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Bladder cancer is a fast-moving and recurrent malignancy where survival hinges on early detection 
and precise risk stratification. The search for robust biomarkers is urgent, and CD44v6 has emerged 
as a compelling candidate. In this study, we explored the clinical and functional associations of 
CD44v6 expression in bladder cancer. Integrated analyses of patient samples and cell lines showed 
that high CD44v6 expression is strongly associated with poor patient outcomes, enhanced migratory 
and invasive behavior, and increased resistance to cisplatin. These results suggest that CD44v6 may 
serve as a prognostic biomarker and a potential therapeutic target in bladder cancer. Overall, our 
findings highlight the translational relevance of CD44v6 and provide a foundation for future studies 
aimed at elucidating the mechanistic pathways underlying its role in tumor aggressiveness and 
chemoresistance.
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Bladder cancer (BC) is a highly prevalent urologic malignancy that comprises about 5% of all cancer cases and 
represents the 10th most diagnosed cancer worldwide1. It has become an important global health problem and 
a major cause of morbidity and mortality, accounting for approximately 615,000 new cases and 220,000 BC 
deaths in 2022 alone2. While early detection and treatment improve patient outcomes, the challenges associated 
with disease recurrence and progression persist. At diagnosis, roughly 75% of cases fall within the non-muscle-
invasive BC (NMIBC) category; the remaining 25% are classified as muscle-invasive BC (MIBC)3. The current 
paradigm of patient management is intricately linked to this pathological classification, with NMIBC being 
typically addressed through bladder-sparing approaches, specifically transurethral resection with adjuvant 
intravesical therapies4. In contrast, MIBC necessitates an aggressive approach involving radical cystectomy, 
lymphadenectomy, and platinum-based chemotherapy administered in adjuvant or neoadjuvant contexts, 
although a number of patients are candidates to aggressive bladder-sparing approaches such as trimodal 
therapy4. In a notable proportion of MIBC cases the disease advances to the metastatic stage (mBC), an incurable 
condition of extremely low overall survival. Traditionally, platinum-based combination chemotherapy has 
served as the cornerstone of systemic treatment for patients with mBC5. Recent advancements have positioned 
immune checkpoint inhibitors (ICI) as a promising therapeutic avenue, in some cases demonstrating profound 
and enduring responses in mBC patients who have progressed after platinum-based chemotherapy6–10.

There are several novel therapeutic approaches that have further transformed the management of mBC. 
These include targeted therapies such as FGFR inhibitors for tumors harboring FGFR alterations, and antibody–
drug conjugates (ADCs) such as Enfortumab vedotin (EV) and Sacituzumab govitecan (SG)11. EV, the first 
ADC approved by the FDA for BC, improved median overall survival (OS) in patients with refractory mBC to 
12.9 months compared with 9.0 months for standard chemotherapy (HR = 0.70; p < 0.001), establishing a new 
standard of care12. Notably, combination therapy with EV and pembrolizumab has demonstrated synergistic 
activity: the Phase Ib/II EV-103 trial reported a 64.5% objective response rate (ORR) in cisplatin-ineligible 
patients13, while the Phase III EV-302 trial showed superior outcomes compared with chemotherapy in untreated 
locally advanced or metastatic disease (progression-free survival 12.5 vs. 6.3 months, HR = 0.45; OS 31.5 vs. 
16.1 months, HR = 0.47)14. In parallel, the TROPHY-U-01 trial reported an ORR of 27% for SG in patients 
who progressed after both platinum-based chemotherapy and immunotherapy, supporting its accelerated FDA 
approval15. Despite these advances, challenges such as toxicity management, patient stratification, and emergence 
of resistance remain critical. These findings underscore the need to identify additional tumor-associated antigens 
(TAAs) to guide more precise, personalized treatment strategies.

Aberrant expression and dysregulation of CD44, a transmembrane glycoprotein that participates in multiple 
physiological processes, has been shown to contribute to cancer initiation and progression16. CD44 promotes 
epithelial-mesenchymal transition (EMT) and is a common biomarker of cancer stem cells (CSCs)17. CD44 is 
subject to differential splicing processes, giving rise to multiple variants. The canonical variant, known as CD44 
standard (CD44s) glycopeptide, represents the smallest and most prevalent CD44 structure, encompassing exons 
1–5 and 16–20. The same exons represent the constant region of variable isoforms CD44v, while remaining 
exons 6–15 undergo differential splicing giving rise to isoforms CD44v1-v1018. Resulting CD44v isoforms can 
serve as TAAs and have been described to support cancer progression through their role in tumor progression, 
chemoresistance, and immune evasion19–21. Even though certain studies have speculated on the potential role of 
most CD44 isoforms, such as CD44v3-v5 and CD44v8-v10, in tumorigenesis and tumor progression, none has 
been as extensively detailed as CD44v6.

The CD44v6 isoform of the CD44 glycoprotein family comprises the variable region 6 (encoded by exon 
11) in addition to the constant region (exons 1–5 and 16–20)22. CD44v6 is overexpressed in several cancers, 
including head and neck squamous cell carcinoma (HNSCC), ovarian, colorectal, and thyroid cancer23–25. In 
addition, high CD44v6 expression has been linked to tumor development, cell migration, invasion and metastatic 
potential across a wide variety of cancer types24,26,27. Taken together with its favorable expression profile, these 
findings have positioned CD44v6 as a promising therapeutic target, and approaches such as antibody conjugates 
and adoptive cell therapies directed against CD44v6 have shown encouraging results in both preclinical and 
clinical studies28. In this way, numerous radiolabeled antibodies have been evaluated in phase I clinical trials, 
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primarily for HNSCC therapy29, and CD44v6-directed chimeric antigen receptor (CAR)-T cell therapies have 
been evaluated in a phase I/IIa clinical trial with acute myeloid leukemia and multiple myeloma patients. 
Although the application of CAR-T cell therapy in solid tumors remains challenging, multiple preclinical studies 
continue to explore this therapeutic approach29,30. Moreover, the efficacy of CD44v6-directed CAR-NK cells has 
been described in a breast cancer and HNSCC preclinical model31,32, as well as the potential use of CD44v6-
directed CAR-cytokine induced killer cells in a soft tissue sarcoma model28.

In BC, CD44v6 is considered a promising diagnostic and prognostic biomarker, as it is expressed on tumor 
cells but not on normal bladder cells33. However, in contrast with the abundant data evidencing the utility 
of CD44v6 as a potential prognostic factor in cancers such as HNSCC, its significance in BC remains largely 
unexplored. The present study aims to explore the biomarker potential of CD44v6 in BC, with a focus on its 
diagnostic, prognostic, and therapeutic value. We examine whether CD44v6 expression can serve as a sensitive 
and specific biomarker for BC detection and evaluate its correlation with tumor grade, stage, and recurrence risk. 
Additionally, we investigate the relationship between CD44v6 expression, tumor progression, and therapeutic 
resistance. Finally, by characterizing the molecular features of CD44v6-expressing BC, we assess the utility of 
CD44v6 in patient stratification, with the goal of informing treatment decisions and identifying those who may 
benefit from CD44v6-targeted therapeutic strategies. Such approaches may enhance the efficacy of current 
treatments and provide new therapeutic avenues for BC management.

Materials & methods
The cancer genome atlas (TCGA) data analyses
We used the web-based tool TSVdb34(http://www.tsvdb.com/plot.html) to access TCGA, a comprehensive 
public resource providing a wide array of genomic data across various cancer types, to download Level_3 RNA 
sequencing (RNAseq) gene expression data for Bladder Urothelial Carcinoma (BLCA). The selected gene was 
CD44, and CD44v6 gene expression data were obtained from alternative splicing isoform_uc001mwc. Accession 
took place in June, 2024 and the resulting RNA-Seq by Expectation-Maximization (RSEM) normalized data, 
corresponding to samples from 406 BC patients, were transformed by log2. These data were used for survival 
analysis as well as gene expression comparisons across different disease stages and sex, according TCGA 
classification (Supplementary Data 1). Data validation was performed using the “Lund s265 cohort”, dataset 
deposited in: https://zenodo.org/records/1036251735. CD44 isoform expression was quantified using the ​N​F​-​c​
o​r​e pipeline, employing Spliced Transcripts Alignment to a Reference (STAR) for alignment and Salmon for 
transcript-level quantification.

Patient series
Patient enrollment and data collection procedures were supervised and approved by the Ethical Committee for 
Clinical Research of the 12 de Octubre university hospital. The study was approved by the Ethics Committee of 
Hospital Universitario 12 de Octubre (approval number CEIm: 21/081), and all methods were carried out in 
accordance with the relevant institutional, national, and international guidelines and regulations. The study used 
samples from 46 NMIBC and 42 MIBC patients (Supplementary Table 1). The samples, as well as clinical united 
data of the patients, were provided by Biobanco i + 12 in Hospital 12 de Octubre in coordination with the Spanish 
Hospital Biobanks Network (RetBioH; http://www.redbiobancos.es), following standard operating procedures 
after approval by the Ethical and Scientific Committee (CEIC16-011). Written informed consent was obtained 
from all patients/participants prior to the study.

Tissue microarrays and immunohistochemistry (IHC)
Initial sections were cut, stained with hematoxylin/eosin (HE) and evaluated by an experienced pathologist 
to verify previous histopathological findings and identify representative areas for tissue microarray (TMA) 
construction. Two tissue cores (diameter 0.6 mm and thickness of 4 μm) per patient from the selected tumor 
area were then used to construct TMAs with a manual tissue arrayer (Beecher Instruments, Sun Prairie, WI). 
The TMAs were stained with HE and examined to confirm the presence of representative tumor tissue (at least 
70% of tumor cells).

Sections of formalin-fixed paraffin-embedded (FFPE) tumors were deparaffinized and blocked with hydrogen 
peroxide (0.3%) in methanol. Antigen retrieval was performed in sodium citrate buffer (citric acid monohydrate 
1.8 mM, trisodium citrate dihydrate 8.2 mM, pH = 6.0), using a pressure cooker (Dako Agilent Technologies). 
The sections were then blocked with 10% horse serum (HS) for 30 min. at 37 °C, followed by overnight incubation 
with the corresponding primary antibody (Supplementary Table 2) diluted in 10% HS. Next, the samples were 
incubated for 1  h at room temperature with biotin-conjugated secondary antibodies (Supplementary Table 
2) diluted in HS 10%, followed by incubation with avidin-peroxidase (VECTASTAIN®Elite® ABC Kit; Vector 
Laboratories) to amplify the signal. The slides were developed with diaminobenzidine as a substrate (DAB 
Substrate Kit; Vector Laboratories), following manufacturer’s instructions. Positive control slides were included 
to confirm antibody reactivity, and the sections were counter-stained with hematoxylin.

CD44s and CD44v6 expression was scored based on quantity and intensity of the staining (score 0: 
negative samples; score 3: complete and very intensive staining). Scoring was performed by two independent 
investigators, reconciling discordant results by joint examination and discussion. Internal controls for reactivity 
of each antibody and tissue controls for the series were added according to previously published methods.

Immunofluorescence
Tissue sections were deparaffinized and antigen retrieval was performed as previously described. After 
incubation with NH4Cl 100 mM for 30 min. at room temperature (RT) to quench background fluorescence, 
the sections were blocked with 10% HS for 30 min. at 37 °C, followed by incubation with primary antibodies 
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(Supplementary Table 2) diluted in 10% HS. Next, the sections were washed and incubated with secondary 
antibodies (Supplementary Table 2) diluted in 10% HS. After further washing, the coverslips were inverted 
onto mowiol (Fluka) mounting medium with 4’,6-diamidino-2-phenylindole (DAPI) (Dilution 1:1000; Vector 
Laboratories) on microscope slides, viewed with a Zeiss digital microscope and photographed.

Cell lines and reagents
Human BC cell lines SW-780, MGH-U3, MGH-U4, RT-4, 5637, RT-112, T24, UM-UC-3, J82, and 253 J, which 
have well-characterized genomic profiles, were purchased from the American Type Culture Collection (ATCC, 
Manassas, VA, USA) and initially evaluated in this study (Supplementary Table 3)36. 5637 cells were grown 
in RPMI 1640 medium (Gibco-Thermo Fisher Scientific Inc.) and the remaining cell lines were maintained 
in DMEM medium (Gibco-Thermo Fisher Scientific Inc.), supplemented with 10% fetal bovine serum (FBS) 
(Hyclone) and 1% Antibiotic/Antimycotic (A/A) (Gibco-Thermo Fisher Scientific Inc.) at 37 °C in a humidified 
atmosphere of 5% CO2. All cell lines were authenticated by short tandem repeat allele profiling and frequently 
tested for Mycoplasma using Venor®GeM OneStep (Minerva Biolabs) following manufacturer recommendations.

Flow cytometry & fluorescence-activated cell sorting
Receptor expression - Fc receptors were blocked with 0.2  µl/100,000 cells of FcR Blocking Reagent (Miltenyi 
Biotec) (final volume 100 µl) for 10 min. at 4 °C, after which the cells were stained with primary antibodies 
(Supplementary Table 2) in phosphate-buffered saline (PBS) (Gibco-Thermo Fisher Scientific Inc.) for 30 min. 
in the dark at 4 °C. Unstained samples were included as negative controls. The samples were centrifuged (5 min., 
1400 rpm, RT) and resuspended in PBS containing 2 µg/ml DAPI (Roche) for final analysis. CD44 and CD44v6 
receptor expression data were acquired using an LSRFortessa™ cell analyzer (BD Biosciences) and BD FACSDiva 
software (BD Biosciences). CD44 and CD44v6 receptor expression was analyzed using FlowJo™ v10.7 software 
(Becton, Dickinson and Company). Receptor density refers to the abundance of CD44 (all isoforms included) 
or CD44v6 receptors among each cell line and is represented by the median fluorescence intensity (MFI). MFI 
was calculated using FlowJo™ v10.7 software. In all cases, the MFI of stained cells was background corrected by 
subtracting the MFI from unstained samples. Each experiment was performed at least 3 times.

Cell sorting - J82 and RT-112 cells were stained with FITC anti-human CD44 antibody and PE anti-human 
CD44v6 antibody as previously described (Supplementary Table 2). 1–3% of cells with highest CD44, lowest 
CD44 and highest CD44v6 receptor expression were isolated from each cell line using the BD FACS InfluxTM 
Cell sorter (BD Biosciences) (Supplementary Fig. 1; Fig. 3C). Each experiment was performed 3 times.

Xenograft-derived tumors – Cell suspensions derived from disaggregated tumors were stained with Zombie 
Aqua™ dye (Dilution 1:150 for 1 × 106 cells) (Biolegend) for 20 min. at 4  °C. Fc receptors were blocked, and 
cells were stained according to the abovementioned protocol, using antibodies against CD44, CD44v6, CD326 
(EpCAM) and CD45 (Supplementary Table 2). Fluorescence Minus One (FMO) controls were included in this 
experiment, as well as unstained samples representing negative controls. Finally, the samples were centrifuged 
(5 min., 1400 rpm, RT) and resuspended in PBS for analysis. The LSRFortessa™ cell analyzer and BD FACSDiva 
software were used for data acquisition, analyzing the resulting data in the OMIQ Data Science Platform 
(Dotmatics).

RNA extraction
Total RNA from cell lines and FFPE tissue sections was isolated with the miRNeasy Mini Kit (QIAGEN) and 
miRNeasy FFPE Kit (QIAGEN), respectively, following instructions from the manufacturer. A final DNAse 
treatment step (RNAse-Free Dnase Set; QIAGEN) was included in both cases. RNA concentration was measured 
with a Qubit 4 Fluorometer (Thermo Fisher Scientific), using either the Qubit RNA broad range assay kit 
(Thermo Fisher Scientific) or the Qubit RNA high sensitivity assay kit (Thermo Fisher Scientific). RNA samples 
were stored at −80 °C.

RNA sequencing
Three independent biological replicates of total RNA (≥ 500 ng) from each cell line (from both RT-112 and J82: 
parental, CD44 Low, CD44 High and CD44v6) were used for RNAseq analysis. All submitted samples had an RNA 
integrity number (RIN) higher than 9.4, as determined in an Agilent 2100 Bioanalyzer (Agilent Technologies). 
The samples were shipped to Macrogen RNA-seq services (Seoul, South Korea) for rRNA depletion with Ribo-
Zero Gold (Illumina), library preparation with the SMARTer Stranded total RNA kit (TaKaRa) and analysis on 
the NOvaSeq 6000 platform, 150PE (150 × 2 bp) (Illumina). A total of 40 M reads/sample (6 Gb/sample) were 
obtained.

In the case of FFPE patient tissue sections, total RNA samples (≥ 500 ng) were submitted for RNAseq 
analysis using the SureSelect RNA Direct Library (Illumina) in the NovaSeq 6000 platform, 100PE (100 × 2 bp) 
(Illumina). All submitted samples had a DV200 (%) (percentage of RNA fragments > 200 nucleotides) higher 
than 25%, as measured with an Agilent 2100 Bioanalyzer (Agilent Technologies). A total of 60 M reads were 
obtained per sample (6 Gb/sample).

Differential expression analyses using the RNA-seq data were performed with the DESeq2 package (version 
1.42.0) in R (version 4.3.2)37,38. Normalized gene expression data were transformed into regularized log2 
scale. Principal component analysis (PCA) was performed in R, visualizing the results via 3D scatter plots ​(​​​h​
t​t​p​s​:​/​/​t​o​o​l​s​.​a​l​t​i​u​s​i​n​s​t​i​t​u​t​e​.​o​r​g​/​c​u​b​e​m​a​k​e​r​/​​​​​)​. Genes with a foldchange > 1.5 for upregulated genes and <−1.5 for 
downregulated genes and an adjusted p-value < 0.05 were selected for clustering and Enrichr analysis ​(​​​h​t​t​p​s​:​/​/​m​a​
a​y​a​n​l​a​b​.​c​l​o​u​d​/​E​n​r​i​c​h​r​/​​​​​)​. Hierarchical clustering was performed using Multi-Experiment Viewer (MeV 4.9.0)39. 
Unsupervised hierarchical clustering was applied using Pearson correlation and average linkage. Heatmaps 
were represented using MeV version 4.9.0. Gene set enrichment analysis (GSEA) was performed using GSEA 
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version 4.3.2 and the Molecular Signature Database (MSigDB)40,41. The h.all.v7.5.symbols.gmt (Hallmarks) gene 
set database was used as the gene set collection analysis. GSEA was performed using 1000 permutations, with 
maximum and minimum sizes for gene sets of 500 and 15, respectively. Gene set variation analysis (GSVA) was 
performed with the GSVA package in R (v1.50.5) and a hallmark gene set42. Data was represented by a heatmap 
using MeV version 4.9.0. The Datasets have been deposited in the Gene Expression Omnibus.

RNA-Seq FFPE samples were classified into molecular subtypes using three specialized tools. BLCAsubtyping 
was used to classify BC subtypes based on gene expression models, following the guidelines43. The resulting data 
were visualized in the SRPLOT Bioinformatics platform (https://www.bioinformatics.com.cn/en)44.

Analysis of miRNA expression in FFPE patient tissue sections was performed from total RNA samples (≥ 100 
ng), using nCounter technology (NanoString Technologies). nCounter employs molecular barcodes, directly 
tagging RNA with a target-specific capture probe and a target-specific reporter probe containing a labeled 
barcode. Preparation and analyses were performed with the Human v3 miRNA Assay (NanoString Technologies), 
which includes 827 miRNAs and 5 mRNAs, following instructions from the manufacturer. Normalization was 
performed with nSolver software (Nanostring Technologies), correcting for the expression of technical controls 
and 25 internal reference controls included in the panel. Clustering was done using those miRNAs exhibiting 
a foldchange > 1.5 in the case of upregulation or <−1.5 for downregulation and an adjusted p-value < 0.05. 
Hierarchical clustering was performed using Multi-Experiment Viewer (MeV 4.9.0). Unsupervised hierarchical 
clustering was applied using Pearson correlation and average linkage. Heatmaps were represented using MeV 
version 4.9.0. Datasets have been deposited in the Gene Expression Omnibus.

Quantitative PCR with reverse transcription (RT–qPCR)
Reverse transcription was performed on 1 ug of total RNA from BC cell lines, 100 ng of total RNA from sorted 
cell populations and 30 ng of total RNA from xenograft-derived tumors using the High-Capacity cDNA Reverse 
Transcription Kit (Thermo Fisher Scientific). PCR was performed in a QuantStudio 5 Dx Real-Time PCR System 
(Thermo Fisher Scientific) with GoTaq PCR master mix (Promega) and unpurified cDNA as a template (1 µl 
of cell line-derived cDNA or 1.5 µl of xenograft-derived tumor cDNA). The oligonucleotides used are listed in 
Supplementary Table 4. Melting curves were performed to verify specificity and absence of primer dimerization. 
Reaction efficiency was calculated for each primer combination, and TBP/GUSB was used as reference gene for 
normalization.

Cell proliferation assay
XTT assay - RT-112 and J82 cells were seeded at a density of 3,500 and 1,500 cells/well, respectively, in a 96-well 
plate and incubated at 37 °C in a humidified atmosphere of 5% CO2. Cell proliferation was assessed with the 
XTT Cell proliferation kit II (Roche), measuring the results in a GENios pro microplate reader (Tecan) at time 
points 0, 24, 48 and 72 h (Supplementary Fig. 2 A). Time point 0 is actually absorbance at 16 h post-seeding, and 
was used as reference for data normalization. Mean net absorbances (average of six replicates) were background 
corrected by subtracting the mean of medium-only blanks. Each experiment was performed at least 3 times.

Cell migration assay
Wound Scratch Assay - RT-112 and J82 cells were seeded at a density of 300,000 and 200,000 cells/well, respectively, 
in a 6-well plate and incubated at 37 °C in a humidified atmosphere of 5% CO2. After 24 h, the complete growth 
medium was removed, and cells were maintained in FBS-deprived DMEM medium (0% FBS) for 72 h. A sterile 
20–200 µl pipette tip was used to gently scratch a cross in each well. Scratch closure was monitored and imaged 
at time points 0, 24, 48 and 72 h using a Nikon Eclipse Ts2R microscope equipped with a Leica DFC 7000 T 
camera (Leica) and the Leica LasX (Leica) software package (Supplementary Fig. 3 A). Time point 0 represents 
image acquisition directly after cross scratching, and was used as reference for data normalization. Scratch image 
analysis was performed with Fiji (ImageJ)45. Each experiment was performed at least 3 times.

Cell invasion assay
Boyden Chamber Assay – Corning® BioCoat® Control Inserts (Corning) and Corning® BioCoat® Matrigel® Invasion 
Chambers (Corning) with 6.4 mm diameter Polyethylene terephthalate (PET) membrane filters of 8 μm pore 
size were used to form dual compartments in a 24-well tissue culture plate. RT-112 and J82 cells were seeded 
at a density of 100,000 and 50,000 cells/well, respectively, into the upper compartment of the dual chambers in 
supplemented DMEM medium. Supplemented DMEM medium was also placed in the lower compartment and 
plates were incubated at 37 °C in a humidified atmosphere of 5% CO2. After cell attachment to the membrane, 
the supplemented DMEM medium of the upper compartment was replaced by FBS-deprived DMEM (0% FBS). 
After 24 h, cells were detached from the membrane filter with Accutase®Cell Detachment Solution (BioLegend) 
and collected separately from the upper and lower compartments. After staining with CD44 and CD44v6 
antibodies, the cells were then analyzed in a LSRFortessa™ cell analyzer with BD FACSDiva software, as previously 
described (Sect. 2.6). Precision count beads™ (BioLegend) were added for quantification and normalization of 
traversed cells (Supplementary Fig. 4 A). The resulting data were analyzed using FlowJo™ v10.7 software (Becton, 
Dickinson and Company). Each experiment was performed in triplicate and repeated at least twice.

Platinum sensitivity assay
XTT assay - RT-112 and J82 cells were seeded at a density of 6,000 and 5,000 cells/well, respectively, in a 96-
well plate and incubated at 37 °C in a humidified atmosphere of 5% CO2. After 24 h, the cells were treated for 
another 24 h with serial dilutions of cisplatin (Selleckchem) dissolved in PBS (1 mg/ml stock solution; 3.33 mM), 
ranging from 6 to 50 µM for RT-112 and from 6 to 400 µM for J82. Cell viability was assessed with the XTT Cell 
proliferation kit II (Roche), reading the data in a GENios pro microplate reader (Tecan) (Supplementary Fig. 5). 
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After subtracting medium-only background absorbance, the data (mean of six replicates per drug concentration 
point) were normalized as percent of vehicle control (PBS). The maximum mean inhibitory concentration (IC50) 
value of cisplatin for each cell line was determined using GraphPad Prism version 9 (GraphPad Software). Each 
experiment was performed at least 3 times.

Tumor xenografts
All animal experiments were approved by the CIEMAT Animal Ethics Committee and by the competent regional 
authority (Comunidad de Madrid; PROEX 150.8/21). All animal experiments were conducted in compliance 
with the ARRIVE guidelines. At the beginning of the procedure, animals weighed between 20 and 25 g. Tumor 
RT-112 cells were trypsinized and resuspended in a mixture (1:1) of PBS with Vitrogel (BD Biosciences). Five 
million cells in suspension were subcutaneously injected in each flank of 16 healthy immunocompromised nude 
(NMRI-FoxN1nu/nu) female, 8–10 weeks old mice (Janvier Saint-Berthevin, France). Tumor height and width 
were measured three times a week, using an electronic digital caliper (mm). Tumor volume was calculated as 
follows:

	 Tumor volume (mm3) = 4π/3 x (height/2 x (width/2)2 )

Tumor growth was monitored until tumor size became nearly unacceptable in the most affected individuals 
(humane endpoint). Mice were euthanized using CO₂ by progressive displacement of oxygen at a rate of 20% 
of the chamber volume per minute, in accordance with AVMA and FELASA guidelines. For subcutaneous 
xenograft cell injections, animals were anesthetized with inhaled isoflurane (4% for induction and 1.5% for 
maintenance) during the procedure. Tumor size and weight were measured after euthanasia, volume did not 
exceed 1.5 cm³ in any case, in accordance with CCAC guidelines, with only two tumors exceeding 0.6 cm³.

Tumor disaggregation
Tumors were carefully sliced into 1–2 mm3 pieces by microdissection. The fragments were incubated in an 
enzymatic cocktail of DNase I (100 µg/ml) (Roche), collagenase P (200 µg/ml) (Roche) and dispase II (800 µg/ml) 
(Sigma-Aldrich) in DMEM medium at 37 °C, vortexing every 20 min. for 3 to 4 times. Digested tissue samples 
were filtered through a 40 μm cell strainer, and the resulting cell suspensions were centrifuged (5 min., 1200 rpm, 
RT). The cells were resuspended in 1x BD Pharm Lyse™ lysing solution (BD Biosciences) and incubated for 
10 min. at RT in the dark, followed by centrifugation (5 min., 1200 rpm, RT) and finally resuspension into PBS.

Statistical analyses
Comparisons using gene expression data from TCGA were made with unpaired t-tests. Contingency analyses 
were performed with Fisher´s exact test or Chi-square test, as appropriate. Differential CD44 and CD44v6 
receptor expression for each BC cell line was evaluated with unpaired t-tests. Maintenance of differential CD44 
and CD44v6 receptor expression as well as invasion capacity among newly established cell lines were analyzed 
by a one-way ANOVA test. Differential percentages of either CD44+/CD44v6 + or CD44+/CD44v6- between 
seeded and migrated cells in the cell invasion assay were determined by unpaired t-tests. The statistical analysis 
of proliferation and migration capacity in newly generated cell lines was done with a two-way ANOVA test. In 
vivo tumor growth was evaluated by means of a two-way ANOVA test. Discrimination between tumor sample 
size or weight was made using the median. CD44 and CD44v6 receptor expression in the implanted tumors was 
analyzed with a one-way ANOVA test. Differences in cisplatin sensitivity between the cell lines were determined 
by the extra sum-of-squares F test, comparing IC50 values. GraphPad Prism 10.1.2 was used. In all cases, a 
p-value < 0.05 was considered significant. Absence of plotted p-values indicates a non-significant difference 
(p > 0.05).

Results
CD44 and CD44v6 are expressed in the majority of urothelial tumors
In order to assess the relevance of CD44 and CD44v6 in BC, we retrieved the available CD44 and CD44v6 gene 
expression data corresponding to Bladder Urothelial Carcinoma (BLCA) at TCGA, which belonged to samples 
from 406 BC patients. Gene expression analysis of CD44 data showed no clear association with epidemiological 
and clinical factors such as survival, disease stage or sex (Supplementary Fig. 6A-6 C). Likewise, we failed to 
find an association between CD44v6 expression levels and overall survival or sex. However, CD44v6 did exhibit 
significantly increased expression in samples from stage III and stage IV disease (Fig. 1A; Supplementary Fig. 6 A 
& 6 C). Additionally, the percentage of CD44v6 positive samples increased from 0% in stage I disease samples to 
almost 60% in Stage II and 70% in Stage III and IV disease samples (Supplementary Fig. 6D).

Seeking confirmation for the above finding, we prepared TMAs of a selection of tumor specimens from a 
non-consecutive cohort of 46 NMIBC and 42 MIBC FFPE patient samples representative of all tumor grade 
and stages (Supplementary Table 1) and evaluated protein expression of both CD44s and CD44v6. The resulting 
data revealed that 78.8% (88.1% of NMIBC and 68.4% from MIBC) of the assayed sections were positive for 
CD44v6 expression, restricted to the tumor area (Supplementary Fig. 7A). Associations of CD44s and CD44v6 
receptor expression with clinical data were explored (Fig. 1B and C; Supplementary Fig. 7B-7D). Even though 
significantly higher CD44s expression levels were detected among patients from advanced stage disease, no 
association between CD44v6 receptor expression and disease stage was found (Fig. 1C; Supplementary Fig. 7B). 
Nevertheless, a tendency towards higher CD44v6 expression levels in high grade disease could be observed, 
whereas no evidence of differential CD44s receptor expression between low-grade and high-grade disease 
samples was detected (Fig. 1C). Additionally, samples from NMIBC patients showing disease progression after 
recurrence as well as MIBC patients showing metastatic disease displayed higher CD44v6 expression levels 
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Fig. 1.  CD44s and CD44v6 expression analysis using BC patient samples. (A) Graph showing relative 
CD44v6 gene expression levels across 406 BC patients. Patients from stage I to stage IV disease were included 
in this analysis. The gene expression data were obtained from the TCGA database. Boxplots were used for 
representation, showing all individual values. Statistical analysis was done by unpaired sample t-test. (B) 
Representative image of CD44v6 receptor staining among human NMIBC samples. CD44s and CD44v6 
expression was scored (score 0 to 3) based on quantity and intensity of IHC staining (score 0: negative samples; 
score 3: complete and very intense staining). Scale bars, 100 μm. (C) Evaluation of CD44s and CD44v6 
receptor expression in primary BC tumor samples in relation to clinical data, such as tumor invasiveness 
(NMIBC vs. MIBC), grade of NMIBC (Low vs. High) and the presence of metastasis. Error bars represent the 
mean ± Standard Error of the Mean (SEM). Statistical analysis was done by contingency analysis, employing 
Fisher´s exact test. *p-value < 0.05, **p-value < 0.01, ***p-value < 0.001. Absence of plotted values indicates a 
non-significant difference (p > 0.05).
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(Fig. 1C; Supplementary Fig. 7D). Increased CD44s expression levels among the primary tumors of metastatic 
patients were also observed (Fig. 1C).

Transcriptomic profiling based on CD44s and CD44v6 expression maps to specific molecular 
subtypes
FFPE samples from the cohort described above were utilized to characterize the transcriptomic landscape 
associated with CD44s and CD44v6-positive tumors. We selected 6 CD44s High (CD44s+; IHC score 3) and 
6 CD44s negative (CD44s-; IHC score 0) tumors, as well as 8 CD44v6 High (CD44v6+; IHC score 3) and 3 
CD44v6 negative (CD44v6-; IHC score 0) tumors for RNA sequencing (Fig. 2). Analysis of the resulting RNAseq 
data by PCA revealed a clear discrimination between CD44s- and CD44s+ samples as well as between CD44v6- 
and CD44v6+ samples (Fig. 2A and B). Interestingly, the two CD44s-CD44v6- samples and the four CD44s-
CD44v6+ samples were also clearly separated in CD44s- tumors (Fig. 2A); a similar phenomenon was observed 
in CD44v6+ tumors, where CD44v6+CD44s- and CD44v6+CD44s+ samples were also easily discriminated 
(Fig. 2B). These results were confirmed by unsupervised clustering analysis of differently expressed (DE) genes 
(Fig.  2C and D). Specifically, transcriptional analysis of CD44s+ and CD44s- tumors found 3061 DE gene 
transcripts, of which 1816 were up-regulated and 1245 were down-regulated in CD44s+ tumors compared to their 
CD44s- counterparts (Supplementary Data 2). Likewise, in CD44v6+ vs. CD44v6- tumors there were 1295 DE 
gene transcripts, of which 815 were up-regulated and 480 were down-regulated in CD44v6+ samples compared 
to their CD44v6- counterparts (Supplementary Data 3). For CD44v6 specifically, the three distinct groups found 
by PCA were also found by unsupervised filtered clustering (Fig. 2D). Additionally, GSEA, GSVA and Enrichr 
analysis showed that CD44s+ tumors exhibited an enrichment in several biological pathways involved in tumor 
development and progression such as EMT, extracellular matrix (ECM) organization, inflammatory response, 
angiogenesis and proliferation (Supplementary Fig.  8–10). CD44v6+ tumors showed enrichment in hypoxia, 
EMT and MYC signaling pathways as well as the activation of p53 and especially p63 signaling by GSEA and 
Enrichr analysis (Supplementary Figs. 8 & 10). Interestingly, these cells also showed a decrease in the expression 
of genes downregulated in the absence of CDH1 (E-cadherin) in tumor cells (Supplementary Fig. 10).

We next set out to find if there was a correspondence between the groups defined from these RNAseq 
molecular profiling data and four different, previously existing molecular classification systems devised for BC. 
Indeed, we observed that the samples stratified by CD44s-/CD44s+ or CD44v6-/CD44v6+ transcriptional status 
did fit into groups previously defined by BC molecular classifiers (Fig. 2E-G). For instance, if the samples were 
separated according to CD44s expression, the resulting groups corresponded perfectly to the basal and luminal 
subtype groups defined by the UNC subtype classification43(Fig. 2E). In turn, if the data were stratified according 
to expression of the CD44v6 isoform, tumors that were positive for CD44v6 but negative for CD44s mapped 
onto the mesenchymal-like/UroA subtypes of the LUND classifier and the stromal rich/LumU tumor subtype of 
the Consensus MIBC classification (Fig. 2F and G), without spilling over to other groups. Interestingly, CD44v6- 
tumors corresponded exactly to the GU tumor subtype of the LUND classifier and the LumP subtype of the 
Consensus MIBC classification (Fig. 2F and G). These findings were confirmed using the s265 cohort, showing 
that the v6 isoform constitutes a significant part of CD44 expression in BLCA and exhibits subtype-specificity 
distinct from the standard isoform CD44s. CD44v6 correlates more strongly with basal gene expression than 
other isoforms and its expression is more variable in higher tumor stages (Supplementary Fig. 9).

CD44 and CD44v6 receptor density among human BC cell lines
We analyzed by flow cytometry ten human BC cell lines of known genomic characteristics representing different 
disease stages and BC subtypes (Supplementary Table 3) in order to examine whether their in vitro behavior 
was influenced by total CD44 and/or specific CD44v6 surface expression status. As shown in Fig. 3A, these lines 
exhibited highly variable CD44 receptor expression levels. A positive association was observed between CD44 
receptor density and lines from more advanced disease stage or higher grade. CD44v6 receptor expression was 
found in all evaluated cell lines, although in contrast with the tumor transcriptomic data, elevated CD44v6 
receptor expression levels were also observed among cell lines from lower stage and grade disease (Fig. 3A). 
This phenomenon was not caused by differences in posttranslational processing, since CD44v6 mRNA 
expression levels in these samples, as assayed by qPCR, agreed with the observed CD44v6 receptor expression 
(Supplementary Fig. 11A). Significant differences between CD44 and CD44v6 receptor density were found for 
all BC cell lines, with cell lines representative of higher stage and grade tumors showing higher CD44:CD44v6 
expression ratios (Fig. 3A; Supplementary Fig. 11B). Percentages of cells expressing CD44 and CD44v6 receptors 
were determined for all the abovementioned cell lines (Fig. 3B; Supplementary Fig. 12).

Generation and transcriptomic analysis of CD44 Low, CD44 High and CD44v6 positive cell 
lines
Based on their significantly different CD44 and CD44v6 receptor expression levels, the RT-112 and J82 cell lines 
were selected for further experimentation. Not only are CD44 and CD44v6 expression levels different between 
them, but the percentage of CD44v6-presenting cells is also markedly dissimilar (whereas approximately 97% of 
RT-112 cells and 100% of J82 cells are CD44+, 95% and 8% are CD44v6+, respectively) (Fig. 3B).

CD44 Low, CD44 High and CD44v6 positive cell lines were successfully established from RT-112 and J82-
derived FACS-isolated cell populations (Fig. 3C and D; Supplementary Fig. 1). Maintenance of the corresponding 
CD44 and CD44v6 positive phenotypes was verified by continuous subculturing and comparison of cultures at 
initial time or after 5 weeks of subculturing. The parental and newly established cell lines used in this study were 
named as following: RT-112 Parental, RT-112 CD44 Low, RT-112 CD44 High, RT-112 CD44v6 and J82 Parental, 
J82 CD44 Low, J82 CD44 High, J82 CD44v6 (Fig. 3D).
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Fig. 2.  RNA-Seq analysis of selected BC patient samples based on CD44s and CD44v6 expression. (A & C) 
RNA-Seq outcomes comparing CD44s High (CD44s+) and CD44s negative (CD44s-) tumors, represented 
by PCA (A) and unsupervised clustering of DE genes visualized by a heatmap (C). (B & D) RNA-Seq 
outcomes comparing CD44v6 High (CD44v6+) and CD44v6 negative (CD44v6-) tumors, represented by 
PCA (B) and unsupervised clustering of DE genes visualized by a heatmap (D). (E-G) Alluvial plots showing 
CD44s- and CD44v6-expression based sample distribution according to reported molecular BC classification 
systems43: UNC classification (E), Lund classification (F), and Consensus MIBC classifier (G). Ba/Sq = Basal/
Squamous, Inf = Infiltrated, GU = Genomically Unstable, Mes-like = Mesenchymal-like, UroA-Prog = Urobasal 
A-Progressed, LumP = Luminal Papillary, LumU = Luminal Unstable.
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We next compared RNAseq profiles between the generated cell lines (CD44 Low, CD44 High and CD44v6 
from either RT-112 or J82) and their parental lines (RT-112 and J82) (Supplementary Data 4). The observed 
differences in CD44 gene expression levels were concordant with the previously observed differences in CD44 
protein expression (Fig.  3E). Unsupervised classification, based on gene expression, clustered separately the 
parental and CD44 Low cell lines, whereas the CD44 High and CD44v6 lines clustered together (Supplementary 
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Fig. 13). As expected, basal gene expression appears elevated in CD44 High RT-112 cells (Supplementary Data 
4), indicating upregulated Cyclin D1/FOS/JUN pathway, basal lamina adhesion molecules (LAMA/B, ITGs), 
and NT5E, which are co-expressed with CD44. This suggests that variability in basal status is preserved in these 
cell lines and correlates positively with CD44 expression.

Analysis of upregulated genes shared between the CD44 High cell lines and CD44 High tumors detected 
a highly significant enrichment of genes involved in a variety of biological processes, including EMT, ECM 
interactions and cell migration (Fig. 3F). When the same analysis was performed on upregulated genes shared 
between CD44v6 positive cell lines and CD44v6 High tumors, enrichment was again detected for genes of the 
p53 family (p53 and TAp63), which are known regulators of cell function that control various processes involved 
in cancer progression, including cell division, proliferation, genomic stability, cell cycle arrest, senescence, 
and apoptosis. Other enriched genes shared between CD44v6 cell lines and CD44v6 High tumors belonged to 
pathways involved in cell-cell and cell-ECM interactions (Fig. 3F).

Association of CD44 and CD44v6 expression with proliferation, migration and invasiveness
In order to examine whether the transcriptomic profiles of the CD44 Low, CD44 High and CD44v6 lines are 
recapitulated by their in vitro characteristics, we evaluated their proliferative, migrating and invading capabilities. 
Significant differences in proliferative capacity were observed between the parental, CD44 Low, CD44 High and 
CD44v6 cell lines in vitro (Fig. 4A; Supplementary Fig. 2B). RT-112 CD44 Low and J82 CD44 Low cell lines 
exhibited higher proliferative capacities than their respective parental, CD44 High and CD44v6 cell lines. Also, 
CD44 High cell lines were found to proliferate significantly slower than their respective parental and CD44 Low 
cell lines. Interestingly, the RT-112 CD44v6 cell line showed a significantly lower proliferative capacity than the 
RT-112 CD44 Low cell line but was found to proliferate considerably faster than the RT-112 CD44 High cell line. 
The J82 CD44v6 cell line behaved similarly, the only difference being that it exhibited no differences regarding 
cell proliferation with the J82 CD44 High cell line after 72 h of cell growth.

Evaluation of the migration and invasion capacity of the established cell lines also demonstrated differences 
between parental, CD44 Low, CD44 High and CD44v6 cell lines in vitro (Fig.  4B, C and D, Supplementary 
Figs. 3 & 4). On the one hand, CD44 High cell lines, whether derived from the RT-112 or J82 parental cell line, 
exhibited a reduced ability to migrate when compared to their respective CD44v6 and parental cell lines. On 
the other hand, CD44 Low cell migration seemed to depend on the identity of the parental line. The migration 
capacity of RT-112 CD44 Low was similar to that of RT-112 CD44v6 but higher than that of RT-112 CD44 High 
and their parental cell line (Fig. 4B and C; Supplementary Fig. 3C). However, the migration capacity of J82 CD44 
Low tended to be lower than that of J82 CD44v6 and their parental cell line. No significant difference was found 
between the migration capacity of the J82 CD44 Low and J82 CD44 High cell lines (Fig. 4C; Supplementary Fig. 
3C).

As for invasion capacity, the RT-112 CD44v6 cell line was significantly more invasive than its parental, CD44 
Low and CD44 High cell lines; among them, RT-112 CD44 High was the least invasive. In contrast, the opposite 
was true for J82-derived cell lines, among which CD44 High exhibited a capacity for invasion significantly higher 
than that of the J82 CD44v6 and J82 CD44 Low cell lines (Fig. 4D).

It is of note that the data suggests cell line-dependent effects of CD44 and CD44v6 expression on migration 
and invasion, which is consistent with the distinct intrinsic molecular and phenotypic characteristics of each 
cell line. In this context, the J82-derived cell lines exhibited invasive capacity independent of the established 
chemoattractant gradient, indicating a more intrinsically invasive phenotype.

Interestingly, differences were found when comparing the CD44 and CD44v6 receptor phenotypes of the cell 
populations seeded in the Boyden chambers with those of the cells that had invaded the lower chamber by the 
end of the assay. In the J82 parental and its derived lines, the invading population exhibited a significantly higher 
proportion of CD44+/CD44v6+ cells than the original population (Fig. 4E). Concordantly, the percentage of 
CD44+/CD44v6- cells was remarkably lower in the invading J82 cell populations (Supplementary Fig. 4B). The 
same increase could not be observed in the RT-112-derived cell lines, as 90–97% of the starting population is 
already CD44v6+ (Supplementary Fig. 4C).

Fig. 3.  Generation and genomic analysis of cell lines with differential CD44 and CD44v6 expression. (A) 
Surface receptor density of CD44 and CD44v6 across a panel of ten bladder cancer (BC) cell lines, measured 
by flow cytometry. The CD44:CD44v6 ratio was calculated to evaluate the relative contribution of CD44 
variants in each cell line. Statistical analysis was done by unpaired sample t-test. (B) Percentage of RT-112 and 
J82 cells expressing CD44 and CD44v6 receptors. (C) Representative FACS plots of isolated cell populations 
(CD44 Low, CD44 High, and CD44v6 High) from RT-112 and J82 cell lines. (D) Receptor density of CD44 
and CD44v6 in the newly established CD44 Low, CD44 High, and CD44v6 High cell lines derived from RT-
112 and J82 FACS-isolated populations. Statistical analysis was done by a one-way ANOVA test, followed by 
Tukey’s HSD post-hoc test. (E) CD44 gene expression levels across the newly generated cell lines, analyzed 
by RNA sequencing. Statistical analysis was done for each parental cell line with its derivatives by a one-way 
ANOVA test, followed by Tukey’s HSD post-hoc test. (F) Enrichment analysis of commonly upregulated 
genes across CD44 High cell lines and tumors or CD44v6 High cell lines and tumors, using Enrichr. Median 
Fluorescence Intensity (MFI) was used to quantify receptor expression. Error bars represent mean ± SEM. 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Absence of plotted values indicates a non-significant difference 
(p > 0.05).
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Increased in vivo tumorigenesis of established CD44v6 cell lines
The effect of CD44v6 on in vivo tumorigenesis was assessed exclusively using RT-112–derived cell lines, as the 
J82 parental line does not form tumors in immunodeficient nude mice. Subcutaneous injections were performed 
with RT-112 parental cells, as well as RT-112 CD44 Low, RT-112 CD44 High, and RT-112 CD44v6 variants, into 
the flanks of nude mice. Tumor implantation and subsequent growth were monitored over time, as illustrated 
in Fig. 5A. This approach allowed us to directly evaluate the impact of CD44 and CD44v6 expression on in vivo 
tumorigenic potential under conditions in which robust tumor formation could be reliably observed.
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With regards to tumor implantation, tumor development was observed in 100% (8/8) of animals receiving 
CD44 High xenografts, 88% (7/8) of animals receiving CD44v6 xenografts, and 63% (5/8) of the animals 
receiving the parental RT-112 cell line. Tumor implantation rate with CD44 Low xenografts was a very low 25% 
(2/8). Clear differences in tumor growth were observed, with the CD44v6 cell line being responsible for the 
fastest growing tumors (Fig. 5B, Supplementary Fig. 14A & 14B), followed by the parental and CD44 High cell 
lines, which exhibited an intermediate tumor growth rate, and trailed by CD44 Low with the slowest median 
rate of tumor growth (Fig. 5B and C). These differences were confirmed upon tumor weighing after euthanasia 
(Supplementary Fig. 14C).

Histological analysis uncovered major phenotypic differences between tumors derived from different cell lines 
(Fig. 5D). Parental and CD44 Low-derived xenografts produced well differentiated tumors with a urothelial-like 
structure and a well-defined basal lamina, separating tumor and stroma. In contrast, CD44 High- and CD44v6-
derived xenografts produced considerably less differentiated tumors of a more aggressive phenotype with no 
clear separation of tumor and stroma and cell infiltration into the stromal compartment, probably owing to 
the upregulation of genes involved in ECM interaction and the downregulation of genes associated to CDH1 
observed during transcriptomic analysis. When tumor cells were analyzed by flow cytometry, it was found that 
CD44v6-derived tumors exhibited significantly higher CD44 and CD44v6 receptor expression levels than the 
other cell lines (Fig. 5E; Supplementary Fig. 15).

Taking into account that transcriptomic analysis pointed at EMT as one of the processes associated with 
CD44 and CD44v6 expression, with a decrease in CDH1 related genes in the case of CD44v6+ tumors and 
considering the more undifferentiated appearance of CD44 High and CD44v6-derived tumors, we decided to 
evaluate expression of CDH1 in the tumor sections. We found a significantly decreased expression of CDH1 
among CD44v6-derived tumors, compared to parental-, CD44 Low- and CD44 High-derived tumors, further 
emphasizing the potential role of CD44v6 in tumor aggressiveness (Fig. 5F and G).

Cisplatin sensitivity is decreased in established CD44v6 cell lines
In order to assess whether miRNA regulation was involved in a differential splicing switch towards CD44v6 
expression, we compared the levels of 827 miRNAs in the parental and CD44v6 cell populations using nCounter 
miRNA analysis. Comparative analysis of these cell lines revealed a significant differential expression of 41 
miRNAs, of which 14 miRNAs were upregulated and 27 miRNAs were downregulated in the parental cell lines 
compared to the CD44v6 cell lines (Supplementary Data 5). Unsupervised hierarchical clustering of these DE 
miRNAs significantly separated the parental cell lines from the CD44v6 sorted cell populations (Supplementary 
Fig. 16A). Interestingly, by using the ROSALIND analysis system (NanoString Technologies), we found that 
these DE miRNAs are associated with the response to chemotherapeutic drugs such as cisplatin and doxorubicin 
(Supplementary Fig. 16B). Given the clinical relevance of cisplatin-based therapy in MIBC, we investigated the 
role of CD44v6 in modulating platinum sensitivity. RT-112–derived cell lines were used for in vitro and in vivo 
experiments, as this line reliably forms tumors in nude mice and exhibits intermediate baseline sensitivity to 
cisplatin, allowing clear detection of CD44v6-dependent effects.

Analysis of RNAseq data from CD44v6-expressing tumors and cell lines revealed upregulation of genes 
associated with cisplatin resistance46, including pathways related to CSCs, ECM interaction, and EMT (Fig. 3F; 
Supplementary Fig. 16C). In vitro treatment of RT-112 cells at IC50 concentrations demonstrated that cisplatin-
remnant cells were enriched for CD44v6 expression (Fig. 6A). Similarly, in vivo xenograft experiments confirmed 
high CD44v6 expression among cisplatin-resistant cells (Fig. 6B).

Consistently, cisplatin sensitivity assays showed that CD44v6-expressing RT-112 cells were significantly 
more resistant than parental and CD44 Low cells (Fig. 6C). J82-derived cell lines were generally less sensitive to 
cisplatin, with CD44v6 still conferring additional resistance, though the high intrinsic resistance of J82 limited 
dynamic detection.

Fig. 4.  In vitro studies evaluating cell proliferation, migration, and invasion capacity of the CD44 Low, CD44 
High and CD44v6 cell lines. (A) Charts plotting the proliferation rate of parental (RT-112 and J82) and their 
respective CD44 Low, CD44 High and CD44v6 cell lines. Cell proliferation was measured 24 h, 48 h and 72 h 
after seeding. The chart plots the fold change compared to time point 0. Statistical analysis was done by a 
two-way ANOVA test, followed by Tukey’s HSD post-hoc test. (B-C) Evaluation of the migration capacity of 
parental (RT-112 and J82) and their respective CD44 Low, CD44 High and CD44v6 cell lines. Representative 
image of RT-112 wound healing after 24 h, 48 h and 72 h of wound scratching (B). Charts plotting migration 
capacity, as represented by wound healing percentage 24 h, 48 h and 72 h after scratching (C). Statistical 
analysis was done by a two-way ANOVA test, followed by Tukey’s HSD post-hoc test. (D) Evaluation of the 
invasion capacity of parental (RT-112 and J82) and their respective CD44 Low, CD44 High and CD44v6 
cell lines. Only cells with migration capacity were included in this analysis. The invasion capacity of each 
cell line is represented by the percentage of cells with invasive features. Statistical analysis was done for each 
parental cell line with its derivatives by a one-way ANOVA test, followed by Tukey’s HSD post-hoc test. (E) 
Percentage of CD44+/CD44v6+ cells in the seeded and invading J82 cell populations. Statistical analysis 
was done by unpaired sample t-test. Error bars represent the mean ± SEM. *p-value < 0.05, **p-value < 0.01, 
***p-value < 0.001, ****p-value < 0.0001. Absence of plotted values indicates a non-significant difference 
(p > 0.05).
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Discussion
CD44 is a hyaluronan-binding cell surface adhesion molecule involved in tumor development and metastasis 
that supports the formation of a favorable tumor microenvironment and the expression of a chemotherapy-
resistant phenotype47,48. Its overexpression has been shown to attenuate the cytotoxicity of chemotherapy in 
various cancers, resulting in poor patient prognosis48. Important as its role in tumorigenesis might be, the tissue 
distribution of CD44 is far too wide for this molecule to be used in targeted cancer therapies, as the latter relies 
on the exclusive or augmented expression of the target on tumoral cells.

CD44 transcripts may undergo alternative splicing of the exons coding for its extracellular domain, 
generating several highly glycosylated CD44 variants (CD44v) that adopt new functionalities and exhibit a 
much more specific tissue distribution than the standard isoform49–55. One such variant is CD44v6, the isoform 
containing the variable exon 11-encoding region, whose expression is restricted to subsets of epithelia and 
specific developmental stages56. CD44v6 is overexpressed in several cancers, including HNSCC, ovarian cancer, 
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colorectal cancer, and BC33,57–59. High CD44v6 expression is often associated with poor prognosis, aggressive 
disease, and increased invasive and metastatic potential60–62.

Due to its limited expression in healthy tissues and its marked overexpression in various cancers, CD44v6 has 
been considered a promising therapeutic target for cancer, even reaching clinical trials as a target for molecular 
radiotherapy or CAR-T cells in HNSCC29,63. In this study we focused on the biology of CD44 and its variant 
CD44v6 in BC, as part of an effort to understand its role in the pathophysiology of this disease and to provide 
data informing its appraisal as a potential prognostic marker and therapeutic target in this clinical setting.

We first examined CD44v6 expression in BC samples from different stages by using TCGA transcriptomic 
data and FFPE patient samples studied by IHC. Remarkably, we found CD44v6 expression in more than 75% 
of all tumors independently of grade and stage, which was particularly high in metastatic forms of the disease. 
These findings coincide with those of Wang et al.64, who inferred that CD44s/CD44v6 play a fundamental role 
not only on the generation of cancer initiation cells but also in subsequent steps of the metastatic cascade.

Our findings suggest that CD44v6 facilitates tumor progression through enhanced cell migration, invasion, 
and interaction with the tumor microenvironment, which is consistent with previous research on the role of 
CD44 variants in cancer metastasis65. Importantly, our functional data also indicate that the contribution of 
CD44 and CD44v6 to migratory behavior is cell line–dependent, as the pro-migratory effect of CD44v6 was 
more evident in RT-112 cells than in J82 cells. This differential response is most likely explained by the distinct 
intrinsic molecular and phenotypic backgrounds of these models. RT-112 cells display a more epithelial-like 
phenotype and lower basal invasiveness, thereby allowing the pro-migratory effects of CD44v6 to be unmasked. 
In contrast, J82 cells exhibit a highly aggressive and intrinsically invasive phenotype and are capable of migrating 
and invading independently of external chemoattractant gradients. In line with these observations, although 
CD44v6 xenografts displayed accelerated tumor growth in vivo, comparable implantation efficiency with CD44 
High tumors suggests that this effect is more likely driven by intrinsic differences in proliferation potential rather 
than by invasiveness per se.

In this context, it is also plausible that differences in alternative CD44 splicing patterns and in the expression 
of other CD44 variant isoforms between RT-112 and J82 cells may further contribute to these distinct biological 
responses. Nevertheless, as shown in Fig. 4E, CD44v6 remains functionally relevant in J82 cells by significantly 
modulating their invasive capacity, supporting a context-dependent but still biologically meaningful role of this 
isoform in highly aggressive BC cells.

The same has previously been reported for ovarian66, colorectal67 and breast cancer68, where several research 
works and meta-analyses have validated CD44v6 as a reliable marker of poor prognosis. The specific role of 
the v6 region was first demonstrated by Günthert et al.69, who identified this epitope and demonstrated that 
overexpression of the v6 isoform in non-metastasizing BSp73AS cells suffices to establish full metastatic 
behavior. After that, many individual studies have reported that the v6 isoform interacts with integral membrane 
and cytosolic signaling molecules as well as proteases and transcriptional regulators involved in migration and 
invasion. CD44v6 promotes MET activation, which requires the interaction of the CD44 cytoplasmic tail with 
ERM proteins for activation of the Ras-MAPK pathway70. In ovarian cancer, the CD44v6-ECM interaction also 
promotes PI3K pathway activation, MET transcription71 and metastasis by mediating cell invasion into the 
peritoneum24 in a process suggested to induce NF-κB activation. This characteristic may serve an important role 
in the potential use of chemotherapeutic drugs that target this critical molecular mechanism for the treatment 
of cancer.

The transcriptomic analyses presented here of patient-derived tumors as well as tumor-derived cell lines 
revealed that CD44 and CD44v6 are involved in the EMT process and the interaction of tumoral cells with the 
extracellular matrix during BC. CD44 has been previously shown to play these roles in other tumor types24,65. 
In the particular case of CD44v6, previous research has demonstrated that the secretion of hepatocyte growth 
factor (HGF), osteopontin (OPN), and stromal-derived factor 1α (SDF-1) by tumor-associated cells increases 
CD44v6 expression in colorectal CSCs via activation of the Wnt/β-catenin pathway, which promotes migration 
and metastasis65. These authors reported that CD44v6 negative progenitor cells do not give rise to metastatic 
lesions but, when treated with cytokines, acquire CD44v6 expression and metastatic capacity. Importantly, 
phosphatidylinositol 3-kinase inhibition selectively killed CD44v6 colorectal CSCs and reduced metastatic 

Fig. 5.  In vivo study evaluation of the tumorigenesis of CD44 Low, CD44 High and CD44v6 cell lines. (A) 
Schematic representation of study design. The “n” represents the number of animals used in this study. (B) 
Chart plotting the evolution of median tumor volume (mm3) with time. Statistical analysis was done by a two-
way ANOVA test. (C) Individual tumor sizes at study endpoint. Tumor size is represented as tumor volume 
(mm3). Tumor sizes at the study endpoint were calculated by subtracting starting tumor size from final tumor 
size. Median tumor sizes at the study endpoint are also shown. Statistical analysis was done by a one-way 
ANOVA test. (D) Representative histological images of the tumors developed from RT-112 parental, CD44 
Low, CD44 High and CD44v6 cell lines. Scale bars, 100 μm. (E) CD44 and CD44v6 receptor expression in the 
developed tumors, analyzed by flow cytometry and the OMIQ Data Science Platform. Error bars represent the 
mean ± SEM. Statistical analysis was done by a one-way ANOVA test, followed by Tukey’s HSD post-hoc test. 
(F) CDH1 expression levels among the developed tumors, relative to the TBP housekeeping gene. Medians are 
also shown. Statistical analysis was done by a one-way ANOVA test, followed by Tukey’s HSD post-hoc test. 
(G) Representative images of immunofluorescence (IF) analysis, showing E-cadherin expression (green) and 
CD44v6 expression (red) in the developed tumors. Nuclei are stained with DAPI (blue). Scale bars, 100 μm. 
The Median Fluorescence Intensity (MFI) allows for quantification of receptor expression. *p-value < 0.05, 
**p-value < 0.01. Absence of plotted values indicates a non-significant difference (p > 0.05).
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Fig. 6.  Cisplatin sensitivity of parental (RT-112 and J82) cell lines and their respective CD44 Low, CD44 High 
and CD44v6 cell lines. (A) CD44v6 receptor expression in remnant RT-112 tumor cells following cisplatin 
treatment at the IC50 concentration. (B) Representative IHC images of CD44v6 expression among non-treated 
(control) and cisplatin-treated tumors. Scale bars, 100 μm. (C) In vitro study of cell viability by XTT. Cell 
survival is represented as percentages. Cisplatin concentrations are in Log10 scale. IC50 values represent the 
half-maximal inhibitory concentration values and are represented as IC50 ± Standard Error Log IC50. Least 
squares regression was used to fit the curve. R squared (R2) values represent the goodness of the slope fit. 
Tables showing the level of statistical significance of differences in cisplatin sensitivity between the parental cell 
lines (RT-112 and J82) and their respective CD44 Low, CD44 High and CD44v6 cell lines. Statistical analysis 
was done by the extra sum-of-squares F test, comparing IC50 values. ns = not significant, *p-value < 0.05, 
**p-value < 0.01, ***p-value < 0.001, ****p-value < 0.0001.
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growth. This will be very relevant for the design of future therapeutic strategies targeting CD44v6-expressing 
cells with specific PI3K signaling inhibitors.

Regarding the molecular classification of tumors expressing CD44v6, we found that unsupervised clustering 
of DE genes from transcriptomics data separated BC tumors into groups according to their CD44v6 status and, 
importantly, that these groups fit very well onto the LUND and Consensus classification schemes. This finding 
has important clinical implications, as the molecular subtypes of BC tumors correlate well with pathological 
response and overall survival. The CD44v6 positive tumors grouped together by unsupervised clustering 
corresponded to the Basal/Squamous subgroup, which has been shown to exhibit the worst outcome in three 
different cohorts72. In this regard, Sjödahl et al.72 found that tumors with high expression of SPP1 (osteopontin) 
were associated with poor response to chemotherapy, and osteopontin has been shown to increase the metastatic 
potential of hepatocellular cancer cells by raising plasma membrane CD44v6 expression and, therefore, cell 
adhesion to hyaluronic acid73. Hence, the combination of SPP1 expression with a molecular classification could 
be used as a biomarker in future CD44v6-targeted therapies, since we demonstrated that high CD44v6-expressing 
cells exhibit increased resistance to cisplatin. Our findings demonstrate that CD44v6 expression contributes 
to cisplatin resistance in BC cells, consistent with previous reports in gastric and other cancers74–76. CD44v6-
positive cells survive cisplatin treatment and may outcompete CD44v6-negative populations, highlighting a 
potential mechanism of therapeutic failure. RT-112 cells, which reliably form xenografts and display intermediate 
baseline cisplatin sensitivity, provided a robust model to study these effects both in vitro and in vivo.

By targeting CD44v6 or its downstream signaling pathways, it may be possible to enhance cisplatin efficacy, 
overcome resistance, and improve treatment outcomes in MIBC patients. These findings underscore the 
translational relevance of CD44v6 as both a biomarker and a therapeutic target in platinum-based therapy. 
However, therapeutic exploitation of CD44v6 requires a deeper understanding of its regulatory networks and 
the identification of specific inhibitors that can selectively target this variant without interfering with the normal 
physiological functions of CD44.

Limitations of our study include the retrospective nature of the patient cohort and the reliance on 
immunohistochemical analysis for protein expression, which may not fully capture the dynamic and complex 
regulation of CD44 and its variants. Future research should aim to validate these findings in prospective studies 
and explore the therapeutic potential of targeting CD44v6 using in vivo models. In addition, investigating the 
role of CD44v6 in the tumor microenvironment and its interaction with immune cells may provide further 
insights into its function in tumor immunity and suggest novel combinatorial therapeutic strategies.

Conclusions
In conclusion, our study adds to the growing body of evidence supporting the role of CD44 and its variant 
CD44v6 in BC progression and highlights their potential as targets for therapeutic intervention. We showed 
that the expression of the CD44v6 isoform increases BC cell survival in response to cisplatin treatment. The 
development of CD44v6-targeted therapies could represent a significant advance in the treatment of BC, offering 
hope for improved patient outcomes.

Data availability
The datasets generated and analyzed during the current study are publicly available from GEO database. GEO 
accession numbers are: GSE278771 (Non-Coding RNA profiling by array), GSE276685 (RNA-Seq bladder can-
cer patient samples) and GSE276545 (RNA-Seq Bladder cancer cells samples).
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