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Abstract

Triple-negative breast cancer (TNBC) is an aggressive disease with limited therapeutic options
and a high propensity for metastasis. Cdc42 GTPase-activating protein (CdAGAP/ARHGAP31) is
highly expressed in TNBC, yet the molecular determinants underlying its pro-metastatic activity
remain unclear. Here, we identify a pro-invasive domain (PID) within the C-terminus of CdGAP
required for breast cancer progression and metastasis. Using an HER2* mouse mammary tumor
model and genetic knock-out and knock-in models in TNBC cells, we show that loss of CdAGAP
C-terminus suppresses tumor cell proliferation, migration, invasion, and lung metastasis without
affecting primary tumor formation. Mechanistically, CAGAP PID interacts with the LIM-domain
protein LIMDI1 at focal adhesions to regulate cell morphology and adhesion dynamics.
Transcriptomic profiling reveals that CdGAP and its C-terminal PID control a shared gene
expression program enriched for WNT signaling. Accordingly, deletion of CAGAP C-terminus
impairs canonical WNT/B-catenin signaling by increasing expression of the WNT inhibitor
KREMENTI and reducing LRP6 cell-surface availability. Importantly, a CdGAP-associated WNT
transcriptional signature predicts reduced metastasis-free and overall survival in TNBC patients.
Collectively, these findings uncover a GAP-independent, pro-invasive function of CdGAP that
links focal adhesion dynamics to WNT pathway activation, highlighting the CAGAP C-terminus

as a potential therapeutic target in aggressive breast cancer.
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Introduction

Breast cancer is a heterogeneous disease and the most commonly diagnosed cancer among
women worldwide [1]. Metastatic dissemination is the leading cause of breast cancer-related
mortality. Among the molecular subtypes of breast cancer, amplification of the human epidermal
growth factor receptor 2 (HER2/NEU) occurs in approximately 15% of primary breast tumors and
is associated with early metastatic progression and poor survival rates when developing resistance
to anti-HER?2 therapies. In contrast, triple negative breast cancer (TNBC), defined by the absence
of estrogen receptor (ER), progesterone receptor (PR), and HER2 expression, accounts for 15-20%
of all breast cancers [2]. TNBC is highly invasive and is associated with shorter patient survival
due to its increased propensity for distant metastasis, particularly to the brain and visceral organs,
as well as the lack of effective targeted therapies. Given the central role of metastatic dissemination
in breast cancer mortality, there is a pressing need to identify the molecular regulators that promote
invasive and metastatic behavior. In this context, defining the signaling pathways that regulate cell
migration, adhesion, and metastatic progression is essential for the development of new therapeutic
strategies.

Rho GTPases act as molecular switches to regulate gene expression, cytoskeletal dynamics,
and the cell cycle. They are positively regulated by guanine nucleotide exchange factors (GEFs)
and negatively by GTPase-activating proteins (GAPs) and guanine nucleotide dissociation
inhibitors (GDIs) [3]. Even though numerous RhoGAPs have been described as tumor suppressors
due to their ability to inactivate Rho GTPases, new evidence identifies some of them as
oncoproteins [4]. Cdc42 GTPase-activating protein (CdGAP, also known as ARHGAP31), is a
RhoGAP for the GTPases Racl and Cdc42 [5]. CdGAP has been previously established as a

positive modulator of HER2-positive (HER2+) breast cancer and prostate tumor progression and
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metastasis [6-8]. The crosstalk of CdGAP with the tumor suppressor protein deleted in colorectal
cancer 1 (Dlcl)-RhoA axis and the modulation of TGF-f-mediated cellular processes facilitate
cell proliferation, migration, invasion, and metastasis in HER2+ breast cancer [7]. Additionally,
the proline-rich domain (PRD) of CdGAP mediates the transcriptional co-repression of E-
cadherin, promoting epithelial-to-mesenchymal transition [6]. Of interest, the loss of the PRD and
C-terminal region in CdGAP due to premature termination mutations in patients with the rare
developmental Adams-Oliver Syndrome (AOS) results in phenotypic cellular changes involving
aberrant GAP activity, cell migration and proliferation, in addition to the lack of E-cadherin
repressing activity [9, 10]. Thus, these previous studies underscore the importance of the C-
terminus in CAGAP cellular functions, which presents notable features because it encompasses
GAP-independent  functions including protein-protein interactions, post-translational
modifications, and transcriptional activities that could potentially enable cancer cells to adopt
aberrant phenotypes. However, how the C-terminus region of CdGAP contributes to breast
tumorigenesis and progression remains unknown.

In this study, we explored the contribution of the CAGAP C-terminus to key cellular
processes involved in tumor progression and metastasis. We identified the CAGAP C-terminus as
a pro-invasive domain (PID) required to promote breast cancer metastasis to the lungs in a HER2+
murine breast cancer model. In addition, the CdAGAP C-terminus modulated cell morphology, cell-
cell adhesion, proliferation, migration, invasion, and metastatic potential in TNBC. We further
identified a novel interface between the CdGAP C-terminus and LIMDI1 at focal adhesions in
TNBC cells, where these proteins cooperatively controlled cytoskeletal rearrangements and focal
adhesion dynamics. Furthermore, we demonstrated that the CAGAP C-terminal region mediated

crosstalk with the activation of the canonical WNT/B-catenin signaling pathway. It significantly
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impacted a WNT signaling gene signature in TNBC that is associated with poor overall survival
in patients. Collectively, these findings establish CAGAP C-terminus as a novel therapeutic target
in the most aggressive breast cancer molecular subtypes and support new opportunities for

targeting WNT signaling pathway in TNBC.
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Materials/Subjects and Methods

In vivo mouse model

Transgenic Mouse Mammary Tumor Virus (MMTV)-Neu FVB/NJ (MMTV-NeuNDL2-5)
mice was previously described [11]. The CdGAP (P668T P670X) knock in (ki) mice were
generated by McGill Integrated Core for Animal Modeling. CRISPR/Cas9 technology was used
to generate the CdGAP P668T P670X allele (Supplementary Fig. 1A), which encodes the truncated
mutant form of CdGAP lacking the C-terminal end of this protein. For targeting CdGAP P668T
P670X, three Guide RNAs (gRNAs) (Supplementary Table 1) were designed following the

instructions at http://crispr.mit.edu/. Mice were generated by electroporation of the three gRNAs

and Cas9 protein into single-cell FVB/NJ mouse zygotes. Live pups born from these females were
genotyped by PCR amplification of genomic DNA extracted from the tail. The targeted region was
amplified  using  the  genotyping  primers (5’CAGCCATGGTTACTGAGGC3;
5’AGTAAGAGGGGGAGAGAGATTCC3’) (Supplementary Table 2). The products were sent
for direct Sanger sequencing (Génome Québec). Instead of 5° CCGATTCCT 3’ in wild-type
CdGAP sequence, two founder males had established 5’ACGATTTAA 3’ mutations in their two
CdGAP alleles. Founder mutants underwent at least 2 generations of backcrossing with wild-type
FVB/N mice before establishing progeny. Heterozygous CdGAP*"% mice were intercrossed to
generate CdGAP""™, heterozygous CdGAP", and homozygous CdGAP** animals. After
producing 10 generations of progeny from the mating of heterozygous mice, backcrossing was
performed with wild-type FVB/NJ (Charles River) mice before continuing with further analysis.
All tail veins experiments were performed in 8-weeks female athymic mice purchased from

Charles River Laboratories. All animal protocols (protocol no. 7665) were approved by McGill
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University Animal Use and Care Committee, in accordance with guidelines established by the

Canadian Council on Animal Care.

Whole-Mount analysis of mammary glands

CdGAP"% mice were intercrossed with FVB/NJ mice to determine if mammary gland
development requires the C-terminal region of CdGAP. The #4 and #9 mammary glands were
collected from 9-, 12-, and 15-weeks old CdGAP""™ or CdGAP"* mice. Mammary glands were
stained in carmine red solution, dehydrated in an ethanol gradient, cleared in xylene, and mounted
using Permount (Fisher). The developmental status of the mammary gland was determined by
counting the mammary tree branching from the nipple to the last branch. Quantification of
Mammary Intraepithelial Neoplastic (MIN) lesions was done in the same way on tumor-free
mammary glands #4 and #9 from Neu*CdGAP""* and Neu" CdGAP"* mice at 5 weeks after tumor

onset [12]. The total amount of MIN lesions was counted under the microscope.

Tumor progression studies

CdGAP*% mice were intercrossed with MMTV-Neu transgenic mice to generate large cohorts of
female mice. The mammary tumor formation was determined by manual palpation weekly. Each
female mouse was euthanized 5-weeks after tumor onset and analyzed by collecting the mammary
glands, tumors, and lungs. The amount and volume of tumor nodules and the presence of lung
lesions were determined as previously described [12]. The lungs were embedded in paraffin and
cut at 4 um every 100 pm followed by staining with hematoxylin and eosin (H&E). Lung

metastatic lesions were counted under the microscope.

Intravasation Assay
The quantification of Circulating Tumor Cells (CTCs) was performed as previously described [6].

After 5-weeks tumor onset, 0.5-1ml of the circulating blood was drawn by cardiac puncture from
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anesthetized Neu"CdGAP""™' and Neu"CdGAP"* female mice. Blood was plated directly in
DMEM (Wisent: 319-005-CL) with 5% fetal bovine serum (FBS), 150 ul of 10 mM EDTA and
Ix Mammary Epithelial Growth Supplement (MEGS) (ThermoFisher: S0155). Media was gently
changed to remove the red blood cells without disturbing the attached tumor cells once every three
days. After 14 days, tumor cell colonies were counted. Tumor blood burden was calculated as the

total colonies divided by the volume of blood taken and tumor weight collected.

Public clinical data analysis

Cancer type and clinical characteristics associated with CAdGAP genomic and transcriptomic
alterations were evaluated using the Molecular Taxonomy of Breast Cancer International
Consortium (METABRIC) dataset (n=1866) [13, 14] and cBioPortal platform for cancer genomics
[15-17]. CdGAP expression in breast cancer cell lines was analyzed using the Broad Institute
DepMap Expression Public 23Q4 dataset, which includes 66 breast cancer cell lines (data available

at https://depmap.org). Survival analyses were performed using three publicly available breast

cancer cohorts. Data from the Jézéquel cohort (GSE58812) [18] and Brueffer cohort (GSE96058)
[19] were obtained from the Gene Expression Omnibus (GEO), whereas data from the Metastatic
Breast Cancer (MBC)  project [20] were  retrieved  through  cBioPortal
(https://www.cbioportal.org/study/summary?id=brca_mbcproject wagle 2017). Only patients
with TNBC, as defined in the original studies and with available survival data, were included in

these analyses.

Cell lines and treatment
MDA-MB-231 (ATCC HTB-26, RRID: CVCL 0062), HS578T (ATCC HTB-126, RRID:
CVCL _0332), and HEK293 (ATCC, CRL-1573, RRID: CVCL_0045) cells were cultured in

DMEM (Wisent: 319-005-CL) supplemented with 10% fetal bovine serum (FBS) (Wisent:
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090150), 1% penicillin/streptomycin (Wisent: 450-201-EL) and maintained in a 5% CO2
atmosphere at 37°C. The cell lines were routinely tested for the presence of mycoplasma
contamination using the mycoplasma PCR detection kit (ZmTech: M209001). Cell lines
authentication was done using Short Tandem Repeat (STR) analysis (GeneCopoeia). For
stimulation of the Wnt signaling pathway, MDA-MB-231 cells were treated for 24 hours with 5%
conditioned medium (CM) derived from an L cell line engineered to secrete Wnt3a, R spondin 3

and Noggin (L-WRN) [21].

Transfection and plasmids

Transfections of TNBC cell lines were performed using the JetPrime in vitro DNA & siRNA
transfection kit (Polyplus: 101000046) at a ratio 1:2 (DNA: reagent) following the guidelines
provided. HEK293 cells were transfected with the indicated plasmids with polyethyleneimine
(PEL PolySciences, PA). The plasmid and PEI reagent were mixed at a ratio 1:2.5 (DNA: PEI) as
described before [6]. A list of plasmids used for cell transfections is shown in Supplementary Table

3 [22-24].

Generation of CdAGAP knock-out (KO), LIMD1 KO, and CdGAP knock-in (KI) monoclonal
cell lines by CRISPR/Cas9

LIMD1 KO, CdGAP KO and KI cell lines were generated using the CRISPR/Cas9 technology
[25]. Using the online tool Benchling (https://benchling.com), the 20 nucleotide-single guide
RNAs (sgRNAs) were designed (Supplementary Table 1) and subcloned into the pSpCas9(BB)-
2A-Puro (Px459) V2.0 plasmid system. The oligonucleotide primer pairs were 5’ phosphorylated
by incubating them with T4 polynucleotide kinase (New England BioLabs: M0201S) in T4 DNA
ligase Reaction Buffer (New England BioLabs: B0202S) for 30 min at 37°C. Next,

oligonucleotides were incubated in a 95°C heat block for 5 min, followed by removing the block
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from the heat and allowed to cool down to 25°C. The annealed oligonucleotides were diluted 1:200
in sterile water. The Px459 plasmid was digested with FastDigest Bpil in 10X FastDigest Buffer
(Thermo Scientific: FD1014) for 1h at 37°C, followed by dephosphorylation using FastAP
thermosensitive alkaline phosphatase (Thermo Scientific: EF0654) for 30 min at 37°C. The
phosphorylated oligonucleotides were ligated with the digested Px459 plasmid using T4 DNA
ligase in T4 DNA ligase Reaction Buffer at 16 °C overnight. Plasmids were transformed into
DH5a competent cells (Invitrogen: 18258-012) and isolated using the PureLink™ HiPure Plasmid
Maxiprep kit (Invitrogen: K210007). TNBC cell lines were transfected with plasmids as described
above and cells were selected with puromycin (1 pg/ml) (Sigma-Aldrich: G9023) 72h post-
transfection. To isolate clonal cell lines, cells were serially diluted in 96-well plates. After clonal
expansion, detection of CAGAP or LIMDI1-depleted and CdGAP KI cell lines were assessed by
immunoblotting. Due to the inherent variability of the non-homologous end joining (NHEJ) repair
pathway, resulting CdGAP KI proteins displayed differences in molecular weight due to variable
frameshift length. Genomic DNA was extracted from monoclonal cell lines, and the targeted
region was amplified by PCR and submitted for Sanger sequencing. Open reading frames (ORFs)
were analyzed using the online ORF finder tool https://www.ncbi.nlm.nih.gov/orffinder/, and the
presence or absence of stop codons was manually verified by scanning for in-frame TAA, TAG,
or TGA codons. The two monoclonal cell lines derived from parental HS578T were identical,
expressing a truncated version of CdGAP corresponding to amino acids 1-681 followed by a
frameshift extension to residue 692. From parental MDA-MB-231 cells, KI1 cell lines expressed
a variant consisting of residues 1-680 followed by a frameshift extension to residue 768, while

KI2 expressed a 1-680 variant with a longer frameshift extension, explaining the increased
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molecular weight. Despite these frameshift differences, all KI variants served as functional models

to study the role of the C-terminal region of CdGAP.

Immunoprecipitation and immunoblotting

As described previously [7], cells were lysed in RIPA buffer (50 mM HEPES pH 7.5, 0.1% sodium
dodecyl sulfate, 1% Triton X-100, 0.5% sodium deoxycholate, 50 mM sodium fluoride, 150 mM
sodium chloride, 10 mM EDTA pH 8.0, 50 mM sodium orthovanadate, 20 mM leupeptin, 20 mM
aprotinin and 1 mM phenylmethylsulphonyl fluoride). Next, the protein lysates were subjected to
centrifugation at 10,000 % g for 15 min at 4 °C to remove insoluble materials. Sample protein
concentration was determined using the Bicinchoninic Acid Assay (BCA) protein kit (Thermo-
Scientific: 23225). Protein samples were resolved by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), transferred to nitrocellulose membranes, and immunoblotted with
the indicated antibodies in Supplementary Table 4. Finally, membranes were visualized by
enhanced chemiluminescence (ECL) using Clarity™ western ECL substrate (Bio-Rad: 1705061)
and the ChemiDoc™ MP imaging system. Quantitative densitometry analysis was carried out
using Image Lab software 6.0.1 (RRID: SCR_014210). For the immunoprecipitation experiments,
samples were lysed, cleared, and quantified as described above. Next, lysates were pre-cleared by
incubating 1.5 mg of protein extracts with Protein G Sepharose™ 4 Fast Flow beads (Cytiva:
17061801) and rabbit IgG antibody for lh in constant rotation at 4 °C. Next, samples were
incubated with the indicated antibody overnight followed by incubation with beads for 2h. Beads
were washed with lysis buffer and heated to 95°C in SDS sample buffer. Protein samples were

resolved by SDS-PAGE, transferred to nitrocellulose membranes for immunoblotting.

Racl activation G-LISA assay

11
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Levels of GTP-bound Racl were measured using a luminescence-based G-LISA™ Racl
activation assay Biochem kit™ (Cytoskeleton: BK126) according to the manufacturer’s protocol.
Briefly, cells were cultured overnight in p60 plates (3.5 x10° cells/plate). Next, cells were lysed,
and equal amount of protein lysates were incubated in the Rac-GTP binding 96-well plate
provided. Subsequently, samples were incubated with Racl primary antibody, followed by an
HRP-conjugated secondary antibody. Luminescence was determined using a Tecan infinite M200
pro microplate reader. Constitutively active Racl protein provided by the manufacturer were used

as positive control.

Immunofluorescence

Cells were cultured (4.5x10* cells/well) on fibronectin-coated coverslips in 24-well plates and
incubated overnight. Cells were fixed with 4% paraformaldehyde, washed twice with PBS
followed by permeabilization with 0.25% Triton-X-100. Next, cells were washed with PBS and
incubated with blocking buffer 0.5% bovine serum albumin (BSA). Actin staining was done with
phalloidin-TRITC (Sigma-Aldrich: P1951, RRID: AB 2315148), and DAPI for 45 min at RT in
0.1% BSA. Antibodies used for immunofluorescence are shown in Supplementary Table 4. Images
were taken using a ZEISS LSM 780 laser scanning confocal microscope with a Plan-Apochromat
20x/0.8 M27 objective lens and a PLAN-Neofluar40x/1.4 oil corr LD objective lens. Cell
morphology analysis was done using the Fiji-Image J software, version 1.8.0/1.53a (RRID: SCR

003070).

Cell proliferation assay
Cell growth was assessed by cell number quantification using trypan blue staining as previously
described [26]. Cells were seeded (3x10° cells/well) in 96-well plates. Next, cells were serum-

starved overnight for synchronisation followed by stimulation with 10% serum containing medium

12
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for 72h. Cells were collected by trypsin detachment, cell suspension was mixed 1:1 with 0.4%
trypan blue solution (Sigma-Aldrich: T8154) and the number of total and viable cells was

determined by manual quantification.

3D culture assay and immunostaining

As described previously [7], in 8-well chamber plates pre-coated with 40 pl of Corning™
Matrigel™ GFR membrane matrix (Thermo Fisher Scientific: CB-40230A), MDA-MB-231 cell
lines were seeded (2X 103 cells per well) in 400 ul of 2% Matrigel in supplemented DMEM. Fresh
media was replaced after 4 days of culture. To observe the spheroids by immunofluorescence,
samples were fixed in methanol: acetone 1:1 at -20 °C for 10 min. Next, using blocking buffer
(0.1% BSA, 0.2% Triton X-100, 0.05% Tween-20, 10% goat serum (Sigma: G9023) in PBS)
spheroids were incubated overnight at room temperature. Phalloidin-TRITC and DAPI were used
to stain F-actin and DNA, respectively. Z-stack Images were taken using a Zeiss LSM780 laser-
scanning confocal microscope with a Plan-Apochromat20x/0.8 M27 LD objective lens. Spheroid

relative area and convex area were measured using the Fiji-Image J Software.

Dual Luciferase assay (DLR)

To determine TCF/LEF transcriptional activity, TNBC cell lines were co-transfected with M50
Super 8x TOPFlash plasmid (a gift from Randall Moon (Addgene plasmid #12456)) and the pGL4
renilla luciferase reporter plasmid. Four hours post-transfection, cells were treated with 5% L-
WRN CM or control media for 24h, followed by the luciferase assays using the Dual Luciferase

Assay kit (Promega: E1910) as described previously [6].
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Wound healing scratch assay

Cells were cultured to 80-90% confluency in 96-well Image Lock microplates (Sartorius: 4379)
coated with poly-D-lysine hydrobromide (Sigma-Aldrich: P6407) and incubate overnight. The
Woundmaker™ (Essen Bioscience) was used to create homogeneous wounds. Phase contrast
pictures were taken every 2-3 hours and analyzed with IncuCyte Zoom Live Cell Imaging

microscope and software (Essen BioScience) for 24 h.

Migration and invasion transwell assays

For migration assays of TNBC cell lines, 3.5x10* cells were resuspended in serum-free DMEM
and seeded in the top chamber of transwell inserts (Falcon: 353097). For invasion assays, 5x10%
cells were plated onto transwell inserts coated with 5% Corning™ Matrigel™ membrane matrix
(Thermo Fisher Scientific: CB-40234A). Cells were incubated at 37 °C overnight to allow cell
motility towards the bottom chamber containing DMEM supplemented with 10% FBS. Cells on
the bottom surface of the insert were fixed in 10% formalin (BioShop: 8G56294) and stained with
a crystal violet solution. Images were taken for each transwell insert using a Nikon inverted
microscope camera with a 10x objective lens (Nikon Eclipse TE300 Inverted microscope).
Quantitative analysis was assessed using Fiji-Image J software. Data represented the fold change

of cells migrated relative to control cells obtained from at least three independent experiments.

Tail vein injection and immunohistochemistry

We performed tail vein injections in athymic female mice with MDA-MB-231 CdGAP mutant cell
lines (1x10° cells in 100 pl of PBS per mice) as previously reported[27]. After 5 weeks, lungs were
collected, fixed in 10% formalin and paraffin embedded. Samples were cut at 4 um every 100 pm
and stained with haematoxylin and Eosin. Slides were scanned using a Scanscope XT digital slide

scanner (Aperio, Leica Biosystems Inc.). The area of the metastatic lesions was compared to the

14
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total lung area analyzed by Imagescope software (Version 2.0.0, Aperio, Leica Biosystems Inc.).
For Neu"CdGAP"""" and Neu* CdGAP"* tumor analysis, tumors were fixed in 10% formalin and

paraffin embedded. Antibodies used for IHC are listed in Supplementary Table S4.

Real time quantitative PCR (RT-qPCR)

Evaluation of gene transcriptional expression was done as described before [7]. Briefly, RNA was
extracted using the RNeasy Mini Kit (Qiagen: 74104). The iScript™ Reverse Transcription
Supermix (Bio-rad: 1708841) was used to generate cDNA from 2 pg of total RNA. qPCR was
performed using the SsoAdvancedTM Universal SYRB ® Green Supermix (Bio-rad: 1725271)
with the primers listed in Supplementary Table 3. Gene expression was normalized to f3-actin RNA

expression.

RNA-sequencing and data processing

RNA-seq was performed as previously described [6]. Total RNA was extracted from MDA-MB-
231 CdGAP KOI1 and KI1 cell lines in triplicate using the RNeasy Mini Kit and purified with
RNase-free DNase set (Qiagen: 79254). Deep sequencing was performed using [llumina TruSeq
RNA Sample Preparation Kit, [llumina TruSeq SR Cluster Kit v2, and Illumina TruSeq SBS Kit
v2 (50 cycles) according to the manufacturer’s procedures. RNA-seq alignment was performed
using GenPipes “RNAseq” pipeline[28]. Raw reads were trimmed and filtered for quality using
Trimmomatic [29] and then mapped to the human reference genome (Homo sapiens GRCh38) by
STAR [30]. Mapped reads were further refined using GATK [31] and Picard suite
(http://broadinstitute.github.io/picard/) and gene level count was quantified using HT-seq [32]. R
software (v. 4.1.1, R-project.org) and a customized R-script were used for downstream analysis.
Differentially expressed genes were identified using the DESeq2 1.32.0 package[33]. Genes were

considered differentially expressed if the log (fold change) was higher than 1 with a p-value < 0.05
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and an adjusted p-value < 0.05. ClusterProfiler package 4.0.5 [34, 35] was used to run the gene
ontology (GO) term analysis and Gene set enrichment analysis (GSEA) using the Hallmark

Molecular Signature Database (H, v.5; MSigDB) [36].

LRP6 surface staining

MDA-MB-231 cells were cultured in 60 mm plates at 50% confluency and allowed to attach
overnight. Cells were treated with 5% L-WRN CM for 24 h. For LRP6 staining, a modified
protocol from [37] was used. Briefly, cells were detached and washed twice with FACS buffer
(2% FBS, EDTA 2mM in PBS). Cell suspension was adjusted to 1 million cells/ml and blocked
with 10% FBS in FACS buffer for 30 min on ice, followed by staining with LRP6 antibody or
mouse gamma globulin as Isotype control for 30 min on ice. After two washes, secondary antibody
coupled to Alexa Fluor 647 staining for 30 min on ice was performed. Samples were washed,
stained with DAPI and up to 10 000 events of live cells per condition were recorded and analyzed

by flow cytometry with a BD FACSCanto II.

Survival analysis

RNA-seq expression data were normalized for sequencing depth and transformed to TPM
(transcripts per million), whereas microarray gene expression data were RMA-normalized and log-
transformed. These normalized datasets were then used to generate a WNT signature score based
on the 18 genes identified by GO biological process overrepresentation analysis using the
singscore 1.22.0 package [38]. Kaplan-Meier analysis and log-rank tests were used to compare
metastasis-free survival and overall survival between patients with high and low CdGAP-
dependent WNT signature scores. The signature score threshold was determined using
cutpointr 1.2.0 package [39], and survival analyses were performed using survival 3.8-3 [40] and

surviminer 0.5.0 packages [41].
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Statistical analysis

Statistical analysis was done using GraphPad Prims 10.2.0. The significance of the difference
among groups was evaluated by ordinary one-way ANOVA with Tukey’s multiple comparisons
test. The wound healing scratch assays were analyzed with multiple unpaired t tests with the Two-
stage step-up method (Benjamini, Krieger, and Yekutieli). Data are presented as the mean =+

standard error of mean (SEM), and p value less than 0.05 was considered statistically significant.

Data availability

GEO accession number for RNA-seq data is GSE327407.
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Results

The CdGAP C-terminus promotes metastatic progression in HER2* breast cancer

Given the established pro-metastatic role of CAGAP in HER2+ breast cancer [7], we asked
whether its C-terminus is required for tumor progression and metastatic dissemination in vivo. To
examine the function of the C-terminus in vivo, we generated a CdGAP (P668T P670X) knock-in
(ki) mouse model corresponding to the human CDGAP-Q683X AOS variant [9] using a
CRISPR/Cas9 strategy (Supplementary Fig. 1A). We first found that deletion of the CAGAP C-
terminus did not affect the mammary gland development. Similar to the complete loss of CAGAP
in the mammary gland [7], we observed no significant difference in ductal branching between
control CdGAP""* and CdGAP** mice at 9, 12, and 15 weeks (Supplementary Fig. 1B). Next,
we intercrossed CdGAP"* with mouse mammary tumor virus (MMTV)-Neu mice [11] to assess
tumor progression in females (Fig. 1A). In this mouse model, an activated form of Neu (NeuNDL2-
5) is expressed in the mammary gland of mice using the MMTYV promoter, which results in tumors
that progress to invasive carcinoma and lung metastasis [11]. Three cohorts of mice
(Neu"CdGAPY"™; Neu"CdGAPY™; Neu'CdGAP*'X) were generated and monitored for tumor
growth. Tumors were collected and analyzed 5 weeks after onset. The CAGAP ki allele was
confirmed (Fig. 1B) and the truncated CdGAP protein lacking the C-terminus was detected in
mammary tumor protein lysates (Fig. 1C). We found that deletion of the C-terminus caused a
modest delay in tumor onset for Neu"CdGAP¥/¥ compared to Neu" control, whereas there was no
delay for Neu"CdAGAPY"™ (Fig. 1D). To characterize the tumor initiation process, we quantified
the number of mammary intraepithelial neoplastic (MIN) lesions on inguinal mammary gland and
we observed no difference between Neu'CdGAPY and Neu® control mice, suggesting that

neoplastic initiation occurs normally in the absence of the C-terminus (Fig. 1E). Furthermore, all
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genotypes showed a similar tumor mass (Fig. 1F), primary tumor number (Fig. 1G), and solid
adenocarcinoma histology (Supplementary Fig. 1C), indicating that the loss of the C-terminus did
not affect tumor formation or differentiation state. No difference in staining by markers of cell
proliferation (Ki-67), angiogenesis (CD31), and cell apoptosis (cleaved caspase 3) was observed
between Neu"CdGAPX and Neu" control mice (Supplementary Fig. 1D-F). Strikingly, although
Neu"CdGAPYX and Neu'CdGAP™'"' mice developed histologically similar adenocarcinoma
metastatic lesions (Fig. 1H), both the frequency and number of lung metastases were significantly
reduced in Neu"CdGAP¥/* and Neu"CdGAP*""* mice compared with controls (Fig. 11, J). Because
we have previously shown that CdAGAP is required at multiple steps of HER2+-driven metastasis
[7], we next determined whether the C-terminus was also required to promote breast tumor cell
intravasation in vivo. We quantified circulating tumor cells (CTCs) when primary tumors had
reached a tumor volume of 1.5 cm?® and found that Neu"*CdGAP*/% mice presented a significant
reduction in CTCs compared to control mice (Fig. 1K). Altogether, these data demonstrate that the

CdGAP C-terminus is essential for promoting HER2+ breast cancer metastasis.

The CdGAP C-terminus regulates proliferation and morphology in TNBC cells

To further define the contribution of the CdAGAP C-terminus to breast cancer progression,
we first examined the clinical relevance of CAGAP across breast cancer molecular subtypes using
the publicly available METABRIC dataset [13, 14] and cBioPortal [15-17]. We found that CdGAP
genetic alterations were most prevalent in ER-/HER2- tumors (n=1667; p < 10-'°) (Supplementary
Fig. 2A) and in PR-negative tumors (n=1866; p=2.22X10®) (Supplementary Fig. 2B), and were
significantly enriched in basal-like and Claudin-low subtypes (n=1866; p < 107'%) (Supplementary
Fig. 2C). Most CdGAP alterations corresponded to changes in CdGAP mRNA expression

(Supplementary Fig. 2D) and were more frequent in histological grade 3 tumors (p=4.6X107)
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(Supplementary Fig. 2E). Consistent with these observations, TNBC-derived breast cancer cell
lines expressed higher levels of CAGAP mRNA than ER+ and HER2+ cell lines (Fig. 2A).
Together, these findings identify TNBC as a clinically relevant context in which CdGAP is
dysregulated and support potential oncogenic role for CdAGAP in this subtype. We therefore
investigated the functional role of the CdGAP C-terminus in TNBC cells by generating
monoclonal cell lines lacking CdGAP or expressing a C-terminally truncated CdGAP mutant using
CRISPR/Cas9. We targeted exons 1 and 12 to delete CAGAP in TNBC cell lines. To remove the
C-terminus of CdGAP (CdGAP knock-in (KI)), we introduced a premature termination codon in
exon 12 to mimic the truncating CdAGAP AOS mutation p.GIn683X (Fig. 2B) [9, 42]. We generated
MDA-MB-231 and HS578T cell lines depleted of CdAGAP expression (CdAGAP KO1 and KO2) or
expressing CdGAP lacking the C-terminus (~95 kDa band, CdGAP KI1 and KI2) (Fig. 2B).
Although CdGAP negatively regulates Cdc42 and Racl through its GAP activity[5],
overall levels of active Racl remained unchanged in CdGAP KO and KI MDA-MB-231 cells
compared with control cells (Supplementary Fig. 3A), suggesting that CAGAP depletion or C-
terminal truncation is not sufficient to alter global Racl activity in these cells. We next determined
the proliferative response of CdAGAP mutant TNBC cell lines. CAGAP KO and KI MDA-MB-231
and HS578T cells showed a significantly reduced proliferative capacity over 3 days
(Supplementary Fig. 3B, C), indicating that the CdAGAP C-terminus is required for the regulation
of TNBC cell proliferation. Because actin cytoskeletal remodeling is essential for the formation of
protrusive structures at the leading edge and retraction at the rear end during migration [43], we
next examined the effects of CdGAP loss or C-terminal truncation on TNBC cell morphology.
CdGAP-depleted MDA-MB-231 (Fig. 2C, D) and HS578T cells (Supplementary Fig. 3D, E)

displayed increased cell area relative to controls, consistent with a shift toward a more epithelial-
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like morphology. In CAGAP KI MDA-MB-231 cells, cell area was also increased (Fig. 2C, D)
whereas CAdGAP KI HS578T cells showed reduced cell area compared with controls
(Supplementary Fig. 3D and E). Despite these differences, both models exhibited a more elongated
morphology than control and CdGAP KO cells (Fig. 2C, E; Supplementary 3D and F). Overall,
these results indicate that the loss of CdGAP and truncation of its C-terminal region alter TNBC

cell morphogenesis, resulting in distinct morphological phenotypes.

CdGAP modulates TNBC cell-cell adhesion, migration, invasion, and lung metastatic
potential through its C-terminal region

Because loss of CdGAP or truncation of its C-terminus altered TNBC cell morphology, we
next asked whether these changes were accompanied by defects in cell-cell adhesion and invasive
behavior. Previous studies showed that reduced CAGAP expression restores and stabilizes cell-cell
junctions in normal epithelial cells and in HER2+ breast cancer cells [6, 44]. We therefore used a
3D Matrigel spheroid assay to assess how CdAGAP loss or C-terminal truncation affects
multicellular organization and invasive growth in TNBC cells. CAGAP KO and KI MDA-MB-231
spheroids displayed a significant reduced relative area after 8 days in culture compared with
control spheroids (Fig. 2F, G). Furthermore, solidity analysis (area/convex area) revealed that
CdGAP KO and KI spheroids adopted a more compact and well-defined morphology than control
spheroids (Fig. 2F, H), consistent with strengthened cell-cell adhesion and reduced invasive
architecture.

We next tested whether these structural changes were associated with impaired migratory
and invasive behavior. In wound-healing assays, CdGAP-depleted and CdGAP KI cells showed
impaired cell migration in both MDA-MB-231 (Fig. 3A and Supplementary Fig. 4A, B) and

HSS578T cells (Fig. 3B and Supplementary Fig. 4C, D). Likewise, transwell migration assays
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showed that CdAGAP depletion or expression of the C-terminally truncated CdGAP-KI mutant
significantly decreased chemotactic migration and invasion in both MDA-MB-231 (Fig. 3C, D
and Supplementary Fig. 4E) and HS578T cells (Fig. 3E, F and Supplementary Fig. 4F). Re-
expression of myc-tagged CAGAP restored cell migration in CdAGAP KO1 MDA-MB-231 cells
(Fig. 3 G-I), supporting a specific role for CdAGAP in this phenotype. Finally, because CdGAP and
its C-terminus promote HER2+ breast cancer metastasis in vivo (Fig. 1) [7], and because CdGAP-
deficient TNBC cells displayed impaired migration and invasion in vitro, we asked whether these
defects translated into reduced lung colonization in vivo (Fig. 3J). Consistent with this idea mice
injected with CdGAP-depleted or CdGAP KI MDA-MB-231 cells developed fewer lung
metastatic lesions than control mice (Fig. 3K and Supplementary Fig. 5). Collectively, these
findings indicate that the CdAGAP C-terminus is required to sustain the invasive and metastatic

behavior of TNBC cells.

The CdGAP C-terminus interacts with the LIM domain-containing protein LIMD1
Because the CAGAP C-terminus was required for TNBC cell migration, invasion and
metastatic potential, we next sought to identify C-terminal binding partners that might mediate
these effects. Interrogation of our previously reported proteomic dataset generated in HEK293
cells expressing GFP-CAGAP identified the LIM domain containing protein LIMDI1 as a
prominent candidate interactor [7] (Supplementary Fig. 6A). We then validated the interaction
between endogenous CdGAP and LIMDI1 in MDA-MB-231 cells (Fig. 4A). To determine which
region of CAdGAP interacted with LIMDI1, we co-immunoprecipitated GFP-tagged CdGAP
deletion constructs and LIMD1 from HEK?293 cell lysates (Fig. 4B, C). Both CdGAP full length
and the C-terminus only (1160-1425) showed interaction with LIMD1, unlike the CdGAP mutant

lacking the C-terminal region (1-820) (Fig. 4B, C). Given that the C-terminus of CdGAP has been
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reported to interact with the protein Ajuba, a member of the LIM domain containing protein family
through the residues R1172 and R1412 [44], we assessed the interaction of LIMDI1 with the
CdGAP point mutants in the C-terminal tail. We found that only R1172 is required to mediate the
interaction between the C-terminus of CdGAP and LIMDI1 (Fig. 4D). To map the reciprocal
binding region in LIMDI1, we expressed Xpress-tagged LIMD1 deletion constructs together with
GFP-CdGAP in HEK293 cells. CAGAP interacted with full-length LIMD1 and the LIM domains,
but not with the pre-LIM region of LIMDI1 (Fig. 4B, E), demonstrating that the CdAGAP C-terminus

associates with the LIM domains of LIMD1.

CdGAP and LIMDI1 co-regulate TNBC cell migration, morphology and focal adhesion
dynamics

Because we identified LIMD1 as a CdGAP C-terminal interactor, we next asked whether
LIMD1 contributes to CdGAP-dependent regulation of TNBC cell migration and focal adhesion
dynamics. LIMD1 has been reported to modulate cell migration in a context-dependent manner
[45-47], and both LIMD1 and CdGAP localize to focal adhesions, where they regulate adhesion
dynamics in response to biophysical forces [48, 49]. We therefore generated monoclonal MDA-
MB-231 cell lines with single depletion of LIMD1, as well as double LIMD1/CdGAP knock-out
(KO) cells, to examine their functional interplay (Supplementary Fig. 6B). Similar to CAGAP KO
cells, depletion of LIMD1 resulted in reduced cell migration. Double CdAGAP/LIMD1 KO cell
lines also exhibited reduced wound closure at similar rates as LIMD1 KO cell lines with no
evidence of a synergistic effect (Fig. 4F and Supplementary Fig. 6C, D). LIMD1 KO cells also
phenocopied CdAGAP KO cells morphologically, displaying increased cell area and reduced aspect
ratio compared to control cells (Fig. 4G-I and Supplementary Fig. 7A). Despite that

CdGAP/LIMDI1 double KO cells presented no significant changes in average cell area, they
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exhibited a rounder and less elongated morphology, resulting in a reduced aspect ratio relative to
control cells (Fig. 4G-I and Supplementary Fig. 7A). To further explore the relationship between
CdGAP and LIMD1 at focal adhesions, we re-expressed GFP-CAGAP in CdGAP KOl cells. GFP-
CdGAP expression reduced cell spreading and co-localized with vinculin and endogenous LIMD1
at focal adhesions (Supplementary Fig. 7B and C). Notably, LIMDI1 redistributed from a more
diffuse cytoplasmic pattern to focal adhesions in GFP-CdGAP-expressing cells (Supplementary
Fig. 7C), consistent with CdAGAP promoting LIMD1 accumulation at these structures. We next
investigated the dynamics of adhesion complexes by vinculin immunostaining in MDA-MB-231
CdGAP and LIMD1 KO cell lines. Both CdGAP and LIMDI KO cells lacked the prominent
protrusive edges and exhibited an increased number of adhesion complexes per cell (Fig. 41, J and
Supplementary Fig. 7A). In contrast, double CAGAP/LIMD1 KO cells showed a marked reduction
in adhesion complexes together with an absence of protrusive areas (Fig. 41, J and Supplementary
Fig. 7A). Taken together, these findings indicate that CAGAP and LIMDI1 functionally cooperate

to regulate TNBC cell morphology, migration, and focal adhesion complex dynamics.
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Loss of CAGAP and its C-terminus converge on a shared transcriptional program enriched
for WNT signaling

Given that loss of CdGAP and truncation of its C-terminus produced similar defects in
proliferation, morphology, migration, invasion, and metastatic potential, we asked whether these
phenotypes were associated with disruption of a common transcriptional program in TNBC cells.
We therefore performed transcriptomic analyses in MDA-MB-231 CdGAP KO1 and KII cell
lines. Differential expression analysis identified 958 upregulated and 455 downregulated
transcripts in CdAGAP KO1 cells (Fig. 5A and Supplementary Table 5), and 879 upregulated and
477 dowregulated transcripts in CdGAP KI1 cells relative to control cells (Fig. 5B and
Supplementary Table 5). Notably, 697 differentially expressed genes were shared between CAGAP
KO1 and KII cells (Fig. 5C), indicating that the C-terminal region accounts for a substantial
portion of the CdGAP-dependent transcriptional program in MDA-MB-231 cells.

At the pathway level, both datasets showed broad changes in programs linked to
proliferation, metabolism, and cell organization, consistent with the phenotypic defects observed
in CdGAP-deficient and C-terminally truncated cells (Supplementary Fig. 8A and B). In CAGAP
KI1 cells, gene sets enrichment analysis revealed depleted signatures related to cell cycle
progression, metabolism, intracellular signaling, and polarity/migration, together with enrichment
of interferon response pathways (Supplementary Fig. 8A). Gene ontology analysis further
highlighted altered extracellular matrix (ECM) organization, and we validated the reduced
expression of the ECM-associated membrane-type matrix metalloproteinases 14 and 16 (MMP14
and MMP16) in CdGAP KI cells (Supplementary Fig. 8C and D). Since ECM remodelers are

essential for tumor invasion and metastasis [50, 51], these results suggest that the CAGAP C-
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terminus contributes to ECM-remodeling programs that control the proliferative and invasive
behavior of TNBC cells.

Among the shared transcriptional alterations, WNT signaling emerged as a common and
biologically relevant node. Over-representation analysis of differential genes shared between
CdGAP KO1 and KII cells identified enrichment of the WNT signaling pathway (Fig. 5D and
Supplementary Fig. 8E), and several WNT regulators were commonly altered, including the
increased expression of KREMENI, a membrane-associated inhibitor of the pathway (Fig. SE).
Together, these results indicate that the CdAGAP C-terminus is required for much of the CdGAP-
dependent transcriptional output in TNBC cells and identify dysregulation of a shared WNT

signaling program as a candidate mechanism linking CdGAP to TNBC progression.

The CdGAP C-terminus promotes canonical WNT signaling in TNBC

Given the well-established role of canonical WNT signaling pathway in breast cancer cell
proliferation, metastasis, stemness and drug resistance [52], we next investigated whether CAGAP
regulates this pathway in TNBC. Because DKK1 and KREMENI1 cooperate to inhibit WNT
signaling by inducing the endocytosis of the co-receptor LRP6 [53] (Fig. 6A), we first examined
whether CAGAP and its C-terminal region influence LRP6 cell-surface levels. CAGAP KO and KI
cells showed significantly lower basal levels of LRP6 at the cell surface than control cells (Fig.
6B, C). Upon stimulation with L-WRN conditioned medium (CM) [21], control cells showed the
expected increase in cell-surface LRP6, whereas CAGAP KO and KI cells failed to respond (Fig.
6B, C). Consistent with these findings, both CdGAP KO and KI cells showed reduced
accumulation of active -catenin (non-phosphorylated at Ser33/37/Thr41)[54] following L-WRN
CM stimulation compared to control cells (Fig. 6D, E). Likewise, canonical WNT transcriptional

output, measured by TCF/LEF reporter activity and the expression of the WNT target gene Axin-
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2 [55], was significantly reduced in CAGAP KO and KI cells under stimulated conditions (Fig. 6F,
G). Together, these results indicate that CdAGAP, through its C-terminal region, promotes canonical
WNT signaling in TNBC, at least in part by suppressing expression of the WNT inhibitor
KREMENTI and thereby sustaining LRP6 cell-surface availability.

We next asked whether the interaction between LIMDI and the CdGAP C-terminus
modulates this WNT-promoting function. Overexpression of the wild-type (WT) CdGAP in MDA-
MB-231 or HEK293 cells did not significantly alter WNT transcriptional activity under L-WRN
CM-stimulated conditions compared with empty vector (EV) controls (Fig. 6H and Supplementary
Fig. 9A-C). In contrast, expression of the LIMD1-binding-deficient mutant CdAGAP-R1172A (Fig.
4D) significantly increased WNT transcriptional activity in both cell types following L-WRN CM
stimulation (Fig. 6H and Supplementary Fig. 9A-C). Taken together, these findings demonstrate
that LIMD1 binding to the CdGAP C-terminus restrains the ability of CdAGAP to activate canonical

WNT signaling.
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The CdGAP-dependent WNT transcriptional signature is associated with poor clinical
outcomes in TNBC

To assess the clinical relevance of CdGAP-mediated regulation of the WNT signaling in
TNBC, we derived a CdAGAP-dependent WNT pathway signature based on the 18 genes identified
in the GO analysis (Supplementary Fig. 8E and F). We then applied this signature to publicly
available TNBC patient cohorts. Kaplan-Meier analysis of the MBC cohort revealed that high
CdGAP-dependent WNT signature score was significantly associated with shorter time to
metastasis (n=51, p=3.2X10*; Fig. 7A) [20]. This association was independently validated in the
Jézéquel cohort (GSE58812; n=107) [18] in which a high signature score also predicted shorter
time to metastasis (p=0.001; Fig. 7B) and reduced overall survival (p=0.0073; Fig. 7C). Similarly,
in the Brueffer cohort (GSE96058) [19], a high CdGAP-dependent WNT signature score was
associated with poorer overall survival (n=314, p=0.0016; Fig. 7D). Together, these findings
support the clinical relevance of the CdGAP-dependent WNT transcriptional program in TNBC
and suggest that activation of this pathway is associated with aggressive disease and adverse

patient outcomes.
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Discussion

Given the increased risk of death from recurrent disease and the lack of targeted therapies in
TNBC [2], the identification of emerging oncogenic drivers is critical for advancing precision
medicine. CAGAP has been previously established as a promoter of HER2-driven tumorigenesis
and metastasis [7]. In addition, the congenital abnormalities in AOS patients bearing
CdGAP/ARHGAP31 truncating mutations may result from disruptions in cell proliferation and
migration due to the loss of the C-terminus, a key region for post-translational modifications and
protein interactions that regulate CdGAP activity [9, 44, 56]. This suggests that the C-terminus
may contribute to the oncogenic properties of CdGAP and could be targeted in breast cancer
therapeutics. In the present study, we established a CdGAP knock-in HER2+ mouse model,
corresponding to the human CDGAP-Q683X AOS variant, to examine the contribution of the C-
terminus to HER2+ breast tumorigenesis and metastasis. Although the deletion of the C-terminus
induced a minor delay of tumor onset for Neu*CdGAP*X mice, it did not affect the formation and
differentiation state of the primary tumors. This is in contrast with the complete deletion of CAGAP
in the MMTV-NIC mouse model, which resulted in significant decreased tumor multiplicity [7].
Strikingly, the deletion of the C-terminus inhibited HER2-driven intravasation and lung metastasis,
similar to the complete loss of CdAGAP in HER2-driven metastasis to the lungs [7]. Therefore, this
study provide evidence that the C-terminus is specifically required for the invasive ability of
CdGAP to promote lung metastasis in HER2+-driven metastasis in vivo.

Given the clinical relevance of CAGAP in TNBC and the high expression of CAGAP mRNA
levels in TNBC patient cell lines, we next developed a cellular model to characterize the response
of TNBC cells to the absence of CAGAP or to the loss of the C-terminal region in critical processes

associated with tumorigenesis and metastasis. Our findings demonstrate that 1) loss of the CAGAP
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C-terminus produces a loss-of-function phenotype in TNBC cells, altering cell morphology,
reducing proliferation, enhancing cell-cell adhesion, and impairing migration, invasion, and lung
metastatic colonization; 2) CdGAP and its newly identified C-terminal interactor, LIMD1, co-
regulate cell morphology, migration, and focal adhesion dynamics; 3) through its C-terminus,
CdGAP regulates a WNT-associated transcriptional program in TNBC and acts as a positive
regulator of the canonical WNT/B-catenin signaling; 4) LIMD1 binding to the CdGAP C-terminus
restrains the ability of CAGAP to activate WNT signaling pathway; and 5) a CdGAP-dependent
WNT transcriptional signature is associated with metastatic progression and poor overall survival
in patients with TNBC. Therefore, this study reveals a pro-invasive domain (PID) at the C-
terminus of CdGAP responsible for controlling TNBC cellular dynamics, metastasis, and
activation of the WNT signaling pathway (Fig. 8).

Cancer cells can undergo EMT and acquire invasive and proliferative capabilities. Our findings
demonstrate that CdGAP-depleted cells display epithelial-like characteristics, such as increased
cell area, decreased elongation, and enhanced cell-cell contacts, consistent with global gene
expression changes. This is in good agreement with previous studies showing that CdAGAP also
influenced EMT marker expression and cell adhesion, with its PRD interacting with ZEB2 to
repress E-cadherin expression [6, 8]. In CdAGAP KI MDA-MB-231 cells, expressing CAGAP
lacking a complete PRD, we observed a decreased EMT-related gene signature expression and
stronger cell-cell interactions in 3D culture. In the present study, we show that the loss of CAGAP
reduced cell cycle-related and DNA repair pathways hallmarks, an effect that was consistently
observed in prostate cancer PC-3 cells and HER2+ breast cancer cells, suggesting a conserved role
for CdGAP in promoting cell cycle progression and maintaining genomic stability across different

cancer types [6, 8]. Moreover, these pathways were altered to a similar extent in MDA-MB-231
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cells expressing CdGAP lacking the C-terminal region. In patient-derived fibroblasts with the
truncating mutation p.GIn683X, cell proliferation was also compromised [9]. These findings are
consistent with our results, which demonstrate that CdGAP through its C-terminal region promotes
cell proliferation, potentially through the regulation of G1 cell cycle progression. Of interest, one
of the top hallmark in CAGAP KO MDA-MB-231 cells, and not present in the CdGAP KI MDA-
MB-231 cells, was gene sets associated with TNFa signaling and NF-kB pathway, which strongly
aligns with a recent study showing CdGAP as a novel transcriptional target and regulator of TNFa.-
induced nuclear localization of the NF-kB transcriptional protein RELA in pancreatic ductal
adenocarcinoma (PDAC) cell lines [57]. These findings highlight potential context-dependent
roles for CdAGAP beyond its C-terminal functions, warranting further investigations in diverse
cancer models.

In TNBC cells, the loss of CdGAP or its C-terminus led to increased cell-cell adhesion and
impaired cell migration and invasion, which could be restored by re-expressing CdGAP. In good
agreement with these results, CdAGAP downregulation in prostate and HER2+ breast cancer cells
significantly reduced cell migration and invasion regulated by TGF-f3 in HER2+ cells [6-8, 10].
CdGAP was also shown to play a key role in the control of directional membrane protrusions in
migrating osteosarcoma U20S cells [49, 58]. Moreover, the in vivo findings, together with the in
vitro data, show that loss of CdGAP or its C-terminal region reduces lung metastatic burden in
both the HER2+ mouse model and in tail vein injection using TNBC cells. In previous studies, we
showed that CAGAP was required at multiple steps of HER2+-driven metastasis to the lungs and
was required to promote distant metastasis to the intestine and bones in an orthotopic prostate
cancer mouse model [6-8]. Altogether, these findings point to a crucial role of CdGAP as a pro-

metastatic biomarker in prostate cancer and in the most aggressive breast cancer HER2+ and
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TNBC subtypes. Likewise, our findings highlight the potential of targeting the C-terminal domain
of CdGAP as therapeutic strategy to inhibit breast cancer metastasis.

Interestingly, we identified LIMD1 as a novel protein binding to the C-terminus of CdGAP.
Previous studies have demonstrated the interaction between CdGAP and another LIM-containing
protein AJUBA [44]. Here we validated that the residue R1172 located at the C-terminus of
CdGAP mediates the interaction with LIM domains. Additionally, loss of LIMD1 in MDA-MB-
231 cells resulted in a similar phenotype to the depletion of CdGAP, showing decreased cell
migration while exhibiting epithelial-like characteristics. The interaction between the LIM
domains of AJUBA and the CAGAP C-terminus inhibited its GAP activity, stabilizing cell-cell
junctions. Moreover, expression of the AOS mutant lacking the C-terminal region failed to
maintain cell junction integrity in keratinocytes [44]. In contrast, in TNBC cells, we observed that
both CdAGAP KO and KI TNBC cell lines presented increased cell-cell interactions. This suggests
that in cancer cells, CAGAP might have different roles in regulating cell-cell junction dynamics,
and by interacting with LIMDI1, they both contribute to cell migration. CAGAP and LIMD1 have
emerged as significant players in mechano-transduction, modulating focal adhesion formation and
cell migration [7, 48, 49]. Here we show that CAGAP and LIMDI co-localize at sites of focal
adhesion complexes in MDA-MB-231 cells. Furthermore, depleted CdGAP and LIMDI1 cells
presented cell elongation defects as well as decreased cell migration and focal adhesion formation,
demonstrating that the cooperative interaction between CdGAP and LIMDI is crucial for
maintaining adequate focal adhesion dynamics for effective cell migration in TNBC cells.

ECM degradation is critical to facilitate cell migration and invasion during metastasis. We
observed a significant decrease in these cellular processes, along with changes in ECM-related

pathways and metastatic patterns in MDA-MB-231 cells expressing CdGAP lacking the C-
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terminus. Additionally, we validated the downregulation of MMP-14 and MMP-16, which activate
pro-MMP-2 and degrade ECM components including fibronectin, laminin, and collagen [59].
MMP-14 is associated with poor prognosis, while MMP-16 is linked with better survival, but may
contribute to drug resistance [60-64]. These findings suggests that CdGAP C-terminus plays a role
in regulating breast cancer cell migration, invasion and metastasis through mechanisms controlling
ECM degradation.

In TNBC, the hallmark enhancement of the WNT/B-catenin pathway is associated with poor
clinical outcome [65], by promoting tumorigenesis and metastasis [66, 67]. In this study, global
gene expression analysis uncovered a common WNT signaling pathway signature in MDA-MB-
231 cells depleted of CAGAP and in CdGAP KI expressing cells. The loss of CdAGAP, or of its C-
terminal region resulted in increased expression of the WNT negative regulator KREMENI,
accompanied by inhibition of LRP6 at the cell surface. Moreover, our results demonstrate that the
C-terminal region plays a critical role in the activation of B-catenin and WNT transcriptional
activity in response to WNT external stimuli. Interestingly, the mutant CdAGAP-R1172A lacking
the ability to interact with LIMD1 behaved as a dominant positive mutant, leading to increased
activation of the WNT transcriptional activity. Given that LIMD1 and CdGAP interact at focal
adhesions (Fig. 8), it is likely that the ability of LIMD1 to undergo phase-separation driven by
mechanical forces [48] recruits CAGAP within adhesion condensate, thereby contributing to focal
adhesion dynamics while limiting the ability of CdGAP to positively regulate the WNT signaling
pathway. Notably, LIMDI1 has also been shown as a negative regulator of canonical Wnt pathway
in differentiating osteoblasts [68]. Importantly, analysis of three independent gene expression
datasets from patients with TNBC revealed that the CdGAP-regulated WNT signaling signature is

associated with shorter time to metastasis and poorer overall survival, highlighting the potential
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role of CdGAP-mediated WNT signaling in TNBC progression. In previous studies, we have
reported a TGFB-EMT gene signature regulated by CdGAP in HER2+ breast tumors and breast
cancer cell lines [6, 7], suggesting that CAGAP may regulate two distinct sets of pathways, TGFf3
and WNT, in HER2+ and TNBC, respectively. Emerging evidence suggests that alterations in the
activation of the WNT pathway rather than mutations in the B-catenin gene contribute to the
metastatic potential of TNBC [67]. Current efforts to target the WNT/B-catenin pathway in breast
cancer have resulted in the study of monoclonal antibodies, natural compounds and small molecule
inhibitors. However, these studies are still in the early phase of clinical trials [69-71]. There
remains a need to develop more effective strategies to inhibit the WNT pathway, which could
ultimately improve treatment outcomes for patients with TNBC.

The complex network of signaling pathways and cellular processes, including WNT/B-catenin,
TGFB-driven EMT, ECM remodeling, focal adhesion dynamics, and Rho GTPase signaling,
collectively promotes an invasive phenotype in HER2+ and TNBC tumors with mesenchymal
features. Altogether, our findings establish the CdAGAP C-terminal region as a pro-invasive driver
of breast cancer metastasis and highlight its potential as a therapeutic target. These results open
new avenues of combination strategies involving WNT inhibitors, with the goal of enhancing the

efficacy of existing therapies and improving the management of TNBC metastasis.
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Figure Legends

Figure 1. The CAGAP C-terminus contributes to lung metastasis in a mouse HER2" breast
cancer model

A, Schematic illustration of MMTV-Neu mice intercrossed with CdGAP** mice and the cohort
analysis experiments performed 5 weeks after tumor onset. B, PCR analysis on genomic DNA
extracted from mammary tumors or tails. C, Representative immunoblots showing the expression
of Neu, CdGAP wild-type (wt), and CdGAP knock-in (ki) lacking the C-terminus in tumors from
Neu"CdGAP"""" and Neu*CdGAP*¥ mice. a-Tubulin was used as a loading control. D, Tumor-
free incidence was analyzed over time (n=25-29 mice, *p=0.014). T represents the age (days) at
which 50% of the mice had palpable mammary tumors. E, Quantification of Mammary
Intraepithelial Neoplastic (MIN) lesions from Neu"CdGAP""*" and Neu*CdGAP** mice 5 weeks
after tumor onset (n=8-11mice). ns, not significant. F and G, Quantification of tumor mass (F)
and number of primary tumor (G) in individual mouse (n=25-29 mice). ns, not significant. H,
Representative images of lung sections stained with H&E. scale bar, 100 um. I, Lung metastasis
frequency was analyzed amongst indicated groups (n=16-22 mice, ****p < 0.0001, Chi-square
test). J, Quantification of total number of lung metastasis per mouse (n=16-22 mice, *p=0.03,
**p=0.004). K, Schematic illustration of the intravasation assay and quantification of circulating
tumor cell (CTC) number in individual mouse per blood volume (ml) per tumor weight (g) (n=5

mice, **p=0.0085).

Figure 2. CdGAP depletion and loss of the C-terminal region affects cell morphology and
increases cell-cell adhesions in TNBC cells. A, Expression (log 2 (transcripts per million +1)) of
ARHGAP31 in human breast cancer cell lines from the Expression Public 23Q4 project via the

DepMap portal. B, Schematic illustration of CdGAP wild type (WT) and CdGAP mutant
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(p.GIn683X) identified in patients with the Adams-Oliver syndrome (AOS). PBR= Polybasic
region, GAP= GTPase-activating protein, BR= Basic region, PRD= Proline rich domain.
Representative immunoblots showing the expression of CdAGAP WT and CdGAP KI lacking the
C-terminus in monoclonal cell lines (CAGAP KO1, KO2, KI1, KI2) originated from control (Ctl)
MDA-MD-231 and HS578T. C, Representative immunofluorescence images of control (Ctl),
CdGAP KO and KI MDA-MB-231 cell lines cultured on fibronectin coated coverslips and
analyzed by confocal microscopy. F-actin and nuclei staining was done with phalloidin-TRITC
and DAPI, respectively. Scale bars, 100 um (top images) and 50 pum (bottom images). D and E,
Quantification of the cell area (D) and cell length (E) from (C). F, Representative
immunofluorescence images of control (Ctl), CAGAP KO and KI MDA-MB-231 spheroids stained
with phalloidin-TRITC and DAPI. Scale bar represents 100 um. G and H, Graphs representing
spheroid area (G) in fold change and solidity (area/convex area) (H) are presented. Data are

presented as mean + SEM (***p < 0.001, ****p < (0.0001, ns, not significant).

Figure 3. The CdGAP C-terminus is required to promote TNBC cell migration, invasion,
and metastasis. A and B, Cells were cultured on poly-D-lysine—coated plates, followed by the
formation of a wound and analysis of wound closure over time. Quantification of relative wound
confluence over 15 hours in the indicated MDA-MB-231 (A) and HS578T (B) cell lines. Multiple
unpaired t test results for the individual time points are shown in Supplementary Figure S4B and
D. C-F, Quantification of transwell migration and invasion assays of MDA-MB-231 (C and D)
and HS578T (E and F) cell lines. G, Immunoblots showing the transfection of the CAGAP KO1
MDA-MB-231 cells with empty vector (EV) or myc-CdGAP. H, Representative images of
transwell migration assays of cells transfected as in (G), Scale bar, 500 um. I, Quantification of

transwell migration assays of cells transfected in (G). J, Schematic illustration of the experimental
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workflow to assess lung colonization in vivo. CAGAP KO and KI MDA-MB-231 cells were
injected into the tail vein of immunocompromised mice. After 5 weeks, lungs were collected and
analyzed by H&E staining to evaluate metastatic burden. K, Quantification of the number of lung
metastasis per mice. Data are presented as mean = SEM (*p < 0.05, ** p < 0.01, ***p < 0.001,

*HE% p <0.0001, ns, not significant).

Figure 4. CdGAP and its C-terminal interactor LIMDI1 co-regulate cell morphology,
migration and focal adhesion dynamics. A, CAGAP was immunoprecipitated (IP) from MDA-
MB-231 protein lysates with anti-CdGAP antibodies or rabbit immunoglobulin G (IgG) as
negative control. TCL: total cell lysates. B, Schematic illustration of CAGAP and LIMD1. PBR=
polybasic region, GAP= GTPase-activating protein, BR= basic region, PRD= proline-rich domain.
C-E, HEK293 cells were transfected with the indicated constructs, followed by GFP (C and D) or
X-press (E) immunoprecipitation (IP) and immunoblotting. TCL, total cell lysate. F,
Quantification of relative wound confluence over 15 hours in the indicated MDA-MB-231 cell
lines. G-J, MDA-MB-231 cell lines cultured on fibronectin coated coverslips and analyzed by
confocal microscopy. Quantification of the cell area (G) and aspect ratio (H) from representative
images (I) for vinculin (green), F-actin (red), and nuclei staining (blue). Scale bar, 30 pum. J,
Quantification of the number of adhesion complexes per cell. Data are presented as mean + SEM

(*p <0.05, ***p < 0.001, **** p <0.0001, ns, not significant).

Figure 5. CdGAP and its C-terminal region regulates a common WNT signaling pathway
signature in MDA-MB-231 cells. A and B, Volcano plot depicting the differentially expressed
genes between control (Ctl) and (A) CdGAP KOI or (B) KI1 MDA-MB-231 cells with their
respective heatmap portraying differentially expressed genes. Red dots represent genes with an

absolute fold change (FC) >1 (log2FC=1) and p < 0.05. C, Venn diagram illustrating the overlap
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of differentially expressed genes between CAGAP KO1 and KI1 analyses. Analysis was performed
using only gene ID symbols. D, Barplot showing over-representation analysis performed on shared
differential genes in CdAGAP KOI1 and KII. Only the significantly enriched WNT signaling gene
set are shown. E, Heatmap portraying the leading-edge genes contributing to the enrichment of the

WNT signaling pathway common to both CAGAP KO1 and KI1 cells.

Figure 6. CAGAP activates the WNT signaling pathway through its C-terminal domain in
MDA-MB-231 cells. A, Schematic illustration of the inhibitory mechanism of the membrane
proteins DKK1 and KREMENT1 of the canonical WNT pathway. B, Representative histograms of
flow cytometry assays using anti-LRP6 or the isotype control (IgG) antibodies in CAGAP KO and
KI MDA-MB-231 cells stimulated for 24 h with 5% conditioned medium (CM) L-WRN (+) or in
cells left unstimulated (-). C, Quantification of LRP6 at the cell surface relative to IgG. D,
Representative immunoblots showing the activation of B-catenin (non-phosphorylated at
Ser33/37/Thr41) in the indicated cell lines stimulated with conditioned medium (CM) L-WRN (+)
or left unstimulated (-). E, Quantification of active -catenin relative to unstimulated control. F,
WNT transcriptional luciferase assays. G, Quantification of Axin-2 mRNA levels. H, WNT
transcriptional luciferase assays in MDA-MB-231 cells transfected with GFP-empty vector (EV),
GFP-CdGAP wild type (WT) or GFP-CdGAP-R1172A, stimulated with 5% conditioned medium
(CM) L-WRN (+) or left unstimulated (-). Data are presented as mean £ SEM (*p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001, ns, not significant). In E-G, only statistically significant

comparisons are shown, and full statistical analysis are provided in Supplementary Table 6.
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Figure 7. CdAGAP-dependent WNT transcriptional signature predicts poor clinical outcomes
in TNBC patients. A and B, Kaplan-Meier curve of the time to metastasis of TNBC patients for
the MBC cohort RNAseq dataset (n=51, p=3.2X10"%) (A) and the Jézéquel cohort (GSE58812)
microarray dataset (n=107, p=0.001) (B) based on the WNT signature from CdGAP KO1 MDA-
MB-231 cells (Supplementary Fig. S8E and F). C and D, Kaplan-Meier curve of the overall
survival probability of TNBC patients for the Jézéquel cohort (GSE58812) microarray dataset
(n=107, p= 0.0073) (C) and the Brueffer cohort (GSE96058) RNAseq dataset (n=314, p=0.0016)
(D) based on the WNT signature from CdAGAP KO1 MDA-MB-231 cells (Supplementary Fig. 8E,

F).

Figure 8. A pro-invasive domain (PID) at the C-terminus of CdGAP controls breast cancer
progression and activates the canonical WNT/B-catenin signaling pathway in TNBC. In this
study, we have identified a pro-invasive domain (PID) at the C-terminus of CdGAP interacting
with LIMD1 to regulate focal adhesion formation, actin cytoskeletal dynamics, and cell migration.
In addition, the C-terminal PID regulates a WNT signaling pathway gene signature and modulates
TNBC cellular dynamics and metastasis. The interaction of LIMD1 and the C-terminal PID

contributes to fine-tuning the regulation of the WNT signaling pathway in TNBC.
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Figure 8
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