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Abstract

Therapy resistance is the primary problem in treating late-stage colorectal cancer (CRC). Claudins
are frequently dysregulated in cancer, and several are being investigated as novel therapeutic
targets and biomarkers. We have previously demonstrated that Claudin-1 (CLDNL1) expression in
CRC promotes epithelial-mesenchymal transition, metastasis, and resistance to anoikis. Here, we
hypothesize that CLDN1 promotes cancer stemness and chemoresistance in CRC. We found that
high CLDNZ1 expression in CRC is associated with cancer stemness and chemoresistance signaling
pathways in patient datasets, and it promotes chemoresistance both in vitroand in vivo. Using
functional stemness assays, proteomics, biophysical binding assays, and patient-derived organoids,
we found that CLDN1 promotes properties of cancer stemness including CD44 expression, tumor-
initiating potential, and chemoresistance through a direct interaction with ephrin type-A receptor

2 (EPHAZ2) tyrosine kinase. This interaction is dependent on the CLDN1 PDZ-binding motif,
increases EPHAZ2 protein expression by inhibiting its degradation, and enhances downstream AKT
signaling and CD44 expression to promote stemness and chemoresistance. These results suggest
CLDN1 is a viable target for pharmacological intervention and/or biomarker development.
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INTRODUCTION

Colorectal cancer (CRC) is the second deadliest cancer in the United States with an
estimated 153,020 new cases and 52,550 deaths in 2023 [1]. Prognosis varies dramatically
with stage at diagnosis; localized CRC is treated surgically and has a 5-year survival rate of
91%, while the survival rate of metastatic CRC falls to 15%. Chemotherapeutic drugs are
used in CRC as both adjuvant and neoadjuvant therapy [2]. However, due to intrinsic and
acquired drug resistance, chemotherapy in advanced cases is largely palliative, and nearly
all patients develop resistance [3]. Targeted therapies have proven effective in some cases,
but their use is limited to specific molecular subtypes [4]. Understanding the mechanisms
of chemoresistance and discovering new pharmaceutical targets and biomarkers for resistant
tumors is crucial to improving outcomes for CRC patients.

Claudins are a large family of tight junction molecules, with 26 members expressed

in humans [5]. Claudins are often dysregulated in carcinomas, and their aberrant

expression and localization influence oncogenic signaling pathways including Wnt/g-
catenin, Notch, MAPK, and PI3K/Akt [5-11]. Because of their tissue-specific expression,
selective upregulation in cancer, and presence on the cell surface, claudins are being
investigated as therapeutic targets for monoclonal antibodies, small molecule inhibitors, and
immunotherapy [12]. Claudin-1 (CLDNL1) is highly upregulated in CRC, and its expression
promotes epithelial-mesenchymal transition (EMT), metastasis, and resistance to anoikis [6,
13, 14]. In addition, CLDNL1 expression is associated with chemoresistance in ovarian, lung,
and liver cancers [15-17]. It is currently unclear how claudins directly influence intracellular
signaling. Dysregulation in cancer leads to increased non-junctional expression and aberrant
protein-protein interactions [11]. Intracellular claudin protein-protein interactions typically
occur via the C-terminal domain, which includes sites for post-translational modification
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and, in some family members including CLDN1, a PDZ-domain binding motif [5]. While
interactions with PDZ domain-containing proteins such as ZO-1/2/3 are well documented, a
more diverse interactome mediated by the C-terminal region and PDZ binding motif is now
being characterized [18, 19].

Ephrin receptors are the largest class of RTKs with 14 members [20]. Upon contact with
their cognate ligand, ephrin receptors participate in bidirectional signaling to modulate cell
growth, migration, and differentiation [21]. Ephrin receptor signaling is highly complex and
can either suppress or promote tumor growth depending on the cellular context as well as the
oligomeric state of receptor complexes [22, 23]. Ligand-mediated activation tends to inhibit
growth and proliferation, but overexpression of EPHA2 can lead to oncogenic, ligand-
independent activation through local aggregation, oligomerization, and autophosphorylation
[20]. Upon activation and autophosphorylation, EPHAZ2 serves as a scaffold for signaling
molecules including guanine nucleotide exchange factors, src-family kinases, and the p85
subunit of phosphoinositide 3-kinase (PI3K) [20]. PI3K associates with EPHA?2 through
phosphorylated tyrosine residues at Y734 in the kinase domain and Y929 in the SAM
domain to activate the PI3BK/AKT axis [24-27]. High expression of EPHA2 in CRC is
correlated with poor survival, cancer stem cell (CSC) marker expression including CD44,
and therapy resistance [28, 29]. CD44 is a marker for cancer stemness in CRC, and high
expression is associated with both tumor-initiating potential and resistance to therapy [30,
31].

In this study, we demonstrate a direct protein-protein interaction between CLDN1 and
EPHAZ via their respective intracellular domains that increases EPHA2 protein-level
expression by inhibiting its degradation. Increased EPHA2 enhances downstream AKT
signaling and CD44 expression to promote the cancer stemness and chemoresistance in
CRC.

MATERIALS AND METHODS

Cell Lines:

The SW480, SW620, and DLD-1 cell lines were obtained from American Type Culture
Collection and all experiments were conducted with low passage sub-cultured lines. All cell
lines were maintained in ATCC-recommended media supplemented with 10% fetal bovine
serum (R&D Systems) and 1% Pen-Strep antibiotic (Gibco). Cultures were maintained at
37°C in an atmosphere of 5% CO2. All cell lines were regularly tested for Mycoplasma
infection using PCR. Additional information for antibodies and plasmids is available in
Supplementary Methods.

Extreme-limiting dilution assay:

Fluorescence-activated cell sorting was used to seed live cells into 96-well ultra-

low attachment plates with sphere-forming medium containing serum-free DMEM/F12
GlutaMAX (Gibco) supplemented with 20 ng/mL EGF, 20 ng/mL bFGF, B27 supplement
(Gibco), N2 supplement (Gibco), and 1% Pen-Strep antibiotic (Gibco) [32]. Cells were
plated in the following concentrations: 1000 cells/well x 32 wells, 100 cells/well x 32 wells,

Cancer Lett. Author manuscript; available in PMC 2024 November 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Primeaux et al.

Page 4

10 cells/well x 64 wells, and 1 cell/well x 96 wells. Plates containing single cells were
centrifuged at 300xg for 5 minutes and visually inspected after plating for the presence of a
cell. Empty wells were excluded from analysis. Cells were cultured for 7-10 days, and wells
were scored visually based on the presence of a sphere. Data was analyzed as per the method
outlined by Hu and Smyth using the web-based tool located at http://bioinf.wehi.edu.au/
software/elda/ [33].

Bioinformatic Analysis:

Stage-wise CLDN1 CRC expression data were downloaded from the University of
ALabama at Birmingham CANCcer data analysis portal (UALCAN) [34]. Batch-normalized
PanCancer Atlas TCGA colorectal adenocarcinoma (COAD) expression data and expression
correlation plots were downloaded from cBioportal [35, 36]. Genes significantly upregulated
with CLDN1 were analyzed using Enrichr [37]. For Gene Set Enrichment Analysis,
normalized TCGA mRNA expression data was sorted according to CLDN1 expression,

and high CLDN1-expressing tumors (top 25%, n=150) and low CLDN1-expressing tumors
(lowest 25%, n=150) were chosen for comparison. A false discovery rate of <0.25 was
considered statistically significant according to the original manuscript [38].

Xenograft mouse model:

1.5 million SW620 control and SW620cldnl KO cells were injected into the left and right
flanks, respectively, of immunocompromised nude mice (NU/J, Jackson Laboratory). Once
tumors became palpable (14 days after inoculation), mice were distributed evenly between
control and treatment groups (n = 6 — 7 mice per group) based on initial tumor volume

and sex. Tumors that were not palpable 14 days after inoculation (Day 1 of treatment) were
excluded from analysis. Mice were injected intraperitoneally twice per week (on days 1,

4, 8 and 11) with either PBS or 10 mg/kg 5FU diluted in PBS for a total of 15 days.
10mg/kg 5FU was previously shown effective in combination with pharmacological CLDN1
inhibition in a xenograft CRC mouse model [39]. Tumor volume was measured every 2 days
and calculated using the formula Volume = %2(WxWHXxL).

Microscale Thermophoresis (MST):

MST measurements were performed using a NanoTemper Monolith (NanoTemper
Technologies) in SEC buffer. For binding experiments, the concentration of Cy3-labled
CLDN1 was fixed at 0.25 pM and the EPHA2 ligand concentrations were varied from
0.05 nM to 6.5 uM. The EPHAZ2 ligand sub-dilutions were mixed with Cy3-labled CLDN1
and loaded into standard NT.115 capillary tubes for measurement. All experiments were
conducted at room temperature using the nano-green channel, 100% excitation, high MST
power; and the data were analyzed using Monolith analysis software. Binding experiments
were performed in triplicate.

Patient-Derived Organoids:

Fresh tumor tissue was collected from liver biopsies of metastatic colorectal cancer under
the approval of IRB 701-19-FB or from surgical resection specimens under the approval of
IRB 440-16-EP. Detailed culturing methods available in supplemental material.
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Statistical Analysis:

RESULTS

Pair-wise comparisons used Student’s t-test and multiple group comparisons used ANOVA
with Tukey-Kramer post-hoc testing. A two-tailed P < 0.05 was considered statistically
significant.

Additional Materials and Methods can be found in Supplementary Methods.

Claudin-1 expression promotes cancer stemness in CRC

Based on previous findings that CLDN1 promotes CRC, we investigated the relationship
between CLDNL1 expression and cancer stemness using publicly available datasets. In an
analysis of The Cancer Genome Atlas (TCGA-Pan-Cancer Atlas) colorectal adenocarcinoma
(COAD) cohort, CLDN1 was expressed at significantly higher levels in tumors compared

to normal tissue (Figure 1A). Gene Ontology and Gene Set Enrichment Analyses (GSEA)

of TCGA data revealed an upregulation of MsigDB Hallmark pathways associated with
tumor progression and chemoresistance including EMT, Myc Targets, mTORC1, E2F, G2-M
Checkpoint, TGFp signaling, DNA Repair, and KRAS signaling in high CLDN1-expressing
samples (Figure 1B, Sup. Figure 1A) [38, 40]. Further analysis showed that high CLDN1
expression was significantly correlated with cancer stemness pathways and the expression

of colorectal CSC markers LGR5 and CD133 (PROML1) (Figure 1C, D). Receiver operating
characteristic analysis of TCGA data also showed that increased CLDN1 expression was
highly predictive of colon adenocarcinoma (AUC=0.99) (Sup. Figure 1B). We next analyzed
gene expression datasets (GSE28702 and GSE72970) of CRC patients categorized into
responders and non-responders to FOLFOX, a standard-of-care treatment combining 5-
fluorouracil (5FU), leucovorin calcium, and oxaliplatin. Here we found a positive correlation
between CLDN1 expression and chemoresistance (Figure 1E).

Next, we developed colon cancer cell line models to investigate the relationship between
CLDNL1 expression, cancer stemness, and chemoresistance. SW480 and SW620 are patient-
matched cell lines derived from primary and metastatic tumors, respectively [41]. SW480
cells display a more epithelial phenotype and express very low levels of CLDN1, while
SW620 cells are less differentiated, more metastatic, and express high levels of CLDN1

[6]. We overexpressed HA-tagged CLDN1 in SW480 and used CRISPR cas9 to knockout
CLDNL1 in SW620. DLD-1 cells were chosen as a CLDN1-expressing cell line derived from
a different genetic background. Here again, CLDN1 was knocked out using CRISPR cas9.
We found that CLDN1 expression was positively correlated with CD44 expression, which
is functionally tied to cancer stemness, tumor-initiating potential, and chemoresistance in
CRC (Figure 2A) [31, 42, 43]. To test the functional relevance of CLDNL1 in regulating
cancer stemness, we performed standard assays including sphere formation, limiting
dilution, ALDEFLUOR and side population analysis. We found a significant increase in
sphere formation with CLDN1 overexpression in SW480 and a significant decrease with
CLDN1 KO in both SW620 and DLD-1 (Figure 2B). The extreme limiting dilution assay
(ELDA) quantifies the tumor-initiating potential of a cell population [32]. Here, we used
fluorescence-activated cell sorting to seed a precise number of cells in decreasing density
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into ultra-low attachment plates with minimally supplemented growth medium. After an
incubation of 7-10 days, we scored each well based on the presence or absence of a colony
and analyzed the data according to the method detailed by Hu and Smyth [33]. Here we
found a significant positive correlation between tumor-initiating cell frequency and CLDN1
expression (Figure 2C, Sup. Table 1).

Having found a relationship with tumor-initiating potential, we next wanted to explore the
connection between CLDN1 expression and other characteristics of cancer stemness. The
ALDEFLUOR and side population assays measure functional properties of cells that are
linked to cancer stemness and chemoresistance. The ALDEFLUOR assay measures the
activity of aldehyde dehydrogenase (ALDH) enzymes in a population of cells, and higher
ALDH activity is directly linked with increased cell proliferation and chemoresistance [44,
45]. The side population assay measures a cell’s ability to efflux toxic substances through
ATP-binding cassette (ABC) transporter proteins [46]. When incubated with Hoechst dye
and analyzed with flow cytometry, cells with increased efflux ability form a distinct,
unstained subpopulation referred to as the “side population” that exhibits increased cancer
stemness [47]. CLDN1 expression was positively correlated with increased ALDH-high and
side population percentage in all cell lines (Figure 2D, Sup. Figure 2). Based on these
assays, we concluded that CLDN1 expression regulates properties associated with cancer
stemness in colon cancer cells.

Claudin-1 expression promotes chemoresistance

Since the functional properties measured by the above assays contribute directly to
chemoresistance, we next assessed CLDN1’s role in promoting resistance to 5FU. In SW480
cells, overexpression of CLDNL1 led to a 4-fold increase in 5FU 1C50, while CLDN1
knockout in SW620 and DLD-1 cells resulted in a 2.5 and 6-fold decrease, respectively
(Figure 3A-C). Next, we tested this finding /n7 vivo using a xenograft mouse model. SW620
control and CLDN1 KO cells were implanted into the left and right flanks, respectively, of
nude mice. Once the tumors were palpable (14 days), either PBS or 10 mg/kg 5FU was
injected intraperitoneally twice per week for 15 days. This dosage of 5FU was previously
shown to be effective in combination with pharmacological CLDNL1 inhibition [39]. This
sub-clinical dose of 5FU significantly inhibited tumor growth in the CLDN1 KO xenografts
(untreated = 839.9 +/— 173.8 mm3, treated = 153.7 +/- 58.0 mm3, p=0.0073) while having
little effect on control tumors (untreated = 1128.3 +/- 221.9 mm3, treated = 1081.4 +/

- 442.3 mm3, p=0.9230) (Figure 3D, Sup. Table 2). We confirmed the CLDN1 KO by
immunohistochemistry using a CLDN1 specific antibody. Further, 5FU treated KO tumors
demonstrated significantly less proliferation (Ki67) as well as increased apoptosis (cleaved
Caspase-3) when compared to control, with no significant effect in 5FU treated control
tumors (Figure 3E).

To further verify the role of CLDNL1 in chemoresistance, we conducted a rescue experiment.
For this we reintroduced either full length CLDN1 or a PDZ-binding motif deleted

mutant CLDN1 construct (CLDN1APDZ, aa 208-211) (Figure 4A). The PDZ binding

motif mediates a variety of protein-protein interactions in claudins [19]. As previously
demonstrated, this deletion did not affect subcellular localization in our model (Sup. Figure
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3) [48]. We found that while overexpression of full length CLDN1 increased IC50 of SW480
cells by 3.5 to 4 fold, deletion of the PDZ-binding motif abrogated CLDN1’s ability to
increase IC50 and thus 5FU resistance in SW480 cells (Figure 4B). Most importantly,
reintroduction of full-length CLDN1, but not CLDN1APDZ, rescued resistance to 5FU in
both SW620 and DLD-1 CLDN1 KO cells (Figure 4C, D).

CLDNL1 activates the AKT pathway to modulate CD44 expression

Next, we wanted to understand the signaling pathways involved in CLDN1-mediated
cancer stemness and chemoresistance. We used an R&D Systems Human Phospho-Kinase
Array to analyze the activation of 37 different kinases in our SW480 and SW620 CLDN1-
manipulated cell lines (Sup. Figure 4). We found a positive correlation between CLDN1
expression and the activation of AKT and its downstream targets (Figure 5A). p-AKT
(T308), p-AKT (S473), and p-PRAS40 (T246) were increased approximately 4, 13,

and 4-fold, respectively, with CLDN1 overexpression in SW480 and were decreased by
approximately 2, 2, and 4-fold with CLDN1 KO in SW620 when compared to controls.
Activation of AKT (p-AKT S473) was confirmed with Western blot in our SW480,
SW620, and DLD-1 CLDN1-manipulated cell lines (Figure 5B). In agreement with the
chemoresistance data in Figure 4, we found that the increase in p-AKT and CD44 was lost
with the deletion of the CLDN1 PDZ-binding motif (Figure 5C). Further, pharmacological
inhibition of AKT with LY294002 (20 uM) led to a decrease in CD44 expression in
SW480cldnl but not SW480c cells (Figure 5D). Together, these results suggest that CLDN1
activates the AKT survival pathway, which in turn enhances the expression of the CRC
stemness marker CD44.

CLDNL1 physically associates with EPHA2 and regulates its expression

Although we found a connection between CLDN1 expression and AKT activation, it was
still unclear how CLDNL1 altered AKT signaling. Since CLDNL1 is not enzymatically active,
we hypothesized that it must be interacting with another protein to affect signaling. We used
a panel of inhibitors towards ERK, EPHA2, SRC, and EGFR (all known regulators of the
AKT pathway in CRC) and found that only EPHA2 and EGFR inhibition reduced p-AKT
in SW480 CLDN1-expressing cells (Sup. Figure 5). We next used co-immunoprecipitation
(co-1P) of CLDNL1 in SW620 cells followed by mass spectrometry shotgun proteomics to
identify interacting partners (data not shown). Among the interacting proteins, we found
EPHAZ2, an upstream regulator of AKT identified in our inhibitor panel and a known
promotor of cancer stemness and chemoresistance in CRC [28, 29]. This interaction was
confirmed through co-1P in SW620, DLD-1, and SW480cldn1-HA cells (Figure 6A).
Interestingly, the association with EPHA2 was not found in SW480 cells expressing
CLDN1APDZ-HA. We confirmed that the PDZ-binding motif is required for the CLDN1/
EPHAZ interaction in HEK cells co-transfected with EPHA2-FLAG and either CLDN1-HA
or CLDN1APDZ-HA, suggesting that this finding is not specific to CRC cell lines or a
result of differences in endogenous EPHA2 or CLDN1 expression (Sup. Figure 6A). To
test this interaction directly, we recombinantly expressed and purified CLDN1 and three
EPHAZ constructs: WT, EPHA2AN (extracellular and transmembrane domains deleted),
and EPHA2AC (intracellular and transmembrane domains deleted). We then measured their
ability to interact using microscale thermophoresis (MST). We found that CLDN1 binds
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with 150.04 nM affinity to EPHA2 WT and 125.31 nM affinity to EPHA2AN, while
EPHA2AC bound to CLDN1 with 4-fold decreased affinity (581.7 nM) (Figure 6B). These
results confirm that CLDN1 and EPHA2 can directly interact via their intracellular domains.

We next tested the status of EPHA2 expression and activation in our cell lines. Along

with increased CD44 and AKT activation, CLDN1 expression was correlated with increased
total EPHA?2, p-EPHA2 Y588, and p-EPHA?2 S897 expression (Figure 6C, Sup. Figure

6B). Additionally, total and phospho-EPHA2 expression increased with full-length but not
CLDN1APDZ (Figure 6D). Based on this data, we postulated that the expression of both
total and phosphorylated EPHA2 was increased as a result of an interaction with CLDN1 via
the CLDN1 PDZ-binding motif.

We further investigated this relationship in patient-derived organoids. Nine organoid lines
were derived from CRC tumors of eight patients (Figure 6E). Two lines were developed
from the primary and metastatic tumors of the same patient (denoted as P1 (PT) and

P1 (Met) in Figure 6E). When we compared high CLDN1-expressing (P1-P4) with low
CLDNZ1-expressing (P5-P8) organoids, we found a positive correlation with CD44 and both
total and phospho-EPHA2 (S897 and Y588) (Sup. Figure 6C).

To test whether EPHA2 expression was increased on a transcriptional or post-transcriptional
level, we measured mRNA expression using gRT-PCR and found that EPHAZ2 transcription
was not significantly affected by CLDN1 expression (Sup. Figure 6D). Next, we tested
EPHAZ protein stability by inhibiting protein synthesis with 10 ug/mL cycloheximide in
SW480 control, CLDN1, and CLDN1APDZ cell lines for multiple time points between

0 and 32 hours (Figure 6F). Here we found that the expression of full-length CLDN1
significantly delayed the degradation of EPHA2 for up to 24 hours when compared to

either control or CLDN1APDZ-expressing cells. We verified this finding by treating cells
with MG132 (10 uM) or chloroquine (100 uM) for 12hrs to block the proteosomal and
lysosomal degradation pathways, respectively. Chloroquine significantly increased EPHA2
expression in SW480c and CLDN1APDZ cells but not in cells expressing full-length
CLDNL1, suggesting that EPHAZ2 is more rapidly degraded through the lysosomal pathway in
these cell lines (Figure 6G).

Together, these findings suggest a direct association between CLDN1 and EPHAZ2 via their
intracellular domains that inhibits EPHA2 degradation and increases its overall protein
expression level.

EPHAZ2 regulates AKT in CLDN1-expressing CRC cells to promote cancer stemness and
chemoresistance

While our initial inhibitor screen suggested that EPHA?2 regulates AKT in our system,
EPHAZ2 signaling is complex and context dependent [21]. EPHA2 can function as both an
upstream regulator and downstream substrate of AKT [20, 24]. Upon activation of EPHA2,
phosphorylated tyrosine residues can serve as docking sites for the p85 subunit PI3K to
activate AKT signaling [24-27]. AKT can also phosphorylate EPHAZ2 at S897, which is
known to promote invasiveness and migration in cancer [24]
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To understand this relationship in our CRC models, we used both pharmacological and
genetic approaches. The EPHA2-specific inhibitor ALW-11-41-27 has shown promise as a
therapeutic agent and inhibits downstream AKT activation in both CRC and hepatocellular
carcinoma [28, 49]. EPHAZ inhibition decreased both p-AKT and CD44 expression in our
SW480 CLDN1-expressing cells (Figure 7A). We next used CRISPR cas9 to knockout
EPHAZ in both SW480cldn1 and SW620 cells. Similar to the inhibitor, we observed

a significant decrease in both p-AKT and CD44 expression (Figure 7B, Sup. Figure

6E). Next, we wanted to test the functional effects of EPHA2 knockout. We found that
EPHA2 KO in SW480 CLDN1-expressing cells significantly decreased tumor-initiating
potential in an /n vitro ELDA, and resistance to 5FU was significantly decreased based

on /n vitro IC50 measurements (Figure 7C & D, Sup. Table 3). Finally, we reanalyzed

the CRC patient dataset of responders and non-responders to FOLFOX and found that
increased EPHA2 expression was, like CLDN1, correlated with chemoresistance. (Figure
7E). This concordance is further evidence of a functional relationship between these

two proteins in CRC therapy resistance. Together, these findings establish EPHA2 as a
CLDNZ1-interacting protein that regulates cancer stemness to promote a tumorigenic and
chemoresistant phenotype in CLDN1-expressing CRC.

DISCUSSION

These results support our initial hypothesis and detail a novel mechanism through which
CLDNL directly interacts with EPHA2 to enhance AKT signaling and promote properties
of cancer stemness including increased CD44 expression, tumor-initiating potential, and
chemoresistance. Claudins are known to modulate oncogenic pathways, but the biggest gap
in our understanding has been the physical mechanism mediating these effects. To our
knowledge, this is the first study to establish a direct mechanism through which a claudin
regulates a receptor tyrosine kinase to promote cancer stemness and chemoresistance in
CRC.

In previous studies, CLDN1 expression increases in CRC with exposure to both 5FU and
oxaliplatin, and subsequent CLDN1 knockdown restores sensitivity, indicating a role in
acquired resistance [50, 51]. CLDNL is also associated with therapy resistance in other
cancers. In breast cancer, ScRNA-seq identified a subpopulation of CD44MIhC DN1high
cells that exhibited high phenotypic plasticity and were intrinsically resistant to endocrine
therapy [52]. In ovarian cancer, CLDN1 expression was correlated with chemoresistance
(carboplatin and paclitaxel) and cancer stem cell properties (CD44/CD133 expression and
sphere-forming ability), as well as shorter overall survival in recurrent, chemoresistant
tumors [15]. In non-small cell lung cancer, CLDN1 expression promoted resistance to

both cisplatin and doxorubicin [16, 53]. In liver cancer, 5FU-resistant cell lines showed
increased CLDNL1 expression, and CLDN1 silencing re-sensitized cells to 5FU [17]. Here,
we have shown that high CLDN1 is associated with cancer stemness and FOLFOX
resistance in patient datasets. We then established that CLDN1 promotes properties of
cancer stemness including increased CD44 expression, tumor-initiating potential, ALDH
activity, side population, and resistance to 5FU both /in vitro and in vivo. We demonstrated
that CLDN1 expression induced AKT activation, a known driver of multidrug resistance and
cancer stemness [54, 55]. In agreement with our findings, other studies have found that AKT
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activation specifically promotes CD44 expression in breast, cervical, and colorectal cancer
cells [56, 57]. Together, these results suggest that CLDN1 expression plays a causal role
in intrinsic chemoresistance and increased tumor-initiating potential in CRC through AKT
activation.

Our lab has previously demonstrated CLDN1-mediated AKT activation in both CRC cell
and mouse models; however, the connection between CLDN1 and AKT activation was
unclear [58, 59]. Our results show that CLDN1 directly interacts with EPHAZ2 via its PDZ-
binding motif and increases EPHA2 protein-level expression by inhibiting its degradation. A
previous study suggested that CLDN4 and EPHA2 interact via their extracellular domains
[60]. Our results in CRC and HEK cells along with /n vitro biophysical binding assays
clearly show that CLDN1 and EPHAZ2 interact via their intracellular domains. The increase
in EPHAZ as a result of this interaction enhances AKT activation, thus bridging the

gap between increased CLDN1 expression and oncogenic signaling. It was previously
shown that ligand-mediated EPHA2 signaling negatively regulates AKT activation and
migration in glioblastoma and prostate cancer cells [24]. While ligand-mediated signaling
tends to suppress tumor growth, high expression of EPHA2 results in oncogenic ligand-
independent activation and subsequent PI3K/AKT activation [20, 61]. In our system, both
pharmacological and genetic EPHA2 targeting decreased p-AKT, indicating that EPHA2 is
operating as an upstream activator of AKT signaling. This agrees with previous findings

in both CRC and HCC [28, 49]. It is currently unclear exactly how the CLDN1/EPHA2
interaction inhibits EPHA2 degradation. Interactions with membrane-associated proteins can
inhibit EGFR and ERBB?2 internalization and degradation, and CLDN1 may be playing

a similar role with EPHAZ2 [62, 63]. Interestingly, the intracellular region of EPHA2
contains a SAM domain that interacts with protein regulators of receptor stability including
phosphatases [64]. Whether these regulators are involved in CLDN1-mediated EphA2
stabilization remains to be determined. Future studies will address this question.

Both CLDN1 and EPHA2 are being developed as therapy targets. Claudins are recognized
as promising target molecules because they are present on the cell surface, exhibit tissue-
specific expression, and can selectively increase during carcinogenesis [12]. Our lab has
designed a first-generation CLDNL1 inhibitor that decreases AKT signaling and shows
promise in CRC mouse models [39]. Identifying the PDZ-binding motif as necessary

for CLDN1’s oncogenic effects will guide further inhibitor development. Anti-CLDN1
monoclonal antibodies are being investigated as therapies for both HCC and CRC [11,

51, 65]. Mislocalized, non-junctional claudins present in cancer cells display extracellular
epitopes that are masked in intact junctional complexes, preventing off-target binding

in healthy tissue [66, 67]. In HCC cells, an anti-CLDN1 mAb modulated the CLDN1
interactome, including a 3-fold decrease in CLDN1/EPHAZ interaction, and a significant
decrease in AKT activation [67]. EPHAZ2 has shown promise as a therapeutic target in
multiple cancers [68]. In CRC, high EPHA2 expression promotes invasion and is correlated
with poor prognosis [29]. EPHA2 overexpression has been linked to acquired resistance
to EGFR inhibitors in CRC, and the EPHA2 inhibitor ALW-11-41-27 restored sensitivity
to cetuximab /n vivo [28, 69]. Our results confirm that EPHA?2 overexpression in CRC
enhances tumor-initiating potential and resistance to 5FU. Future studies will detail the
impact of these CLDN1 and EPHA2-based therapies on the CLDN1/EPHAZ2 interaction.

Cancer Lett. Author manuscript; available in PMC 2024 November 28.
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Finally, our analysis of patient datasets suggests that high expression of both CLDN1 and
EPHAZ correlate with resistance to FOLFOX, suggesting a possible biomarker for therapy
selection. Current treatment guidelines for metastatic CRC recommend initial three-drug
combination therapy with 5FU/leucovorin (LV), oxaliplatin, and irinotecan; however, for
patients who cannot tolerate the increased toxicity of this treatment, a two-drug combination
of 5FU/LV with either oxaliplatin (FOLFOX) or irinotecan (FOLFIRI) is used [70]. The
choice of therapy is generally driven by their different side-effect profiles, with FOLFOX
being more popular in the United States [71]. With no accepted rationale for choosing initial
therapy, the overall response rate for either two-drug combination is low (FOLFOX 53%,
FOLFIRI 39%), and new biomarkers are needed to prescribe the most effective therapeutic
approach for each patient [71]. A recent study found a correlation between acquired
oxaliplatin resistance and high CLDN1 expression in CRC [51]. In that study, an anti-
CLDNL1 antibody drug conjugate significantly potentiated the effectiveness of oxaliplatin /n
vivo, suggesting a therapeutic strategy for overcoming oxaliplatin resistance. Future studies
will investigate the role of CLDN1 expression in resistance to other treatment regimens as
well as strategies for overcoming chemoresistance using anti-CLDN1 based therapy.

CONCLUSION

Our study presents a novel CLDN1-EPHA2-AKT-CD44 pathway that promotes cancer
stemness and chemoresistance in CRC. In this pathway, CLDN1 interacts directly with
EPHAZ via its C-terminal PDZ-binding motif to increase EPHA2 expression and promote
downstream AKT signaling and CD44 expression. This interaction offers new opportunities
for targeted therapy and may provide a possible biomarker for therapy selection in CRC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: CLDN1 expression isassociated with cancer stemness and chemoresistancein CRC

datasets.

(a) CLDNZ1 is highly expressed in all stages of CRC (PanCancer Atlas TCGA-COAD). (b)
Gene Ontology analysis of MSigDB Hallmark pathways that are significantly upregulated
with CLDN1 expression in the TCGA dataset. (¢) Gene Set Enrichment Analysis comparing
High vs Low CLDN1-expressing TCGA tumor samples revealed a significant enrichment in
cancer stemness gene expression (an FDR<0.25 is considered significant in GSEA analysis).
(d) CLDNL1 is significantly correlated with colorectal CSC markers LGR5 and PROM1
(CD133) in TCGA data. (e) CLDN1 was positively correlated with chemoresistance in gene
expression datasets (GSE28702 and GSE72970) of CRC patient tumors categorized into
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responders (n=51) and non-responders (n=37) to FOLFOX. NES = Normalized Enrichment
Score, FDR = False Discovery Rate, AUC = Area Under Curve, **** = p<0.0001.
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Figure 2: CLDN1 promotes cancer stemness propertiesincluding tumor-initiating potential in

CRC.

(a) CLDNZ1 expression was significantly correlated with CD44 expression in SW480 and

DLD-1. In all cell lines, CLDN1 expression was positively correlated with (b) sphere-

forming ability and (c) tumor-initiating potential (/n7 vitro extreme limiting dilution assay).

ELDA data available in Sup. Table 1. (d) CLDN1 expression was correlated with both

ALDH activity (ALDEFLUOR assay) and side population in each cell line. C = Control, KO
= Knockout. * = p<0.05, ** = p<0.01, *** = p<0.001.
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Figure 3: CLDN1 promotes resistance to 5-fluorour acil.
CLDNL1 overexpression in SW480 (a) significantly increased the 1C50 for 5FU

approximately 4-fold, while knockout of CLDN1 in SW620 (b) and DLD-1 (c) cells
significantly decreased it by 2.5- and 6-fold, respectively. 3000 cells/well were seeded in
triplicate for each cell line in a 96-well plate. After 24 hours, cells were treated with 5FU
in concentrations ranging from 10712 — 1072 M and incubated for 72 hours. Cell viability
was measured using Prestoblue. Data represents three biological replicates. RZ > 0.90. (d)
CLDN1 KO also sensitized CRC tumors to 5FU in an /n vivo xenograft mouse model.
SW620c and CLDN1 KO cells were injected into the left and right flank, respectively, of
nude mice (n=6-7 mice per group). Mice were treated with 10mg/kg 5FU IP two times
per week for 15 days. 5FU treatment significantly inhibited tumor growth in CLDN1 KO
cells while having no effect on control tumors. Mean and SEM for data points available
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in Supplementary Table 2. (e) IHC of tumor tissues confirmed CLDN1 KO and showed
significantly decreased proliferation (Ki67) and significantly increased apoptosis (cleaved
Caspase-3) in 5FU-treated CLDN1 KO tumors. Five random high-power fields (10x) were
taken for three representative tumors from each group, and ImageJ/FIJI was used to detect
and calculate the percentage of positive cells per field. Scale bar = 100 uM. C = Control, KO
= Knockout. * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001.
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Figure 4: Claudin-1 expression promotes chemoresistance.
(@) Full-length CLDN1 and a mutant construct with the C-terminal PDZ-binding motif

deleted (CLDN1APDZ, aa 208-211). (b) When full-length and mutant transcripts were
overexpressed in SW480 cells, only full-length CLDN1 induced resistance to 5FU. (c,d)
Resistance to 5-FU was restored in both SW620 and DLD CLDN1 KO cells by exogenous
expression of full-length CLDN1 but not CLDN1APDZ. 3000 cells/well were seeded in
triplicate for each cell line in a 96-well plate. After 24 hours, cells were treated with 5FU in
concentrations ranging from 10712 — 1072 M and incubated for 72 hours. Cell viability was
measured using Prestoblue. Data represents at least three biological replicates. RZ > 0.90.
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TM = Transmembrane domain, ECD = Extracellular domain, ICD = Intracellular domain, C
= Control, KO = Knockout. * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001.
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Figure5. CLDN1 activatesthe AKT pathway to regulate CD44 expression.
a) R&D Systems Proteome Profiler Human Phospho-Kinase Array analysis of the AKT

pathway in SW480cldnl and SW620cldnl KO vs. respective controls. (b) Confirmation of
AKT activation (p-S473) in SW480, SW620, and DLD-1 CLDN1-manipulated cells with p-
AKT densitometry. (c) Full-length CLDN1 but not the CLDN1APDZ mutant increased both
CDA44 expression and AKT activation (p-S473). (d) Inhibition of AKT using PI3K inhibitor
LY294002 significantly reduced CD44 expression in SW480 CLDN1 overexpressing cells.
Cells were incubated overnight in serum-free medium and treated for 4 hours with 20 uM
LY294002 followed by 30 minutes incubation with FBS. Data represents at least three
biological replicates. C = Control, KO = Knockout. * = p<0.05, ** = p<0.01, *** = p<0.001,
**x* = n<0,0001.
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Figure 6. CLDN1 associates with EPHAZ2 and regulatesits expression.
(a) EPHA2 co-immunoprecipitated with CLDNL1 in all cell lines, and the association was

dependent on the CLDN1 PDZ-binding motif. (b) Microscale thermophoresis confirmed a
direct interaction between CLDN1 and EPHAZ2 intracellular domains. WT and intracellular
region of EPHA2 (EPHA2AN) displayed ~4-fold higher binding affinity than EPHA2
extracellular region (EPHA2AC). (c) CLDNL1 expression positively correlated with EPHA2,
p-EPHAZ2 S897, and p-EPHA?2 Y588 protein expression in SW480, SW620, and DLD-1
control and CLDNZ1-manipulated cell lines. (d) Full-length CLDN1 but not CLDN1APDZ
increased EPHA2 expression in SW480 cells. (e) Western blot analysis of nine patient-
derived CRC organoids including one patient-matched primary and metastatic tumor pair
showed a positive correlation between CLDN1, EPHA?2, and CD44. (f) Cycloheximide

(10 uM) inhibition of protein synthesis revealed a significant increase in EPHAZ2 stability
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in full-length CLDN1 but not CLDN1APDZ expressing SW480 cells when compared to
control. Stars denote significance of SW480cldn1 vs. SW480c, and hashmarks refer to
SW480cldnl vs. SW480cldn1APDZ. (g) 12hr chloroquine (100 pM) treatment but not
MG132 (10 uM) significantly increased EPHA2 protein in SW480c and SW480cldn1APDZ
but not SW480cldn1 cells. Data represents at least three biological replicates. C = Control,
KO = Knockout, PT = Primary tumor, Met = metastasis, CHX = Cycloheximide, MG =
MG132, CQ = Chloroquine */# = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001.
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Figure 7. EPHA2 regulates AKT in CLDN1-expressing CRC cellsto promote CD44 expression,

tumor-initiating potential, and chemoresistance.

(a) Inhibition of EPHA2 with ALW-I1-41-27 reduced AKT activation (p-S473) in both
SW480 control and CLDN1 overexpressing cells and significantly decreased CD44 only in
SW480cldn1 cells. Cells were incubated overnight in serum-free medium and treated for 4
hours with 1 pM inhibitor followed by 30 minutes incubation with FBS. (b) EPHA2 KO in
SW480 CLDN1-expressing cells reduced AKT activation (p-S473) and CD44 expression. (c,
d) EPHA2 KO in SW480cldn1 cells reduced both tumor-initiating potential and resistance to
5FU. ELDA data available in Sup. Table 3. () EPHA2 expression was positively correlated
with chemoresistance in CRC patient datasets (GSE28702 and GSE72970) categorized into
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responders (n=51) and non-responders (n=37) to FOLFOX. C = Control, KO = Knockout,
EPH = EPHA2. * = p<0.05, ** = p<0.01, *** = p<0.001.

Cancer Lett. Author manuscript; available in PMC 2024 November 28.



	Abstract
	Graphical Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Cell Lines:
	Extreme-limiting dilution assay:
	Bioinformatic Analysis:
	Xenograft mouse model:
	Microscale Thermophoresis (MST):
	Patient-Derived Organoids:
	Statistical Analysis:

	RESULTS
	Claudin-1 expression promotes cancer stemness in CRC
	Claudin-1 expression promotes chemoresistance
	CLDN1 activates the AKT pathway to modulate CD44 expression
	CLDN1 physically associates with EPHA2 and regulates its expression
	EPHA2 regulates AKT in CLDN1-expressing CRC cells to promote cancer stemness and chemoresistance

	DISCUSSION
	CONCLUSION
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5.
	Figure 6.
	Figure 7.

