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Abstract

Purpose: Enfortumab vedotin (EV) is an antibody-drug conjugate (ADC) targeting NECTIN4 

(encoded by the PVRL4/NECTIN4 gene) approved for treatment-refractory metastatic urothelial 

cancer. Factors that mediate sensitivity or resistance to EV are unknown. In the present study, we 

sought to 1) examine heterogeneity of NECTIN4 gene expression across molecular subtypes of 

bladder cancer and 2) determine if NECTIN4 expression mediates EV sensitivity or resistance.
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Experimental Design: Molecular subtyping and NECTIN4 expression data from seven muscle

invasive bladder cancer clinical cohorts (n=1,915 total specimens) were used to assess NECTIN4 
expression across molecular subtypes. The outcome of the transcriptomic analysis was relative 

NECTIN4 expression in the consensus molecular subtypes of bladder cancer. Expression of 

NECTIN4 was validated in bladder cancer cell lines. NECTIN4 was stably over-expressed or 

knocked down in basal and luminal bladder cancer cell lines and EV drug sensitivity assays were 

performed, as measured by cell proliferation and clonogenic assays.

Results: NECTIN4 expression is heterogenous across molecular subtypes of bladder cancer 

and significantly enriched in luminal subtypes. NECTIN4 expression is positively correlated with 

luminal markers GATA3, FOXA1, and PPARG across all cohorts. NECTIN4 expression is both 

necessary and sufficient for EV sensitivity in luminal and basal subtypes of urothelial bladder 

cancer cells. Downregulation of NECTIN4 leads to EV resistance.

Conclusions: Sensitivity to EV is mediated by expression of NECTIN4, which is enriched 

in luminal subtypes of bladder cancer. These findings may have implications for biomarker 

development, patient selection and the inclusion of molecular subtyping in ongoing and future EV 

clinical trials.
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INTRODUCTION:

The surface protein NECTIN4, encoded by the gene NECTIN4 (previously known as 

PVRL4) is an immunoglobulin-like, transmembrane protein which is highly expressed in 

urothelial carcinoma and has recently emerged as a new drug target. Enfortumab vedotin 

(EV; previously ASG-22CE) is an antibody-drug conjugate (ADC) that delivers monomethyl 

auristatin E (MMAE), a microtubule destabilizing agent, to tumor cells expressing 

NECTIN4.[1] A recent phase II clinical trial of EV monotherapy (EV-201) demonstrated a 

44% overall response rate in patients with heavily pre-treated, metastatic or locally advanced 

urothelial carcinoma, which led to expedited FDA approval.[2] Multiple additional trials 

are underway to evaluate EV with or without immune checkpoint inhibitors and/or platinum

based chemotherapy for locally advanced and metastatic urothelial carcinoma.[3] As EV 

moves into earlier disease states and incorporated into the frontline setting, understanding 

the molecular characteristics that predict response and delineating mechanisms of resistance 

to EV are critical to maximizing clinical efficacy.

NECTIN4 expression has not been well defined in bladder cancer, and the limited studies 

to date demonstrate conflicting results. While nearly all (97%) patients enrolled in EV-201 

had detectable NECTIN4 H-scores (median 290; range, 14-300),[2] variation in expression 

appears to exist. In a study of 524 primary bladder tumors, moderate to strong H-scores 

(H≥100) were found in only 63% of samples.[1] Moreover, a recent case series found 

NECTIN4 staining to be highly variable—only 24% of pure urothelial cancers had moderate 
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to strong H-scores (H≥100), and the urothelial component of tumors with mixed histology 

featured weak and heterogeneous staining.[4]

Molecular subtyping of urothelial cancer has highlighted fundamental differences in the 

oncogenic mechanisms, immune infiltration, and clinicopathologic features.[5,6] Most 

recently, six key consensus subtypes have been described: luminal papillary (LumP), luminal 

nonspecified (LumNS), luminal unstable (LumU), basal/squamous (Bas/Sq), stroma-rich, 

and neuroendocrine-like (NE-like).[7] Whether NECTIN4 is ubiquitously and uniformly 

expressed across the six molecular subtypes of urothelial cancer remains unknown. 

Herein, we interrogated NECTIN4 gene expression in seven clinical datasets, including 

a post-cisplatin neoadjuvant chemotherapy cohort.[8-12] Our objectives were to examine 

variability in expression across bladder cancer subtypes and determine whether modulating 

NECTIN4 expression levels alone alters sensitivity and resistance to EV.

MATERIALS AND METHODS:

Patient populations and transcriptome profiling:

Seven retrospective cohorts were analyzed, including five publicly available cohorts. 

The Sjödahl 2012 (n=93) dataset [8] (obtained from NCBI Gene Expression Omnibus 

(GEO), accession number GSE32894) had undergone batch effect correction, quantile 

normalization, log2-transformation and gene centering by the authors. The Sjödahl 2017 

(n=243) dataset [9] (obtained from GEO, accession number GSE83586) had been pre

processed including RMA-normalization and gene centering by the authors. TCGA (n=406) 

dataset [10] was obtained from cBioPortal and had been normalized by RSEM and was 

further transformed by log2(RSEM+1). [13,14] The Seiler 2017 (n=305) dataset [11] 

(obtained from GEO, accession number GSE87304) had been SCAN-normalized by the 

authors. Three additional cohorts were also analyzed: a post-NAC radical cystectomy 

cohort (n=133) (obtained from GEO, accession number GSE124305), [15] a cohort of 

localized TURBT specimens (MOL) (n=206), [12] and a commercial cohort (n=529) 

collected as part of the Decipher GRID registry (NCT02609269) (Supplementary Table 

1). For the retrospective post-NAC and MOL cohorts, the Institutional Review Board 

(IRB) for each institution approved the respective studies and all patients provided written 

informed consent to analysis of their tumor tissues when required by each institution. 

The commercial cohort was collected from routine clinical use of the Decipher Bladder 

test ordered by US-based physicians between July 2017 and September 2020. These data 

consisted of de-identified and anonymized gene expression profiles that were available as 

part of the Decipher Genomic Resource Information Database (GRID) prospective registry 

study (NCT02609269). No follow up data was collected. The studies were conducted in 

accordance with the ethical guidelines of the Declaration of Helsinki. All cohorts underwent 

consensus molecular cluster subtyping as previously described.[7] All further analyses were 

made in the R statistical environment v3.6.2 [16] using RStudio v1.2.5033.[17]

Cell culture:

HT-1376, HT-1197, 647V and TCCSUP cells were obtained from the UCSF Cell Culture 

Facility. UMUC-3 cells were from the American Type Culture Collection (ATCC). 
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UMUC-9, UMUC-14 and 253JBV cells were gifts from David McConkey (Pathology Core, 

Bladder Cancer SPORE, MD Anderson Cancer Center). Cells were grown in standard MEM 

media (Life Technologies) supplemented with 10% FBS (Seradigm). Cells were routinely 

tested for mycoplasma (last tested December 2020, MycoAlert Lonza) and validated by STR 

DNA profiling (Genetica). All experiments were conducted within 20 passages from the 

parental stock.

Plasmids and Cloning:

The pHR-SFFV-dCas9-BFP-KRAB and pCRISPRia_v2 plasmids were gifts from Jonathan 

Weissman and Luke Gilbert (Addgene #46911 and #84832). Five sgRNA guide sequences 

targeting NECTIN4 were cloned into pCRISPRi using BstX1 and Blp1 and Quick 

Ligation Kit (New England BioLabs). sgRNA guide sequences for NECTIN4 are listed 

in Supplementary Table 2. The NECTIN4 open reading frame (Horizon) was cloned into 

lentiviral vectors pCMV-V5-Blast (gift from Minkyu Kim) using Gateway cloning protocols 

(ThermoFisher).

CRISPRi/dCAS9 cell lines and Fluorescence-Activated Cell Sorting (FACS):

To generate the CRISPRi cell lines, cells were transduced with pHR-SFFV-dCas9-BFP

KRAB lentivirus and selected by FACS (BD Aria). Multiple sorts were performed until there 

was a uniform BFP peak. To generate knockdown cells, cells were transduced with lentivirus 

containing the sgRNA. Stably transduced cells were selected with puromycin (2μg/ml) or 

blasticidin (6 μg/ml) for at least 5 days.

Lentiviral production:

Lentiviral production was carried out using calcium-phosphate-mediated transfection of 

HEK293T-Lenti-X cells and collected at 48-96 hours. Lentivirus was concentrated using the 

Lenti-X Concentrator (Takara).

NECTIN4 surface staining and western blotting:

Cells were trypsinized, washed, incubated with Fc block (Fisher Scientific, Catalog 

#BDB564220, 1.25 ug/1x106 cells) for 10 minutes then incubated with anti-NECTIN4 

PE antibody (Miltenyi Biotec #130-116-027, 1:100) for 15-20 minutes on ice. Cells were 

analyzed using an Attune NxT Flow and data were analyzed using FlowJo software. For 

western blotting, cells were lysed in RIPA buffer containing Halt protease and phosphatase 

inhibitor cocktail (Thermo Scientific). Lysates were subjected to SDS-PAGE, transferred 

to PVDF membranes, blocked in 5% w/v BSA, and incubated with primary antibody 

overnight. The blot was visualized using ECL Detection Reagents after 24h (Genesee 

Scientific). Antibodies against GAPDH (Cell Signaling Technology), NECTIN4 (Abcam) 

HRP-anti-rabbit (Cell Signaling Technology) were used according to manufacturer’s 

recommended dilutions.

Drug dose-response assays:

Cells were seeded in a 96-well plate in sextuplicate. After 24h, EV (Seattle Genetics) 

was added at indicated concentrations for 7-12 days and then incubated with Cell 

Chu et al. Page 4

Clin Cancer Res. Author manuscript; available in PMC 2022 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Proliferation Reagent WST-1 (Roche). Absorbance values were obtained using an Epoch 

Microplate Spectrophotometer and analyzed using Prism8 (GraphPad). For clonogenic 

assays, 2,000-5,000 cells were plated and EV was added in serial dilution. After 9-12 

days, colonies were stained with 0.05% crystal violet and quantified on Oxford Optronix 

GelCount machine (Abingdon, UK). Assays were performed in triplicate.

Quantitative PCR (QPCR):

Total RNA was isolated from cells using the Quick RNA Kit (Zymo Research). cDNA was 

synthesized using the Superscript III RT First Strand Kit (Invitrogen). QPCR was performed 

using SYBR Green master mix (Roche) in Applied Biosystems QuantStudio7. Ct values 

were normalized to HPRT and GAPDH, and relative expression was calculated using the 

2ddCt method. Primer sequences were found using the Harvard Primer Bank (Supplementary 

Table 2).

Statistical analysis:

For the transcriptomic analysis, correlation was calculated by Spearman’s rank correlation. 

The Kruskal-Wallis test was used to test for differences when there were more than two 

groups, and the Wilcoxon rank-sum test was used to test for differences between two groups 

unless otherwise stated. p<0.05 was considered significant. Violin plots were created using 

the ggplot2 package. [18] Kaplan-Meier survival analyses were performed with overall 

survival as endpoint using the survival package [19,20] and rms package. [21] Hazard ratios 

(HR) were calculated using the Cox proportional hazards regression model. Centroid values 

for selected genes were retrieved from the consensus MIBC R package. [7] For the in vitro 
assays, statistical analysis was performed using Prism8. All data are presented as mean +/− 

SEM, unless otherwise stated. When only two groups were compared, the two-tailed Student 

t-test was used.

Tumor xenografts, immunostaining and histology.

Mouse experiments were reviewed and approved by the UCSF IACUC. NSG (NOD/

SCID/gamma) mice were housed in the UCSF barrier facility under pathogen-free 

conditions. 1x106 UMUC3-control and UMUC3-NECTIN4 overexpressing cells were 

injected subcutaneously in a suspension of 1:1 matrigel and serum free media. Tumor 

samples were collected and fixed in 10% neutral buffered formalin overnight and 

paraffin embedded. A bladder cancer tissue microarray (TMA), which contains 80 

formalin-fixed, paraffin-embedded (FFPE) biopsy specimens in duplicate, was obtained 

from the University of British Columbia and previously described [15]. Antigen retrieval 

for immunohistochemistry was performed using EDTA buffer. Primary antibodies were 

incubated overnight at 4°C and secondary antibodies were incubated for 2 hours at room 

temperature. H-scores for NECTIN4 were assigned in a blinded manner and an average 

score was taken for each sample. The following antibodies were used: rabbit anti-NECTIN4 

(abcam), normal rabbit IgG (Santa Cruz), biotinylated anti-rabbit (Jackson Lab), and HRP

Streptavidin (ThermoFisher). The DAB developing kit (Vector Laboratories) was used 

according to manufacturer’s instructions, and slides were counterstained with hematoxylin 

(Sigma-Aldrich).
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RESULTS:

NECTIN4 is enriched in luminal subtypes of muscle-invasive bladder cancer

To assess NECTIN4 mRNA expression across molecular subtypes, we analyzed 

NECTIN4 mRNA expression in seven cohorts of patients with localized bladder tumors 

(Supplementary Table 1). Using the consensus classifier subtypes, we found luminal 

tumors (LumP, LumNS, LumU) had higher NECTIN4 mRNA gene expression compared to 

basal, NE-like, or stroma-rich subtypes (Figure 1A-1B, Supplementary Table 3). Molecular 

subtyping using the TCGA, Lund and Decipher classifiers also demonstrated high NECTIN4 
mRNA expression in luminal subtypes (Supplementary Figure 1). In patients previously 

treated with cisplatin-based neoadjuvant chemotherapy (post-NAC), NECTIN4 mRNA 

expression was also highest in the luminal-like cluster (CC2) on radical cystectomy 

specimens (Figure 1C, Supplementary Table 3). [15] Interestingly, the expression levels 

of transcription factors which drive luminal cell fate in bladder cancer (GATA3, PPARG, 

FOXA1) positively correlated with NECTIN4 expression across multiple cohorts (Figure 

1D, Supplementary Figure 2A-C). [22] Centroid values for NECTIN4, GATA3, PPARG, 
and FOXA1 in the consensus molecular classifier are shown in Supplementary Figure 2D. 

No significant associations between quartiles of NECTIN4 expression and overall survival 

were seen in cohorts for which retrospective clinical data were available (Supplementary 

Figure 2E). Immunohistochemistry staining for NECTIN4 protein in a bladder cancer tissue 

microarray (TMA) also demonstrated significant heterogeneity in expression. NECTIN4 

protein was primarily localized to the cell surface in tumors that were positive, and the H

score was associated with the molecular subtype, with highest NECTIN4 protein expression 

found in the luminal subtypes (Supplementary Figure 3).

We also found that NECTIN4 mRNA expression was higher in tumors from male patients 

compared to females in the Seiler cohort (Supplementary Figure 4) and in patients with a 

pathologic T1 stage tumors compared to pT2 tumors in the MOL cohort (Supplementary 

Figure 5). Differences in NECTIN4 mRNA expression across other clinical variables, 

including age and clinical stage were not significant in these cohorts (Supplementary Figures 

4B-D, 5A-C).

NECTIN4 expression is enriched in human luminal bladder cancer cells

Human bladder cancer cell lines have been classified into luminal and basal subtypes.[23] 

We found that NECTIN4 mRNA expression was also enriched in luminal bladder cancer 

cell lines (p<0.0001, Figure 2A-2B), correlated strongly with expression of the luminal 

transcription factor GATA3 (n=36 urothelial cancer cell lines, p=0.00007) and not essential 

for cell survival (based on RNAi knockdown and CRISPR knockouts across hundreds of 

cell lines) (Supplementary Figure 6A-6B). Endogenous NECTIN4 protein levels on the 

cell surface were also significantly higher in luminal cell lines (UMUC-9, HT-1197 and 

HT-1376) compared to basal cell lines (253JBV, UMUC-3 and TCCSUP), which correlated 

with total protein expression levels (Figure 2B-2D). Luminal cells grew in cohesive clusters 

with a more epithelial morphology, whereas basal cells had a spindle-shaped, mesenchymal 

morphology (Figure 2E). Interestingly, some bladder cancer cell lines classified as basal (i.e. 

UMUC-14, VMCUB1 and 647V) also expressed NECTIN4, based on mRNA expression 
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(Figure 2B). We validated cell surface and total protein expression of NECTIN4 in two 

of these lines (UMUC-14 and 647V), which expressed detectable but lower NECTIN4 

protein on the cell surface compared to HT-1376 cells (Supplementary Figure 7A-7C). 647V 

cells appeared more luminal-like whereas the UMUC-14 cells exhibited an intermediate 

morphology compared to the UMUC-3 and TCCSUP cells (Supplementary Figure 7D), 

consistent with NECTIN4 playing a role in cell adhesion [3].

NECTIN4 expression is necessary and sufficient for EV-induced cell death

We then investigated whether luminal and basal cells had differential baseline sensitivity 

to EV and found that HT-1376 and HT-1197 luminal cells (high endogenous NECTIN4) 

were more sensitive to EV than UMUC-3 and TCCSUP basal cells (little to no endogenous 

NECTIN4), which were highly resistant (Figure 2F). In addition, despite detectable levels 

of NECTIN4 expression, the basal UMUC-14 cells were resistant to EV-induced cell death, 

whereas 647V cells were moderately sensitive (IC50 ~3 μg/mL) compared to HT-1376 cells 

(Supplementary Figure 7E). Taken together, these results demonstrate that NECTIN4 mRNA 

and protein expression are higher in luminal bladder cancer cell lines, which accordingly, are 

also more sensitive to EV-induced cell death.

Next, we asked whether knockdown of NECTIN4 in luminal HT-1376 cells could abrogate 

the sensitivity to EV. To do this, we generated HT-1376 cells expressing the catalytically

inactive dCas9 (known as CRISPR interference or CRISPRi)[24] and used 5 unique sgRNAs 

to silence NECTIN4 (Supplementary Table 2). We found that all 5 sgRNAs efficiently 

silenced NECTIN4 mRNA and NECTIN4 cell surface protein expression by >90%, as 

detected by quantitative polymerase chain reaction (qPCR) and surface protein staining 

(Figure 3A, Supplementary Figure 8A-8B). NECTIN4 knockdown cells retained a generally 

similar luminal morphology with some spindle-shaped features (Supplementary Figure 8C).

Importantly, loss of NECTIN4 led to EV resistance. Whereas HT-1376 control cells with 

robust NECTIN4 expression were completely inhibited at 0.02 μg/ml of EV, HT-1376 

NECTIN4 knockdown cells required 1 μg/ml of EV to be inhibited, representing a 25-fold 

difference in sensitivity (Figure 3B). Clonogenic assays confirmed the observation that loss 

of NECTIN4 conferred resistance to EV (Figure 3C-D). Loss of NECTIN4 also led to EV 

resistance in a second luminal bladder cancer cell line, HT-1197 (Supplementary Figure 

8D-8E).

To investigate whether NECTIN4 expression alone mediated EV-induced cell death, we 

constitutively expressed NECTIN4 in the basal UMUC-3 cell line. Surface protein staining 

and qPCR demonstrated that NECTIN4 was robustly expressed (Figure 4A-4B). In addition, 

NECTIN4 protein was confirmed to be primarily localized to the cell surface of UMUC3

NECTIN4 overexpressing (OE) tumor xenografts by immunohistochemistry; no detectable 

endogenous NECTIN4 protein was found in the basal UMUC3 control tumor xenografts 

(Supplementary Figure 9). Importantly, upregulating NECTIN4 expression in UMUC-3 cells 

resulted in markedly increased sensitivity to EV as evidenced by proliferation (Figure 4C) 

and clonogenic assays (Figure 4D-4E). We found similar results in a second basal bladder 

cancer line, TCCSUP (Supplementary Figure 10). Taken together, our results demonstrate 

that NECTIN4 expression is required for EV-induced cell death and underscore the findings 
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that i) downregulation or loss of NECTIN4 may be an important mechanism of resistance 

and that ii) inducing NECTIN4 expression increases EV sensitivity.

DISCUSSION:

Expanding treatment options for advanced urothelial carcinoma remains a critical unmet 

need, as shown by the rapid incorporation of EV into the third-line metastatic setting. 

The neoadjuvant space is primed for additional therapies as well—60% of patients treated 

with existing cisplatin-based regimens are found to have residual invasive disease at radical 

cystectomy, [25] with less apparent benefit in luminal-type tumors. [26] In this study, we 

found significant heterogeneity in NECTIN4 expression across the molecular subtypes, with 

highest expression in luminal cancers. NECTIN4 was also strong correlated with GATA3, 
FOXA1, and PPARG, which are transcription factors known to determine luminal cell 

fate. Notably, NECTIN4 was lowest in the NE-like subtype. We also found that NECTIN4 
expression remains highest in a post-NAC CC2 luminal molecular subtype. Taken together, 

this variability may reflect differences in underlying tumor biology and have important 

implications for the susceptibility of luminal tumors to EV-based neoadjuvant or adjuvant 

regimens. Interestingly, >90% of upper tract urothelial tumors are also luminal, [27] which 

may express higher levels of NECTIN4.

Here, we found that NECTIN4 expression is critical for EV-induced cell death. Using 

representative luminal (HT-1376, HT-1197) and basal (UMUC-3, TCCSUP) cell lines, 

we demonstrate that knockdown of NECTIN4 in luminal cells leads to EV resistance, 

while expression of NECTIN4 in basal cells leads to EV sensitivity. To the best of our 

knowledge, these data are the first to formally demonstrate that expression of NECTIN4 
is a key determinant of EV treatment efficacy in pre-clinical cell line models of urothelial 

cancer. Our data confirm and build upon existing pre-clinical in vitro and in vivo data [1]. 

Interestingly, we found that some basal cell lines expressed NECTIN4 mRNA and protein, 

including the 647V and UMUC-14 cells. Whereas 647V cells were relatively sensitive to 

EV, UMUC-14 cells were highly resistant, suggesting that there are also likely additional 

factors that mediate EV sensitivity (i.e., sensitivity to the MMAE payload).

Our study has several important limitations. Firstly, our gene expression data in >1,900 

clinical samples may not necessarily reflect NECTIN4 surface protein expression. 

Nonetheless, our surface protein expression data on several available cell lines (Figure 2C 

and Supplementary Figures 7 and 9) confirm that mRNA and protein expression levels 

correlate strongly, which is in agreement with prior studies demonstrating correlation 

between mRNA and protein levels [28-30]. In addition, immunohistochemistry staining for 

NECTIN4 protein using a bladder cancer TMA demonstrated higher NECTIN4 H-scores 

in luminal subtypes, in accordance with the transcriptomic expression data (Supplementary 

Figure 3). Secondly, the samples analyzed in these cohorts were obtained from primary 

tumor tissue (due to data availability), and may not necessarily represent expression levels in 

metastatic tumors. Additional study of biopsies from metastatic sites is needed to better 

characterize the similarities and differences in NECTIN4 expression between primary 

tumors and metastases. In addition, there may be intrapatient heterogeneity of expression 

amongst different metastatic lesions that is underappreciated when profiling single biopsies. 
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While our data demonstrate a correlation between NECTIN4 expression and response 

to EV in experimental systems, future studies should aim to correlate our findings with 

clinical patient responses to EV in both the localized and metastatic settings and to identify 

the threshold of expression required for response. Lastly, the inherent limitations of two

dimensional cell culture must be acknowledged as these conditions do not recapitulate in 
vivo tumor microenvironments and cell-cell interactions. Future study in three-dimensional 

cell culture and patient-derived organoid models should be pursued.

Multiple resistance mechanisms to ADC treatment likely exist, including downregulation 

of the target surface protein expression (i.e., “antigen escape”). For example, decreased 

HER2 expression has been shown to be a potential resistance mechanism to HER2-targeted 

ADCs such as trastuzumab emtansine for metastatic breast cancer.[31] Loss of CD19 

in patients with B cell malignancies treated with CD19-targeting ADCs and chimeric 

antigen receptor (CAR)-T cells has been described.[32] Given the apparent heterogeneity 

of NECTIN4 expression, the threshold of expression required to elicit cell death will 

also be important to elucidate. Other resistance mechanisms likely co-exist, including 

decreased receptor internalization, increased drug efflux pumps, changes in endosomal 

trafficking, or decreased sensitivity to the payload.[33] A recent CRISPR screen identified a 

number of endosomal proteins, including C18ORF8/RMC1, required for ADC efficacy.[34] 

Further investigation of pre- and post-EV treated tumors is warranted to identify additional 

resistance mechanisms. Whether patients with basal and other non-luminal subtypes of 

urothelial carcinoma are more resistant to EV remains to be determined. Furthermore, in 

the neoadjuvant setting, strategies that target luminal subtypes are urgently needed, as these 

tumors derive less benefit from platinum-based chemotherapy.[11] Future EV clinical trials 

should consider incorporating molecular subtypes to predict treatment response, as well 

as explore the efficacy of EV in earlier disease states in the neoadjuvant, adjuvant, and 

intravesical treatment settings.

CONCLUSION:

Our study demonstrates that NECTIN4 mRNA expression is highest in the luminal 

subtypes of bladder cancer (LumNS, LumP, and LumU) and remain persistently elevated 

in post-neoadjuvant cisplatin-treated luminal tumors. NECTIN4 expression correlates with 

expression of several luminal transcription factors, including GATA3, FOXA1 and PPARG. 

In cell line models of bladder cancer, NECTIN4 expression levels correlate with EV

sensitivity. Moreover, NECTIN4 is required for EV-induced cell death in human luminal 

bladder cancer cell lines, and EV-sensitivity can be induced by expressing NECTIN4 in 

basal bladder cancer cell lines. Clinical trials evaluating the efficacy of EV should strongly 

consider molecular subtyping for stratifying patients prior to treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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STATEMENT OF TRANSLATIONAL RELEVANCE:

Enfortumab vedotin (EV), an antibody-drug conjugate targeting NECTIN4, was recently 

approved for treatment-refractory metastatic urothelial cancer. NECTIN4 is a cell surface 

protein implicated in cell-cell adhesion and thought to be ubiquitously expressed in 

primary bladder tumors. In early clinical trials, however, EV response rates have been 

variable. We sought to determine whether NECTIN4 expression could be heterogeneous 

across molecular subtypes of bladder cancer. Using gene expression data from seven 

clinical cohorts with >1,900 patient samples, we found that NECTIN4 expression is 

highest in the luminal molecular subtypes of bladder cancer when compared to basal, 

neuroendocrine, or stroma-rich subtypes. NECTIN4 expression was both necessary and 

sufficient for EV sensitivity in luminal and basal cell line models of urothelial cancer, 

and downregulation of NECTIN4 induced resistance to EV. Our findings support the use 

of molecular subtyping to predict EV response and may have implications for patient 

selection and biomarker development in clinical trials.
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FIGURE 1: 
NECTIN4 mRNA expression across the consensus molecular subtypes of muscle invasive 

bladder cancers (MIBC) and association with luminal markers GATA3, FOXA1, PPARG. 

(A) Violin plots showing NECTIN4 mRNA expression levels by consensus molecular 

subtypes in four public clinical cohorts of MIBC. (B) NECTIN4 mRNA expression in 

the commercial Decipher cohort (n=529) by consensus molecular subtype. (C) NECTIN4 
mRNA expression across consensus clustering (CC) subtypes in the post-neoadjuvant 

chemotherapy (NAC) cohort (n=133). The p values from Kruskal-Wallis testing for each 

cohort are shown in A-C, and pairwise comparisons using the Wilcoxon rank-sum test are 

shown in Supplementary Table 2. (D) Scatter plot showing the mRNA expression of the 

luminal markers GATA3 (top), FOXA1 (middle), and PPARG (bottom) versus NECTIN4 
in the Decipher cohort, color coded by molecular subtype. Spearman’s rank correlation is 

shown for NECTIN4 versus GATA3 (r = 0.39), FOXA1 (r = 0.36), and PPARG (r = 0.43).
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FIGURE 2: 
NECTIN4 expression varies across bladder cancer cell lines and is associated with 

phenotypic differences and variable EV sensitivity. (A) NECTIN4 mRNA expression 

between luminal (n=10) and basal (n=13) bladder cancer subtypes (Source: DepMap 

database) (****p<0.0001). (B) NECTIN4 mRNA expression for individual bladder cancer 

cell lines are shown. Red denotes luminal cell lines and blue denotes basal cell lines 

(Source: DepMap database). (C) Surface staining for NECTIN4 protein in representative 

luminal (HT-1376, HT-1197, and UMUC-9) and basal (UMUC-3, 253JBV, and TCCSUP) 

bladder cancer cell lines. (D) Western blot demonstrating NECTIN4 protein expression in 

whole cell lysates across representative luminal (HT-1376, HT-1197, and UMUC-9) and 

basal (UMUC-3, 253JBV, and TCCSUP) bladder cancer cell lines. GAPDH is shown as the 

loading control. (E) Brightfield microscopy of luminal (HT-1197 and HT-1376) and basal 

(TCCSUP and UMUC-3) cells depicting the morphologic differences between basal cells 

(left) and luminal cells (right). Scale bar = 400 mm. (F) EV dose-response curves for basal 

cells (UMUC-3 and TCCSUP) and luminal cells (HT-1376 and HT-1197).
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FIGURE 3: 
NECTIN4 knockdown in HT-1376 cells decreases sensitivity to EV. (A) NECTIN4 surface 

protein expression in HT-1376 control and CRISPRi NECTIN4 knockdown (KD) HT-1376 

cells. (B) EV dose-response WST proliferation assay in HT-1376 control and NECTIN4 
KD cells, normalized to the mean absorbance of untreated cells. (C) Clonogenic assay 

quantification of EV sensitivity in HT-1376 control and HT-1376 NECTIN4 KD cells. 

**p<0.01 (D) Representative images of the clonogenic assay in HT-1376 control and 

HT-1376 NECTIN4 KD cells treated with EV.
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FIGURE 4: 
NECTIN4 overexpression in UMUC-3 cells increases sensitivity to EV. (A) NECTIN4 

surface protein expression in UMUC-3 control and NECTIN4 overexpressing (OE) cells. 

(B) NECTIN4 RNA expression in UMUC-3 Control and UMUC-3 NECTIN4 OE cells by 

qPCR. **p<0.001 (C) EV dose-response WST assay in UMUC-3 control and NECTIN4 OE 

cells, normalized to mean survival of untreated cells. (D) Clonogenic assay quantification 

of EV sensitivity in UMUC-3 Control and UMUC-3 NECTIN4 OE cells. **p<0.01 (E) 

Representative images of the clonogenic assay in UMUC-3 Control and NECTIN4 OE cells 

treated with EV.
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