protocol (GenePrint 10 System, Promega). 

Cells were routinely checked for mycoplasma contamination using universal mycoplasma 

detection kit (ATCC 30-1012K). 

 

Mass spectrometry for hypoxia induced protein estimation: 

MDA-MB-231 breast adenocarcinoma cells were cultured in normoxia or hypoxia conditions by 

culturing cells in common incubators with 5% CO2 or hypoxia incubators. The cells were 

cultured and passaged for 2-3 times, after which the lysates were prepared in HNTG buffer and 

after tryptic digestions and separation of peptides, samples were subjected to mass 

spectrometry at the Center for Advanced Proteomics Research (CAPR) at Rutgers University. 

For protein identification, a minimum of 5 peptides counts were used as threshold cut-off for 

each protein. Number of peptides enriched in hypoxic conditions are presented as heatmap.  

 

Protein expression and Nuclear Magnetic Resonance analysis:  

CrkII and CypA were expressed as previously described 18. Briefly, isotopically labelled samples 

were prepared by growing cells in M9 minimal medium supplemented with 1g l-1 of 15NH4Cl and 

2g l-1 of glucose. Crk II and CypA constructs were grown at 37 ⁰ C and protein synthesis was 

induced by addition of 0.25mM IPTG at OD600 ~0.4. Cells were lysed by sonication and the 

cytoplasmic fraction separated by centrifugation at 50,000g. The lysate was loaded onto Ni-NTA 

agarose resin (GE) equilibrated with Tris buffer and 1M NaCl, pH 8. Protein was eluted with 

400mM imidazole, and after TEV cleavage, the sample was concentrated and applied to a 

Superdex 75 size-exclude. All samples were monomeric in solution at concentrations used for 
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the NMR studies (0.3-0.5mM) as confirmed by multi-angle-light scattering (MALS). The NMR 

buffer used was 50mM potassium phosphate, 150mM NaCl, pH 6.5, 3mM 2-mercaptoethanol, 

0.5mM EDTA.  

 

Real-time cell migration assay 

Real time cell migration assay was performed using XCELLigence RTCA DP. Briefly, cells were 

serum starved overnight with 0.5% FBS containing media. 40,000 cells/well were added in 

upper well of XCELLigence RTCA DP plate in 100uL volume in starvation media while 180uL of 

complete media with 10%FBS was added in lower chamber as chemo-attractant. For Debio-025 

experiments, the drug was added in the starvation media while seeding cells in the 

XCELLigence plate. For the hypoxia experiment, cells were pretreated with CoCl2 for 24 hours 

and then subjected to XCELLigence assay. 

 

CypA knockdown 

Transient transfection of plasmid encoding shRNA targeting CypA were performed using 

specific shRNA obtained from Santa Cruz Biotechnology (Catalog # sc-142741-SH) according 

to manufacturer’s protocol. shRNA plasmids that encodes scrambled shRNA sequence were 

used as control (sc-108060). 72 hours post transient transfection cells were harvested for 

confirmation of knockdown using Western blotting and migration assays.  

 
 
In vivo experiments  
 
For the in vivo studies, 6-week-old, female Balb/C mice from Jackson laboratory were used. 

100,000 4T1-Wild-type cells were injected in the mammary fat pad of each mice. The tumors 

were palped every 3 days, and body weight and tumor volumes were measured. At the end of 

the 6 weeks or when tumor size reached 2cm in size, the mice were sacrificed, and tumors and 

lungs were harvested. Debio-025 were administered at indicated concentrations every 3 days 
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via oral gavage. No significant differences in the mice body weight were observed due to drug 

treatment. Anti-PD1 mAb (Bioxcell, clone: 29F.1A12) or isotype IgG antibodies were 

administered (i.p.) every 3 days at 200mg/kg/day dosage in the combination experiments with a 

total 4 administrations per group/ study starting at day 10. For estimation of metastasis lungs 

were washed with PBS thrice and added to Bouin's solution. Pulmonary metastases were 

counted using stereomicroscope by two investigators separately. All the procedures involving 

animal care use were approved by IACUC of Rutgers University.  

 

NanoString immune-profiling analysis 

Total RNA was isolated from three primary tumors /group from each group: Placebo+ Isotype, 

Isotype+ Debio-025, Placebo+ anti-PD1 and Debio-025 + anti-PD1 using RNeasy Plus™ total 

RNA Isolation kit (QIAGEN). All the RNA samples have passed quality control (assessed by OD 

260/280). Samples were subjected to analysis by nCounter murine PanCancer Immune Profiling 

Panel according to manufacturer’s protocol at NYU Genomic Center (NanoString Technologies). 

Normalization of raw data was performed using the nSolver 3.0 analysis software (NanoString 

Technologies). RNA samples were subjected to direct gene expression analysis by measure 

counts of mRNA/per sample using murine nCounter® PanCancer Immune Profiling Panel. 

Multiplex assay consisting of 770 murine inflammatory response genes were analyzed using 

nSOLVER™ Analysis software 3.0 by the methods described previously. FOV (Fields of view) 

counts that were successfully counted were normalized for each gene using average values of 

FOV counts 15 housing-keeping genes. The gene expression (represented in FOV counts) for 

each gene for all groups were calculated, and resulting data was presented using Graphpad 

Prism software for statistical analysis.  

 
TCGA and TIDE analyses 
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RNA-sequencing datasets from multiple cancer types from The Cancer Genome Atlas (TCGA) 

and paired normal tissues from GTEx datasets were analyzed for PPIA (CypA) expression using 

Gene Expression Profiling Interactive Analysis (GEPIA) tool (reference). Log2 (TPM+1) scale is 

used to represent expression of CypA across cancer and normal tissues. Adrenocortical 

carcinoma (ACC), Bladder Urothelial Carcinoma (BLCA), Breast invasive carcinoma (BRCA), 

Cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC), Cholangio 

carcinoma (CHOL), Colon adenocarcinoma (COAD), Lymphoid Neoplasm Diffuse Large B-cell 

Lymphoma (DLBC), Esophageal carcinoma (ESCA), Glioblastoma multiforme(GBM), Head and 

Neck squamous cell carcinoma (HNSC), Kidney Chromophobe (KICH), Kidney renal clear cell 

carcinoma (KIRC), Kidney renal papillary cell carcinoma (KIRP), Acute Myeloid Leukemia 

(LAML), Brain Lower Grade Glioma (LGG), Liver hepatocellular carcinoma (LIHC), Lung 

adenocarcinoma (LUAD), Lung squamous cell carcinoma (LUSC), Mesothelioma (MESO), 

Ovarian serous cystadenocarcinoma (OV), Pancreatic adenocarcinoma (PAAD), 

Pheochromocytoma and Paraganglioma (PCPG), Prostate adenocarcinoma (PRAD), Rectum 

adenocarcinoma (READ), Sarcoma (SARC), Skin Cutaneous Melanoma (SKCM), Stomach 

adenocarcinoma (STAD), Testicular Germ Cell Tumors (TGCT), Thyroid carcinoma (THCA), 

Thymoma (THYM), Uterine Corpus Endometrial Carcinoma (UCEC), Uterine Carcinosarcoma 

(UCS), Uveal Melanoma (UVM). Survival analyses were performed using KM plotter tool 35.  To 

define high and low expression of CypA in tumor RNA seq samples the cohorts were divided 

into two groups according to the median (or upper and lower quartile) expression of the PPIA 

gene. Follow up threshold were set to prevent exclusion of all patients from survival analysis. 

Tumor IMmune Estimation Resource (TIMER) analysis was performed to estimate the exclusion 

of immune cell populations with expression of CypA as described 36. Tumor Immune 

Dysfunction and Exclusion (TIDE) analyses were performed to estimate survival benefit in 

context of cytotoxic T lymphocyte infiltration in CypA high and low tumors as previously 

described 37.  
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Statistical analyses 
 
Differences between groups in all in vivo experiments were examined for statistical significance 

using a two-tailed Student's t-test. Difference in tumor growth was assessed by 2-way ANOVA 

using with repeated measures. Bartlett’s test was used to determine whether the datasets 

followed Gaussian distribution. Unpaired t test with Welch’s correction was used for datasets 

with Gaussian distribution, while Mann-Whitney test was performed for non-Gaussian datasets. 

GraphPad PRISM was used to perform statistical analyses and chart the graphs. P < 0.05 was 

considered significant. 

 
Results. 
 
Hypoxia-inducible CypA expression suppresses EGF induced Crk Y221 phosphorylation.  

 
Crk II, an SH2 and SH3 domain-containing adaptor protein, has important functions for 

cytoskeletal remodeling following extracellular activation of integrins and growth factor receptors 

such as 1 integrin or EGFR 13,38,39. Previously we showed that Crk Y221 phosphorylation and 

signaling is regulated by CypA  (PP1A), a peptidyl prolyl cis-trans isomerase that is 

overexpressed in a wide range of cancers, binds GP motif and delays Crk Y221 

phosphorylation18.  Here, by analyzing pan-cancer RNA sequencing expression data from 9736 

tumors and 8587 normal samples (obtained through TCGA and GTex datasets) the expression 

of CypA mRNA is significantly upregulated in multiple human cancers including breast, colon, 

prostate and lung cancer (Fig. 1A). Additionally, distant metastasis free survival analysis using 

1746 breast cancer patient’s microarray datasets, showed that higher level of CypA is 

associated with poor patient survival outcomes (Fig. 1B). Since CypA expression has been 

linked to hypoxia and HIF-1, via the arrangement of tandem HIF-1 responsive elements in 

the CypA promoter region and can be a way to acutely alter CypA levels 28,40, we first examined 

CypA and other members of the peptidyl prolyl cis-trans isomerase family by unbiased LC-
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MS/MS techniques in MDA-MB-231 tumor cells under normoxia and hypoxia (Fig. 1C).  

Interestingly, under these conditions, CypA/PP1A was most robustly up-regulated at the protein 

level compared to the PPI/FKBP family members, although several members (PPIF, PPIG, 

others) showed finite up-regulation under hypoxia, indicating this phenomenon is not exclusive 

to PPIA.   

To test hypoxia-induction of CypA in cancer cells more formally, we subjected MDA-MB-

231 cells to chemical hypoxia (CoCl2 induction)41 and physical hypoxia (2% atmospheric 

oxygen) (Fig.1 D-E) and tested effects of hypoxia-induced CypA on kinetics of Crk Y221 

phosphorylation (Fig.1 G-I).   Notably, we observed that in both chemical and physical 

conditions of hypoxia, CypA protein expression in MDA-MB-231, MDA-MB-468, and mouse 4T1 

cells, was induced in a dose and time dependent manner (Fig. 1 D-E) that also correlated with 

HIF-1 expression (Fig. 1F). Previously, we showed that CypA and Crk interaction could 

suppress Crk Y221 phosphorylation in vitro. We next assessed whether CypA, 

pathophysiologically induced under conditions of acute experimental hypoxia, could also 

suppress the kinetics of Crk phosphorylation in cells lines.  When Hs683, MDA-MB-468 and 

MDA-MB-231 cells were subjected to chemical hypoxia and serum starvation as above, 

followed by EGF stimulation to induce Crk Y221 phosphorylation. As shown in Fig.1 G-I, while 

EGF stimulation enhances Crk Y221 phosphorylation in a time dependent manner, Crk Y221 

phosphorylation is suppressed by hypoxia induction.  Together these data indicate that hypoxia 

induction enhances CypA expression and suppresses EGF induced canonical Crk signaling 

mediated by Crk Y221 phosphorylation in cancer cell lines.   

 
Debio-025 disrupts the Crk-CypA complex formation by a CypA-specific interaction. 
 
 

We hypothesized that since hypoxia provides a pathophysiological setting for up-

regulation of CypA, therefore subsequent alteration in the Crk signaling axis that regulates cell 

migration, invasion, and metastasis would affect these phenotypes.  To address this 
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experimentally, we employed Debio-025 (Alispoivir), a previously described CypA inhibitor and 

non-immunosuppressive Cyclosporin A analog originally developed as a selective HCV inhibitor 

since HCV replication depends on the peptidyl propyl cis-trans isomerase activity of CypA 33,34. 

We tested the ability of Debio-025 to block Crk-CypA complex formation using NMR 

spectroscopy on purified proteins.  As such, we first determined the effect of CypA on Crk II 

(Fig.2 A).  As previously shown, CypA uses its catalytic site to binds to CrkII at the GP motif.  

This binding can be observed by a titration experiment of 15N labeled CrkII (1-304) with 

unlabeled CypA. Resonance around Pro220 which include Tyr221, (the primary phosphorylation 

site of CrkII) and Ala222 are completely broadened out indicating direct binding (Fig.2 D-F). To 

test whether Debio-025 can displace CypA from the CrkII-CypA complex, Debio-025 was 

titrated against the 15N labeled CrkII and unlabeled CypA pre-formed complex. As shown in 

Fig.2 C, CypA is completely displaced by the inhibitor, whereby resonances for Y221 and 

Ala222 reappear (Fig.2 D-F).  As a control, to test whether Debio-025 interacts with CrkII, 

Debio-025 was titrated to 15N labeled CrkII (1-304). As shown in Fig.2 B, no perturbations were 

observed indicating that CrkII does not interact with the inhibitor.  Rather, Debio-025 binds with 

high affinity to the CypA catalytic site abolishing the binding of CypA and CrkII (Fig.2 G-I). 

Together these data indeed show that Debio-025 blocks the Crk-CypA complex formation by 

specifically targeting CypA.  

 
 
Debio-025 treatment inhibits cell migration in a CypA dependent manner. 
 

To investigate whether Debio-025 alters cell migration, a characteristic phenotypic 

outcome mediated by canonical Crk signaling, DU145 prostate cancer cell line, MDA-MB-231 

breast cancer cell line and Hs683 glioblastoma multiforme cell line were serum starved (to 

reduce Crk Y221 phosphorylation) and subsequently treated with EGF and either 10 μM Debio-

025 or vehicle as control and subjected to real-time cell migration analysis using XCELLigence. 

Under these conditions, Debio-025 treatment suppresses cell migration in all three cancer cell 
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lines (5-fold decrease in DU145 and Hs683 and more than 2-fold decrease in MDA-MB-231 

cells) (Fig.3 A). To further test the requirement of CypA for Debio-025-mediated suppression of 

cell migration, CypA was targeted by shRNA knockdown in MDA-MB-231 cells (Fig.3 B) and 

subjected the CypA knockdown cells or scramble knockdown (control) cells to cell migration 

analysis post-Debio-025 treatment. Interestingly, while Debio-025 suppresses cell migration of 

control cells, it loses the ability to suppress migration of CypA knockdown cells (Fig.3 C). We 

also tested whether the Debio-025 affects the cell proliferation of MDA-MB-231 cells, DU145 

and Hs683 cell lines using ATP based cell proliferation analysis (Fig.3 D). Debio-025 does not 

affect the cell proliferation of the tumor cell lines further reaffirming that the change in cell index 

in the XCELLigence based experiments were primarily due to cell migration capacity of cells 

and not due to increased cell proliferation. These results indicate a functional inhibition of Crk 

signaling by disrupting the CrkII-CypA complex with Debio-025.  

 
Debio-025 suppresses 4T1 tumor growth and metastasis and enhances efficacy of anti-

PD1 immune checkpoint blockade therapy. 

As noted above, Crk is overexpressed in many cancers including breast cancer and 

drives tumor growth and metastasis. We have recently shown that genetic ablation of Crk 

suppresses tumor immune evasion and enhance responsiveness to anti-PD1 therapy30.  While 

CypA augments Crk signaling in biochemical and cell biological outcomes, it is not clear if 

increased CypA in a pathological in vivo setting would enhance tumor growth and metastasis. 

To assess a potential benefit of targeting CypA with a small molecule inhibitor in a tumor model, 

we used oral formulation of Debio-025 in a 4T1 triple negative breast cancer model. In a 

therapeutic experiment, 7 days post tumor cell injection, mice were treated every three days for 

five times with different dosage of Debio-025 or placebo control by oral gavage (Fig.4 A). We 

found that Debio-025 treatment significantly decreases 4T1 tumor growth at 50, 80 and 

100mg/kg/day doses and enhances survival of tumor bearing mice (Fig.4 A-B).  While higher 

doses of Debio-025 modestly decrease body weight, the mice recover completely on withdrawal 
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of the drug (Fig.4 C).  Importantly, tumor weights and pulmonary metastases per mice at the 

end of the study were significantly suppressed by the Debio-025 treatment (Fig.4 D-E). 

Representative images of tumor and lung metastasis are shown (Fig.4 D-E, right panels). To 

further test whether the differences in the tumor growth in the Debio-025-treated group were 

due to a tumor intrinsic survival and proliferation defect, the 4T1 tumor cell line was subjected to 

in vitro cell proliferation assay in presence of different doses of Debio-025. Debio-025 treatment 

does not inhibit the cell proliferation capacity of 4T1 cells (Fig.4 F), consistent with the results 

with other cancer cell lines (Fig.3 D), indicating a role for the tumor cell extrinsic mechanism in 

suppression of tumor growth and metastasis. Concomitant with suppressed tumor growth, 

splenomegaly, a phenotype linked with tumor growth, was also suppressed by Debio-025 

treatment (Fig.4 G). Together these results show that a novel non-immunosuppressive CypA 

inhibitor Debio-025 can suppress triple negative breast tumor growth and metastasis by tumor 

extrinsic mechanism (s).  

Clinical and therapeutic relevance of CypA expression in tumor immunity. 

Hence, to investigate CypA-dependent tumor cell extrinsic mechanisms that may lead to 

suppression of tumor growth, we performed a systematic analysis of immune infiltrates in 

human breast tumor microenvironment using TIMER analysis (Tumor IMmune Estimation 

Resource) and human breast cancer TCGA datasets 42.  We found that in all breast cancer 

TCGA datasets (BRCA, Luminal, Basal and Her2) mRNA levels of CypA negatively co-related 

with intra-tumoral infiltration of CD8 T cell, macrophages and dendritic cells, indicating a direct 

role for higher CypA expression in suppression of tumor immunity human breast cancer (Fig.5 

A). To examine the clinical benefit in survival of patients based on CypA expression levels and 

calculated levels of CD8 T cell infiltration, TIDE analysis (Tumor Immune Dysfunction and 

Exclusion) was utilized to provide data-driven gene signatures of T cell dysfunction computed 

from large amount of cancer clinical datasets including TCGA and METABRIC 43. All patients’ 

datasets were divided according to expression level of CypA (higher or lower than mean 
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expression values of all patients). The impact of CypA expression and calculated levels of 

cytotoxic T Lymphocyte (CTL) were used to compute overall and disease-free survival of 

patients. As indicated, the infiltration of CTL in patients with lower expression of CypA 

significantly improved overall and disease-free survival (Fig.5 B). Higher expression of CypA 

negatively correlated with CTL (Fig.5 A) and showed no benefit in improving patient survival 

(Fig.5 B).  

 

To experimentally examine a causal effect of intra-tumoral CypA expression in 

suppressing tumor-infiltrating immune cell populations, we used anti-PD1 immunotherapy 

model. Previously, we have shown that Crk signaling regulates PD-L1 expression on 4T1 cells 

and that genetic ablation of Crk may increase response to anti-PD1 checkpoint therapy 30. As 

Debio-025 targets Crk signaling via CypA, we hypothesized that suppression of CypA-Crk axis 

by Debio-025 treatment might amplify response to anti-PD-1 treatment by enhancing anti-tumor 

immune cell populations in tumor.  To test this, mice with palpable tumors were administered 

every three days for four times with 50mg/kg/day Debio-025 (oral) and 200mg/kg/day of anti-

PD1 (i.p.). While Debio-025 and anti-PD1 showed suppression in tumor growth and metastasis, 

both of these phenotypes showed synergistic therapeutic benefit and enhanced survival of 

tumor bearing mice upon combination of Debio-025 with anti-PD1 treatment (Fig.5 C-F). These 

results indicated a role for CypA targeting by non-immunosuppressive Debio-025 inhibitor for 

control of tumor growth, metastasis and enhancing response to anti-PD1 checkpoint treatment 

in breast cancer model.  

Combination of Debio-025 with anti-PD1 immune checkpoint blockade therapy amplifies 

CD8 T cell and innate immune cells infiltration and effector response  

 

T cell exhaustion in breast cancer provides a tumor immune evasion mechanism and 

provides resistance mechanism to anti-PD1 immunotherapy. To experimentally examine our 
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observations from the TIMER analysis indicating a negatively correlation between CypA 

expression and breast tumor intrinsic CD8 T cell and innate immune cell populations 

(macrophages and dendritic cells), we subjected the three tumors/group from Debio-025 and 

anti-PD1 combination therapy experiment to unbiased RNA based tumor immune profiling using 

Nanostring analysis. Analysis of FOV (field of view gene counts) for 700 immune related genes 

revealed that intra-tumoral CD8 T cells population was synergistically improved by combination 

of Debio-025 with anti-PD1. In addition, expression of multiple bonafide genes characteristic of 

effector T cell response (Cd2, Glycam1, Cd33, Cd44, Cd69 and Cd27) were upregulated by 

combination of Debio-025 and anti-PD1 group as compared to anti-PD1 treatment alone (Fig.6 

A). Similarly, expression of cytotoxic serine protease Granzyme B and mitogenic cytokine IL-2 

secreted by effector CD8 T cells were enhanced significantly in Debio-025 and anti-PD1 

combination group as compared with anti-PD1 alone, indicating enhanced cytotoxic and 

activation status of CD8 T cells in Debio-025 and anti-PD1 combination therapy group.  

As the results from TIMER analysis (Fig.5 A) predicted an inverse correlation between 

CypA expression and innate immune cell (macrophages and dendritic cells) populations, we 

analyzed expression of genes characteristic of this pathway from the aforementioned 

Nanostring data. We found that Ifna1, Ifnb1 and Cd36 genes that are involved in Type I 

interferon response were up-regulated in Debio-025 + anti-PD1 combination group as compared 

to anti-PD1 treatment alone (Fig.6 B). Serpinb2 (plasminogen activator inhibitor-2) that is 

commonly induced during inflammatory processes and upregulated in activated macrophages 

were amplified in combination group. Consistent with increase in Type I interferon genes, 

interferon-stimulated genes Ifit1, Isg15, Oas2, Oas3 and Oasl1, that mediate anti-viral immunity, 

were also significantly upregulated by both Debio-025 single agent and Debio-025+ anti-PD1 

combination groups (Fig.6 C). Although Ddx58, Irf7 and Cd22 innate immune genes showed a 

trend of additive increased expression in combination group, it did not reach significance. The 

analysis of tumor microenvironment expression of cytokines, chemokines and chemokine 
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receptors was extended; whereby neutrophil-recruiting cytokines Cxcl1 (expressed on activated 

macrophages) and Cxcl5 (produced after stimulation of cells with inflammatory cytokines such 

as TNF-α and IL-1) were upregulated in combination group as compared to anti-PD1 alone 

(Fig.6 D). Consistently, Cxcr5 (promotes tumor infiltration and pro-inflammatory functions of 

CD8 T cells), Tnfrsf1b (TNF receptor 1b), and Tnfrsf10b (TRAIL receptor 2) that promotes TNF-

α induced apoptosis were also upregulated by Debio-025 and anti-PD1 combination (Fig.6 E-F). 

Conversely, expression of tumor promoting anti-inflammatory cytokine TGF-β was significantly 

suppressed by combination therapy (Fig.6 G). Taken together, these results suggest a direct 

role for targeting CypA to enhance tumor immunogenicity and also identify a potential strategy 

for improving tumor response to anti-PD1 therapy.  

 
Discussion. 
 

Previously, we showed that CypA, a peptidyl-prolyl cis-trans isomerase up-regulated in 

cancers and a key determinant to malignant transformation and metastasis, binds to the GPY221 

auto-inhibitory motif in Crk II to delay Crk Tyr221 phosphorylation and the subsequent down-

regulation in Crk signaling 18. These results, together with observations that both CypA and Crk 

are substantially upregulated in clinically high-grade cancers, suggest that targeting the CypA 

axis with non-immunosuppressive Cyclosporin A (CsA) derivatives might be an effective 

approach for cancer therapeutics, in part by targeting the Crk/CypA axis. Here we show that 

Debio-025 (Alisporivir), a non-immunosuppressive small molecule CypA inhibitor, is effective to 

inhibit Crk/CypA interactions by binding to the catalytic site of CypA.  Debio-025 is effective in 

blocking cell migration of tumor cells, and biochemically can target Crk II by delaying the 

kinetics of Crk Y221 phosphorylation, a read-out of Crk adaptor protein function.  In vivo, Debio-

025 has notable anti-tumorigenic and anti-metastatic activity in a 4T1 mouse orthotopic model of 

triple negative breast cancer. When combined with immune checkpoint therapeutic anti-PD1 

mAb, Debio-025 cooperates to enhance anti-tumor and anti-metastatic activity and induces an 
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immunogenic response including the activation of cytotoxic T cell and innate immunity.  These 

studies identify an unanticipated function for CypA inhibition in the immuno-oncology 

applications that can be explored in a broader range of tumor types.  

While CypA is ubiquitously expressed, and has pleotropic activities that control protein 

dynamics and folding under normal physiological conditions, it is also substantially up-regulated 

in a variety of solid cancers CypA 44 and a direct target of HIF-1 indicating CypA’s role in the 

adaptation of the tumor microenvironment to hypoxia 
28.  Mechanistically, the oncogenic roles of 

CypA are likely to be complex and multifactorial.   Elevated levels of CypA can act on general 

protein folding pathways 45,46
 acting as ‘foldases’ to accommodate increased rates of protein 

translation (observed in cancers) or can act in a chaperone capacity to stabilize oncogenic client 

proteins from ubiquitin-mediated degradation 27,47.  However, emerging studies also indicate that 

CypA targets specific signaling and oncogenic pathways to facilitate cancer progression.  For 

example, it has been observed that CypA regulates Jak2/Stat5 signaling in the mammary 

epithelium and that CypA KO, or CypA inhibitors (CsA or NIM811) blocked Prolactin-dependent 

Jak2 phosphorylation and subsequent breast cancer proliferation, motility, invasion, and 

metastatic progression in ER+ tumors 48.  Other studies have shown that CypA promotes non-

small cell lung cancer via p38 MAPK 22, and in glioma, CypA can maintain glioma-initiating cell 

stemness by regulating Wnt/β-catenin signaling 49.  Interestingly, in addition to its intracellular 

role, CypA can also be secreted from cells in response to inflammation and hypoxia 47,50 and, in 

doing so, act on specific extracellular receptors and matrix metalloproteinases such as CD147, 

MMP-3 and MMP-9 29,44 to alter the tumor microenvironment.   In the present study, we show 

that CypA targets the canonical auto-inhibitory switch mechanism (Tyr221 phosphorylation) that 

is required for down-regulating Crk adaptor function and suppressing migration and invasion.  

Evidence for a functional biological role for the Crk Y221/Crk is supported by our studies that 

hypoxia acutely increases CypA levels and concomitantly delays pTyr221 phosphorylation in 
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response to EGF.  This supports the idea that in addition to increased CypA in many solid 

cancers, hypoxia may additionally target the Crk/CypA axis to increase migration and invasion 

of cancer cells.  

While Crk has been intensely studied with respect to its central role in cell motility and 

invasion, and in metastasis in vivo, we have recently shown using CRISPR-Cas9-mediated 

knockout of Crk in the poorly immunogenic breast adenocarcinoma 4T1 model, that Crk 

knockout suppresses EMT and PD-L1 expression on tumor cells, and acts additively with anti-

PD-1 therapy 30.  Interestingly, Crk knockout tumors showed significant increase in intra-tumoral 

immune infiltration of CD8+ and CD3+ cells, elevations in immunogenic cytokines.  Cell 

autonomous effects of Crk knockout are reminiscent of studies by Jiang and colleagues, 

showing that inhibitors of focal adhesion kinase (FAK) 51 increases tumor surveillance and 

synergizes with anti-PD1 checkpoint therapeutics 52.  Consistent with this idea, studies 

employing genome-scale CRISPR-Cas9 screens to identify mechanisms of tumor cell 

resistance have identified Crk as a candidate marker that un-sensitizes tumor cells to T cell 

killing 53.  Hence, signaling at focal adhesions, such as the activation of Crk and FAK may act as 

“signaling hubs” for cell intrinsic immune escape.  While it has been experimentally difficult to 

target Crk, either using phosphopeptide mimetics to target the SH2 domain or proline-rich 

peptide mimetics to target the SH3 domain, as these consensus sequences target overlapping 

SH2/SH3 domains.  Likewise, although miR-126 has been shown to be down-regulated in 

several cancers and can target Crk, this miR-126 also has significant off-target effects and lacks 

ease of delivery of into tumor cells 54-56.  The present findings that CypA inhibitors Debio-025 

partially phenocopy Crk KO together with fact that Crk is regulated in trans by CypA might have 

translational significance, given the previous development and FDA approval of Debio-025 for 

other applications such as HCV replication.  

In summary, our results indicated that Crk, via its tyrosine 221 auto-inhibitory motif, 

represents a functionally relevant target for CypA and may be targeted small molecule CypA 
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inhibitors such as Debio-025.  A correlation was observed between elevated CypA levels and 

cancer grade and furthermore, mouse models indicate that in vivo administration of Debio-025 

alone or in combination with anti-PD1 checkpoint promote significant tumor suppression in a 

triple negative breast cancer model.   The models here support further pre-clinical investigations 

using non-immunosuppressive CypA inhibitors such as Debio-025 for repurposing into oncology 

applications. 
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Figure legends. 
 

 
Figure 1: Hypoxia induces CypA expression and suppresses EGF induced Crk Y221 

phosphorylation: A. Expression of CypA in human cancers by TCGA RNAseq data analysis. 

Log2 (TPM+1) scale of transcript per million of CypA in indicated number of normal and 

cancerous tissues are shown. Refer to method section for abbreviations of shown cancer types. 

B. Distant metastasis free survival (DMFS) of breast cancer tumor RNASeq data analyzed by 

CypA expression (high (red; N=1035) and low (black; N=711) expression and presented in 

Kaplan-Mayer curve. Hazard ratio and P value calculated using Cox regression analysis are 

indicated. C. Protein expression of multiple proline-prolyl isomerase upon induction of hypoxia 

by mass-spectrometric analysis. Relative change in peptide counts of each proline-prolyl 

isomerase in normoxic and hypoxic conditions presented in heatmap. D-E. Western blot 

analysis of CypA gene expression in MDA-MB-231 by chemical hypoxia (CoCl2 treatment) (a) 

and physical hypoxia (hypoxia chamber) (b). F. Western blotting analysis of hypoxia induced 

CypA and HIF1α expression in MDA-MB-231, MDA-MB-468, and 4T1 cells. G-I. Representative 

images from Western blot analysis of Crk Y221 phosphorylation upon induction of hypoxia in 

HS683 (G), MDA-MB-468 (H) and MDA-MB-231 cells (I). Densitometric analysis using ImageJ 

is shown below each panel. The bar graphs represent mean expression of Y221 phosphorylated 

versus total Crk in each group from three independent experiments. Cells were pretreated with 

CoCl2 overnight in serum starved medium followed by EGF stimulation for indicated time points, 

lysates were made and probed for Crk Y221 phosphorylation.  
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Figure 2: Debio-025 disrupts the Crk-CypA complex formation by a CypA-specific 

interaction: A. Overlaid 1H-15N HSQC NMR spectra of labeled CrkII (green) and labeled CrkII 

titrated with equimolar unlabeled CypA (yellow). B. Overlaid 1H-15N HSQC NMR spectra of 

labeled CrkII (red) and labeled CrkII titrated with equimolar Debio-025. C. Overlaid 1H-15N   

NMR spectra of labeled CrkII (red) and labeled CrkII titrated with equimolar unlabeled CypA-

Debio-025 complex (green). Schematic models are shown for each condition below. D-F. 

Zoomed view of 1H-15N HSQC NMR spectra of residues of CrkII showing interaction with CypA.  

G-I. Molecular models showing CrkII and Debio- 025 occupy the same binding site on CypA. 

CypA (grey, PDB:ID 5HSV) shown as a surface representation and binding pocket for Debio- 

025 and CrkII (dark red) (G), Debio- 025 (cyan) bound to CypA (H) and CrkII peptide (216 - 

PEPGPYAQP - 224) (cyan) bound to CypA (PDB ID: 2ms4) (I). CrkII and Debio- 025 occupy the 

same binding site on CypA.  

Figure 3: Debio-025 treatment inhibits cell migration in a CypA dependent manner: A. 

Tumor cell migration in response to Debio-025 treatment. DU145, MDA-MB-231 and Hs683 

cells were assessed for tumor cell migration using XCELLigence assay towards serum gradient. 

B. Western blotting analysis of CypA knockdown using shRNA in MDA-MB-231 cells. C. 

Determination of effect of scramble and CypA knockdown on migration of MDA-MB-231 cells. D. 

Cell proliferation assays using CellTiter-Glo Luminescent Cell Viability Assay on DU145, MDA-

MB-231 and Hs683 cells to test the effect of the Debio-025 on cell proliferation of cancer cells. 

Error bars, S.D.; all P values are based on one-sided Student’s t-tests. **P<0.001, ***P<0.001, 

ns (non-significant). 

 

Figure 4: Debio-025 suppresses primary tumor growth and metastasis in murine breast 

cancer model: A. Tumor growth of WT 4T1 cells in mice administered with 50, 80 or 

100mg/kg/day of Debio-025 or vehicle control. B. Kaplan-Mayer curve showing percentage 

survival of tumor bearing mice upon Debio-025 treatment. C. Body weight analysis of 4T1 tumor 

bearing mice upon administration of vehicle or indicated dosage of Debio-025. D. Tumor weight 

of 4T1 tumor bearing mice at the end of 36 days upon indicated Debio-025 treatment. 

Representative tumors sizes from Debio-025 administered groups or vehicle treatment 

(n=8/group) are shown. E. Metastasis of 4T1 tumor bearing mice at the end of 36 days upon 

indicated Debio-025 treatment with representative metastatic lung nodules from the four 

treatment groups. F. Cell growth assay using MTT to estimate change in rate of cell proliferation 
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upon treatment with indicated concentrations of Debio-025 for 4 days. G. Change in spleen 

weight upon Debio-025 treatment in tumor bearing mice.  

 

 

Figure 5: CypA expression negatively correlates with cytotoxic immune cell populations 

and clinical response to checkpoint blockade and targeting CypA provides enhanced 

therapeutic response with immunotherapy: A. TIMER (Tumor IMmune Estimation Resource) 

analysis plots for breast cancer sequencing data from TCGA plotted and classified for overall 

breast cancer specimens (BRCA), basal subtype (BRCA-Basal), Her2 negative subtype (BRCA-

Her2) and luminal subtype (BRCA-Luminal). Adjusted for purity of tumor samples sequencing 

data, correlation plots show CypA expression and extent of infiltration levels of CD8+ T cells, 

macrophage and dendritic cells inferred from sequencing data. B. TIDE (Tumor Immune 

Dysfunction and Exclusion) analysis plots for estimation of CypA as a gene expression 

biomarker to predict the clinical response to immune checkpoint blockade in CypA high and low 

expressing breast tumors (top, TCGA cohort), (middle, METABRIC cohort) and colorectal 

tumors (bottom, TCGA cohort). C-F. Estimation of efficacy of Debio-025 anti-PD1 combination 

therapy in suppressing primary and metastatic 4T1 tumors: Debio-025 and anti-PD1 or isotypes 

and vehicle control on 4T1 tumor growth were administered (see methods for details) to 

estimate changes in (C) primary tumor growth), survival (D) tumor weight (E) and pulmonary 

metastasis (F) (n=6-8/group). Error bars, S.D.; all P values are based on one-sided Student’s t-

tests or two-way repeated measure ANOVA. *P<0.05, **P<0.001, ****P<0.0001, ns (non-

significant).  

 

 

Figure 6: Effect of Debio-025 and anti-PD1 combinatorial therapy on enrichment of anti-

tumoral immune cell response.  

Gene expression of immune related genes using Nanostring pan-cancer immune profiling panel 

was performed from tumors harvested at the end of the study from placebo + Isotype, placebo 

+anti-PD1, Isotype + Debio-025 and Debio-025 + anti-PD1 treatment groups and subjected to 

Nanostring analysis. FOV counts per gene from each sample were calculated from normalized 

expression presented using nSolver software. A. FOV counts for T cell markers and cytokines 

related to T cell function are shown (CD8a, Cd2, Glycam1, Cd33, Cd44, Cd69, Gzmb, Cd27, 

Il12rb1, Il12b and Il2). B. FOV counts from RNA based Nanostring analysis for innate immune 

response markers are shown for each treatment group (Cd22, Cd36, Ddx58, Ifna1, Ifna4, Ifnb1 
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and Irf7). C. Interferon stimulated gene (ISGs) expressions between different groups are shown 

(Ift1, Isg15, Oas2, Oas3, and Oasl1). D-G. Immuno-attractant chemokines (Cxcl1, Cxcl5) (D) 

and receptors (Ccr2 and Cxcr2) and Cxcr5 (E), anti-tumor chemokine receptors (Tnfrsf10b and 

Tnfrsf1b; (F)) and TGF-β (G) gene expressions between each group are shown. RNA 

expression values are presented in FOV counts and graphically represented by GraphPad 

Prism. Error bars indicate SD. Statistically significant differences are indicated in each case. *p< 

0.05; **p< 0.01 ***p< 0.001 and ****p < 0.0001 versus vehicle group. (n=3 per group; Student’s 

two tailed t test). 
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