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Abstract

Background: Aquaporin 9 (AQP9) is permeable to water or other small molecules, and plays an important role in various cancers. We
previously found that AQP9 was related to the efficacy of chemotherapy in patients with colorectal cancer (CRC). This study aimed to
identify the role and regulatory mechanism of AQP9 in CRC metastasis.

Methods: The clinical significance of AQP9 was analysed by using bioinformatics and tissue microarray. Transcriptome sequencing,
Dual-Luciferase Reporter Assay, Biacore, and co-immunoprecipitation were employed to demonstrate the regulatory mechanism of
AQP9 in CRC. The relationship between AQP9 and CRC metastasis was verified in vitro and in vivo by using real-time cell analysis as-
say, high content screening, and liver metastasis models of nude mice.

Results: We found that AQP9 was highly expressed in metastatic CRC. AQP9 overexpression reduced cell roundness and enhanced
cell motility in CRC. We further showed that AQP9 interacted with Dishevelled 2 (DVL2) via the C-terminal SVIM motif, resulting in
DVL2 stabilization and the Wnt/B-catenin pathway activation. Additionally, we identified the E3 ligase neural precursor cell
expressed developmentally downregulated 4-like (NEDD4L) as a modulator regulating the ubiquitination and degradation of AQP9.

Conclusions: Collectively, our study revealed the important role of AQP9 in regulating DVL2 stabilization and Wnt/p-catenin signaling
to promote CRC metastasis. Targeting the NEDD4L-AQP9-DVL2 axis might have therapeutic usefulness in metastatic CRC treatment.
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Schematic diagram of AQP9 promoting CRC metastases.
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Introduction

Colorectal cancer (CRC) is now the third most common cancer
worldwide [1]. About 50% patients with CRC initially diagnosed
with localized disease will eventually progress to metastatic dis-
ease [2]. Distant metastases are the major cause of CRC-related
death [3, 4]. The development of antibodies to epidermal growth
factor receptor (EGFR) was a milestone in metastatic CRC treat-
ment. However, the EGFR-targeted therapy is only recommended
to treat patients with KRAS wild-type (WT) tumors. Metastatic
CRC remains a therapeutic challenge and is considered a non-
curable disease.

The role of Wnt signaling in CRC tumorigenesis, metastasis,
and poor patient survival has been well documented [5].
Extensive efforts have been made to block Wnt signaling, but al-
ways with poor results [6]. Dishevelled (DVL) is the hub of Wnt
signaling transduction [7]. It has been demonstrated that DVL
can interact with a wide range of proteins via its Postsynaptic
density 95, Discs Large, Zonula occludens-1 (PDZ) domain, thus
transmitting Wnt signaling from receptors to downstream effec-
tors. Therefore, unveiling the DVL-associated protein interaction
may provide valuable information for developing new CRC thera-
peutic intervention [8].

Aquaglyceroporins (AQPs) are a family of integral membrane
proteins that are permeable to water and other small molecules.
There is compelling evidence that aberrant AQPs expression cor-
related with tumorigenesis and cancer metastasis [9-11], foster-
ing a growing interest in identifying AQPs as diagnostic and
therapeutic targets in cancers. We previously found that aqua-
porin 9 (AQP9) was overexpressed in CRC tissues and its expres-
sion level was positively correlated with chemotherapy efficacy
[12]. As the role and mechanism of AQP9 in CRC have not been
fully elucidated, herein, we further investigated the possible role
in CRC metastasis. Furthermore, structural and functional stud-
ies highlighted the importance of understanding the post-
translational modifications and protein-protein interactions in
regulating AQPs function [13]. Given the presence of a putative
PDZ-binding motif in the C-terminal of AQP9 [14], we postulated
that AQP9 might interact with the PDZ protein DVL2 and be in-
volved in the regulation of Wnt signaling.

In the present study, we found that a high expression level of
AQP9 in CRC was correlated with increased risks of metastasis
and poor prognosis. AQP9 is important to maintain the epithe-
lial-mesenchymal transition (EMT) state and the motility and
metastasis of CRC cells. Mechanistically, AQP9 could interact
with DVL2 via its C-terminal SVIM motif and subsequently af-
fected Wnt signaling transduction. In addition, we identified the
E3-ubiquitin ligase neural precursor cell expressed developmen-
tally downregulated 4-like (NEDD4L) as a modulator of AQP9.

Materials and methods
Patients and samples

Tissue microarrays were constructed using paraffin-embedded
samples of patients with primary colorectal adenocarcinomas at
the Sixth Affiliated Hospital of Sun Yat-sen University (SYSU;
Guangzhou, Guangdong, China) from 1 January 2007 to 31
December 2012. Patient enrollment criteria included: pathologi-
cal confirmation of colorectal adenocarcinoma, the undergoing
of curative surgical resection, absence of preoperative or post-
operative chemotherapy, availability of tumor specimen, and
complete follow-up information. The median follow-up time was
1,490days (range, 195-2,636days). Overall survival (OS) or
progression-free survival (PFS) was the end point of the study. OS

time was calculated from the date of surgery to the date of death
or the last follow-up time. PFS time was calculated from the date
of surgery to the date of disease progression.

Written informed consent from each patient regarding tissue
sampling had been obtained and the study was reviewed and ap-
proved by the Medical Ethics Committee of the Sixth Affiliated
Hospital of SYSU (2020ZSLYEC-236).

Plasmid constructs, small interfering RNAs
(siRNAs), and transfections

The pcDNA 3.1 (+) plasmid was purchased from Invitrogen
(Carlsbad, CA, USA). The pCI-HA-NEDD4L plasmid was obtained
from Addgene (Cambridge, MA, USA). For AQP9 transient trans-
fection, pEGFP or pEGFP-AQP9 plasmids (Addgene) were trans-
fected into CRC cells by using Lipofectamine® 3000(Invitrogen).
siRNAs (Ribobio; Guangzhou, Guangdong, China) were trans-
fected into CRC cells by using Lipofectamine® RNAIMAX
(Invitrogen).

For stable transfection, full length of human AQP9 cDNA open
reading frame was cloned into the lentiviral expression vector
pCDH-CMV-MCS-EF1-copGFP  (SBI Pharmaceuticals; Tokyo,
Japan). HEK293T cells were co-transfected with pCDH, pCMV-
A8.91, and pCMV-VSVG plasmids (Addgene) to produce lentivi-
rus. Luciferase-expressing HCT116 cells were infected with col-
lected virus. Infected cells were treated with polybrene (Biosharp;
Hefei, Anhui, China) and selected with puromycin (Selleck;
Houston, TX, USA) for 2weeks. All the plasmid constructions
were confirmed by sequencing.

Cell culture and immunofluorescence

CRC cell lines were purchased from the American Type Culture
Collection (Gaithersburg, MD, USA). HCT116 and DLD1 cells were
maintained in RPMI-1640 (Gibco; Carlsbad, CA, USA), supple-
mented with 10% (v/v) fetal bovine serum (Gibco). Cells were
allowed to grow in a humidified incubator with 5% CO, at 37°C.
Mycoplasmas were detected in cell cultures stained with 4’,6-dia-
midino-2-phenylindole (DAPI) (Santa Cruz; Dallas, TX, USA).

Cells were fixed using 4% paraformaldehyde for 20 min at 4°C.
Fixed cells were then permeabilized in 0.5% Triton X-100 for
10min and blocked with 5% bovine serum albumin for 1h.
Primary antibody incubation was performed at 4°C overnight.
The cell nuclei were counterstained with DAPIL. The images were
analysed using the SP8 confocal microscope (Leica; Wetzlar,
Germany).

Co-immunoprecipitation and Western blot
analysis

For the co-immunoprecipitation (Co-IP) assay, cells were plated
in a 100-mm dish and transfected with the indicated plasmids.
After 48h of transfection, cells were incubated with 500 puL of
Pierce™ IP Lysis Buffer (ThermoFisher; Carlsbad, CA, USA). Then,
350 uL of whole-cell lysates were incubated with the indicated an-
tibody at 4°C overnight and 30 uL of protein G-Sepharose beads
were added at 4°C for 8h. The beads were washed five times us-
ing IP wash buffer and precipitates were eluted using 30 pL of 2X
sodium dodecy! sulfate-polyacrylamide gel electrophoresis (SDS—
PAGE) sample buffer and analysed by using Western blot with
the indicated antibody.

For the nuclear and cytoplasm separation, total proteins were
extracted from the cultured cells using RIPA Lysis and Extraction
Buffer (ThermoFisher). Nuclear and cytoplasm proteins were
extracted using a KeyGene KIT (QIAGEN; Hilden, Germany). The
proteins separated on SDS-PAGE were transferred onto a
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polyvinylidene fluoride membrane (Millipore; Darmstadt,
Germany). The membrane was blocked for 1h in Tris-Buffered
saline and Tween 20 (TBST; 10mM Tris-Cl, 150mM NacCl, and
0.05% Tween 20) containing 4% bovine serum albumin. All pri-
mary antibodies were incubated overnight at 4°C. Horseradish
peroxidase (HRP)-linked anti-rabbit or mouse IgG secondary anti-
bodies (ThermoFisher) were used to detect primary antibody
binding. Protein was detected by using the
Electrochemiluminescence system (Millipore) on autoradiogra-
phy film (Kodak; Rochester, NY, USA) or ChemiDoc Touch (Bio-
rad; Hercules, CA, USA).

The following antibodies were used: anti-actin (Proteintech;
Rosemont, IL, USA) or anti-GAPDH (Proteintech) as loading con-
trols; anti-catenin, anti-E-cadherin, anti-Snail, anti-DVL2, and
anti-GFP (Proteintech); anti-AQP9 or anti-ubiquitination (Santa
Cruz); anti-HA (Ser139), anti-Flag, and anti-NEDD4L (Cell
Signaling Technology; Danvers, MA, USA).

Real-time cell growth curve assay

For cells monitored by using the xCELLigence real-time cell
analysis assay DP instrument (Roche; Basel, Switzerland), 5,000
cells per well were seeded on 16-well cell invasion and migration
plates (Roche). Cell activities are expressed as the cell impedance
index.

Luciferase assay

CRC cells seeded in 24-well plates were co-transfected with
pGL4.49[luc2P/TCF-LEF RE/Hygro| Vector (Promega; Madison, WI,
USA) and one of these plasmids (pEGFP, pEGFP-AQP9-WT,
PEGFP-AQP9-ASVIM). At 48 h after transfection, luciferase activ-
ity was measured using the Dual-Luciferase Reporter Assay
(Promega). Experiments were performed in five replicates and the
means with standard errors were calculated. Data were normal-
pGL4.74[hRluc/TK]

ized with an internal control, Vector

(Promega).

Protein docking simulation with deep-learning
models

The sequences of AQP9 (043315) and DVL2 (014641) were
obtained from The Universal Protein Resource [15]. At the same
time, the sequence of the DVL2"P? domain was obtained from the
Conserved Domain Database [16]. Then, SWISS-MODEL [17] and
trRosetta [18] were used to build the protein models according to
the sequences of AQP9 and the DVL2P? domain. The AQP9 pro-
tein model was built by using trRosetta with restraints from both
deep-learning and homologous templates, where the template
modeling score was used to evaluate the model [19]. The DVL2"P?
domain was established by using homology modeling in the
SWISS-MODEL sever and the modeling result was evaluated us-
ing the MolProbity Score [20].

Then we used the “prepare protein” module [21, 22] in
Discovery Studio 2017R2 to optimize the structure of the two pro-
teins, including removing crystal water and treating disulfide
bonds, treating metal ions, and adding terminal hydrogen atoms
to protein molecules according to the expected temperature and
pH value. Afterwards, the ZDOCK module was employed to pre-
dict the connection between AQP9 and the DVL2'P? domain.
Before running, the Euler angle step size of the ligand direction of
rotation sampling was set to 5, “RMSD Cutoff” was set to 6.0,
“Interface Cutoff” was set to 9.0, “Maximum Number of Clusters”
was set to 60, and the combination mode “Top Poses” was set to
2,000, with the default values for other parameters. The RDOCK

module was applied to obtain the composite of the docking pose
with the highest score. The “Analyze Protein Interface” module
was utilized to analyse the connection between AQP9 and the
DVL2"PZ domain.

Protein purification

For AQP9 C-terminal purification, a cDNA fragment (729-885 bp)
corresponding to the C-terminal portion (containing the last
transmembrane domain) of human AQP9 was amplified and
cloned into the pGEX-4T-1 expression vector. Purified AQP9-C-
terminal protein was added with an N-terminal glutathione S-
transferase (GST) tag (GST-AQP9-C-term). The SVIM motif was
deleted (GST-AQP9-ASVIM) to obtain a truncated protein. For
protein expression, different constructs were transformed into
the BL21 (DE3) competence cell. The expression was induced by
using isopropyl B-D-thiogalactoside and evaluated by using SDS-
PAGE. The bacteria were cultured and the protein was purified by
using GST affinity chromatography followed by a molecule sieve.
For DVL2 purification, full length of the DVL2 gene was amplified
and cloned into the pET30a expression vector. The BL21 bacteria
were amplified and the protein was purified by using Ni-IDA af-
finity chromatography. Supernatants were aliquoted and stored
at —80°C.

Biacore assay

For the prebinding experiment, pure AQP9 and AQP9-ASVIM pro-
teins were diluted using 10-mM sodium acetate buffers in a range
of different pH values (pH 3.0-5.5) and flowed across the surface
of the chip at a rate of 10 pL/min. Absorption of the protein to the
chip was observed and the subsequent CM5 chip coupling was
selected by combining the most suitable binding concentration.

For CM5 chip coupling, a certain volume of AQP9 and AQP9-
ASVIM protein was diluted using sodium acetate buffer to 20 pg/mL
at pH 5.0 according to the preconjugation ratio. Three reagents,
N-hydroxysuccinimidobiotin (NHS), 1-(3-Dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC), and ethanolamine hydro-
chloride, were equilibrated at room temperature and placed on the
rack of a Biacore T200 (GE; Atlanta, GA, USA). The liquid flow rate
was set to 10 uL/min. The chip flowed through 125 uL of NHS/EDC
mixture, 166 pL of sample, and 140 uL of ethanolamine hydrochlo-
ride, successively.

For conjugation, pure DVL2 protein was diluted to the appro-
priate concentration (0, 75, 150, 300, 600, and 1,200 pg/mL) using
Phosphate buffered saline-P20) buffer (Cytiva; Freiburg, BW,
Germany (PBS-P+) and loaded to observe binding activity. The
binding dissociation curve was obtained at different protein con-
centrations. For chip regeneration, the chip was flushed using
10 mmol/L of glycine (pH 2.5) to restore the baseline to initial val-
ues. The results were then analysed.

Murine CRC model of liver metastasis

Female BALB/c nude mice aged 4-6 weeks were purchased from
the Model Animal Research Center of Nanjing University
(Nanjing, China). HCT116 cells were engineered to express lucif-
erase by using lentiviral transfection of pEZ-Lv105 plasmid
(Addgene). The CDs region of the AQP9 was amplified by using
polymerase chain reaction (PCR) and cloned into the pCDH-
CMV-MCS-EF1-copGFP-T2A-Puro vector (Addgene). HCT116-Luc
cells were then transfected with the pCDH control vector or
pCDH-AQP9 vector. To model liver metastasis, 500,000 cells were
suspended in 50 uL of PBS and injected into the spleen. All surgi-
cal procedures were performed under isoflurane anesthesia.
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Tumor growth and metastatic spread were assessed weekly via
an In Vivo Imaging System (PerkinElmer; Waltham, MA, USA).
The present studies in animals were reviewed and approved by
the Animal Care and Use Committee of SYSU (IACUC-
2020090901).

Statistics and reproducibility

All experiments were performed at least in triplicate. Statistical
analyses were performed using GraphPad Prism 8.0 (La Jolla, CA,
USA) and SPSS 22.0 (Chicago, IL, USA). Statistical analyses for
cell-line experiments were performed by using Student’s t-test or
Mann-Whitney U test. Data are presented as mean * standard
error of the mean (SEM) with each dot representing an individual
experiment. For in vivo assays in xenografts, statistical analyses
were performed by using two-way analysis of variance (ANOVA).
A P-value of <0.05 was considered statistically significant
(*P<0.05, *P<0.01, **P < 0.001).

OS time was calculated from the date of surgery to the date of
death or the last follow-up time if the follow-up time was
>5 years. For PFS, an event was defined as the first clinical or
pathologic evidence of local or distant recurrence or death.
Receiver operation characteristic curve analysis was applied to
determine the cut-off point for tumor “high expression” by using
the 0, 1-criterion. Under this condition, a score value of 4.8 was
adopted as the cut-off for stratification of AQP9 expression into
low (>4.8) and high (<4.8). A score value of 4.3 was adopted as
the cut-off for stratification of DVL2 expression into low (>3.84)
and high (<3.84). The relationship between AQP9 and clinico-
pathologic features of patients with CRC was analysed by using
chi-square test. The Kaplan-Meier method was used for the uni-
variate survival analysis and the differences between compared
groups were assessed by using the log-rank test. The Cox propor-
tional hazards regression model was used to compare the OS and
PFS between marker categories and to obtain risk ratios.

Availability of data and materials

All data generated or analysed in this study are included in this
published article. All the data supporting the findings of this
study are available from the corresponding author upon request.

Results

AQP9 upregulation is correlated with CRC
progression and metastasis

Using The Cancer Genome Atlas (TCGA) data from 50 tumor-
normal paired CRC samples and 698 unpaired CRC samples, we
found that AQP9 expression level was significantly higher in tu-
mor samples than in normal samples and it had certain accuracy
in predicting tumor occurrence (Figure 1A and Supplementary
Figure 1A and B). Elevated AQP9 expression was observed in
later-stage CRC compared with stage I CRC (Supplementary
Figure 1C). Consistently, our immunohistochemical (IHC) analy-
sis showed a strong staining signal of AQP9 in CRC tumor tissues,
implicating an oncogenic role of AQP9 (Supplementary Figure
1D). Furthermore, we compared AQP9 mRNA levels in matched
primary tumors, metastatic tumors, adjacent normal tissues,
and paratumor tissues of 39 patients with CRC and distant me-
tastases; 33 of 39 primary tumors had substantially elevated lev-
els of AQP9 with respect to adjacent normal tissues and
paratumor tissues (Supplementary Figure 1E) and AQP9 expres-
sion in metastatic tumors was considerably higher than that in
primary tumors and paired normal tissues or paratumor tissues

(Figure 1B). These data suggested that elevation of AQP9 might be
related to tumor progression and metastases. Consensus molecu-
lar subtype (CMS) is a CRC classification system based on molec-
ular alterations such as genomic drivers, transcriptomic
subtypes, and immune signatures [23, 24]. Interestingly, we
found that a high AQP9 level was significantly associated with
the “mesenchymal” CMS4 CRC (Figure 1C), indicative of high in-
vasion ability and poor survival [24]. In parallel, AQP9 high ex-
pression was significantly associated with poor prognosis
(Figure 1D), especially a lower probability of disease-specific sur-
vival (Figure 1E) and progression-free interval (Figure 1F), indicat-
ing that AQP9 might play an important role in CRC progression
and metastasis.

To further validate the clinical significance and interaction of
AQP9, we subjected the tumor tissue microarray in 229 patients
with CRC by using IHC staining (Figure 1G). Kaplan-Meier analy-
sis showed that a higher expression level of AQP9 was associated
with a lower probability of OS (P=0.015) (Figure 1H) and PFS
(P=0.024) (Figure 1I) than a lower expression level of AQP9 in
patients with CRC. A higher AQP9 IHC score was significantly as-
sociated with a higher tumor, node, and metastasis (TNM) stage
(Figure 1J). Though multivariate Cox regression analysis showed
that AQP9 was not an independent predictor of OS and PFS for
patients with CRC (Figure 1K and L), we found that AQP9 expres-
sion levels were significantly associated with sex, median age,
clinical stage, disease progression, or metastasis in patients with
CRC (Table 1).

AQP9 sustains cell migration and invasion, and is
associated with EMT

Given that AQP9 was enriched in CMS4 tumors, which had signifi-
cant overexpression proteins implicated in mesenchymal activa-
tion and high invasion ability, we next investigated whether
AQP9 had an impact on cell migration and EMT. As expected,
AQP9 overexpression significantly promoted the migration and
invasion of CRC cells (Figure 2A and B). High content screening
showed that AQP9 resulted in increased cell movement speed
and reduced cell roundness (Figure 2C and Supplementary Figure
2A). Compared with the control cells, AQP9-overexpressed cells
showed a significant projected area of lamellar morphology, in-
dicative of a migratory and invasive phenotype (Figure 2D and
Supplementary Figure 2B).

Then we performed gene expression analysis by using
Ribonucleic acid (RNA) sequencing (RNA-seq) to examine the mo-
lecular characteristics of AQP9-overexpressed CRC cells. We identi-
fied 255 significantly deregulated genes relative to control cells (72
up, 183 down, > 2-fold, P-value < 0.05) (Supplementary Figure 2C).
Gene Ontology (GO) term analysis was calculated using the DAVID
online tool (https://david.ncifcrf.gov/summary.jsp; Supplementary
Figure 2D). Consistently with the cell phenotype, cell attachment
and motility-related gene sets were significantly enriched among
the top GO terms (Figure 2E). Clustering of the expression profile for
cell-migration-related genes is shown in Figure 2F. In AQP9-
overexpressed cells, most cell adhesion genes were downregulated
(e.g. MUC13, CDH13, TIMP3, and LAMB3), whereas cell detachment-
associated genes such as chemokines, MMP14, and PCDH7 were
upregulated. Further gene set enrichment analyses (GSEAs) using
our RNA-seq data revealed that AQP9 high expression was signifi-
cantly associated with enrichment of gene sets in EMT (Figure 2G),
indicating the involvement of AQP9 in regulating EMT-associated
cell movement. We specifically analysed the positive correlation be-
tween AQP9 gene expression and EMT in a TCGA-CRC data set
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Figure 1. AQP9 high expression is associated with CRC progression and metastasis. (A) AQP9 mRNA expression in TCGA-CRC tumor tissues compared
with matched normal tissues (n=50, P <0.001), paired two-tailed t-test. (B) AQP9 mRNA level determined by using RT-gPCR in paired normal tissues,
paratumor tissues, tumor, and metastatic tumors (n = 39). (C) AQP9 mRNA level in TCGA-CRC tumors separated by using CMS. Kaplan-Meier plots of
(D) OS, (E) disease-specific survival, (F) progression-free interval layered by AQP9 mRNA level (TCGA data sets, log-rank test). (G) Representative images
of immunohistochemistry staining of AQP9 in SYSU CRC tissue microarray. (H) OS and (I) PFS of patients with CRC (SYSU-cohort) stratified by using
AQP9 THC score. (J) Quantification of AQP9 IHC score in patients with CRC separated by Stage I-II and Stage III-IV. Univariate and multivariate analyses
for (K) OS and (L) PFS. All data are shown as mean + SEM. *P < 0.05; *P < 0.01; **P < 0.001. AQP9, aquaporin 9; CRC, colorectal cancer; TCGA, The Cancer
Genome Atlas; CMS, consensus molecular subtypes; OS, overall survival; PFS, progression-free survival; SYSU, Sun Yat-sen University; IHC,
immunohistochemical; T, tumor; N, node; M, metastasis; SEM, standard error of the mean; ns, no significance.
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Table 1. Association between expression of AQP9 and
clinicopathological features of patients with CRC

Variable Low AQP9 High AQP9 P-value

Sex 0.077
Male 42 (65.6%) 87 (52.7%)
Female 22 (34.4%) 78 (47.3%)

Median age (years) 0.026*
<66 38 (59.4%) 71 (43.0%)
>66 26 (40.6%) 94 (57.0%)

Clinical stage 0.002*
I-11 53 (82.8%) 102 (61.8%)
-1V 11 (17.2%) 63 (38.2%)

pT status 0.088
T1-T2 24 (37.5%) 43 (26.1%)
T3-T4 40 (62.5%) 122 (73.9%)

pN status 0.008™
NO 53 (82.8%) 107 (64.8%)
N1-N2 11 (17.2%) 58 (35.2%)

pM status 0.094
MO 59 (92.2%) 138 (83.6%)
M1 5 (7.8%) 27 (16.4%)

Disease progression 0.016*
No 51(79.7%) 104 (63.0%)
Yes 13 (20.3%) 61(37.0%)
' P<005  P<001; T P<0.001.

CRC, colorectal cancer; T, tumor; N, node; M, metastasis.

(Supplementary Figure 2E). Multiple data sets highlighted the posi-
tive correlation between AQP9 and EMT (Supplementary Figure 2F).
In agreement with the RNA-seq results, Western blot showed that
AQP9 overexpression could affect the expression of EMT markers,
including upregulation of B-catenin, Snail, and Twist2, and downre-
gulation of E-cadherin (Figure 2H).

Many previous studies showed Wnt/p-catenin signaling acti-
vation and nuclear B-catenin increase during EMT [5, 25]. In the
nucleus, B-catenin associates with T-cell factor/lymphoid en-
hancer factor (TCF/LEF) transcription factors and drives the tran-
scription of downstream oncogenes, which can subsequently
enhance EMT progression. As GEO data sets analysis also indi-
cated the enrichment of Wnt signaling (Supplementary Figure
2G), we therefore tried to determine whether AQP9-induced EMT
is associated with Wnt/B-catenin signaling activation. We per-
formed a TCF/LEF reporter luciferase assay using HCT116 cells
transfected with AQP9 together with TCF/LEF-Luc. AQP9 overex-
pression significantly enhanced the transcriptional activity of the
luciferase reporter, which was more obvious when activated by
using Wnt3a (Figure 2I), suggesting activation of the canonical
Wnt pathway. Moreover, AQP9 overexpression significantly en-
hanced levels of nuclear B-catenin (Figure 2J). Collectively, these
results demonstrated that AQP9 induced a migratory phenotype
via the Wnt/B-catenin pathway in CRC cells.

AQP9 modulates the Wnt/g-catenin pathway in
CRC through binding to and stabilizing DVL2

The Wnt/p-catenin pathway is activated when a Wnt ligand
binds to the transmembrane Frizzled (FZD) receptor and its co-
receptor and then recruits the scaffolding protein DVL to the
cell membrane to initiate a downstream Wnt signal cascade
[26]. DVL2 is a PDZ protein that contains a highly conserved
PDZ domain to stabilize its membrane localization [7, 27].
Membrane proteins such as receptors and channels usually
form functional clusters by directly binding to PDZ proteins
[28, 29]. Previous study revealed that the binding cleft of the
DVLFP? domain was more flexible than those of canonical PDZ

domains and enabled recognition of both C-terminal and inter-
nal peptides [8]. Given the presence of a PDZ-binding motif
SVIM at the C-terminal cytoplasmic tail of AQP9 [14]
(Figure 3A), we postulated that AQP9 might interact with DVL2
and be involved in the regulation of Wnt signaling. Therefore,
we generated a predicted binding model of the AQP9-DVL2PDZ
complex via deep-learning-based methods. The confidence of
the predicted AQP9 model was very high with an estimated
template modeling score of 0.842 and the modeling result of
the DVL2"P? domain was good with a MolProbity Score of 0.74.
One hundred and forty-six docking poses were first generated
by using the ZDOCK program and the conformation of the
AQP9 C-terminal with the highest score was selected for fur-
ther optimization using the RDOCK program (Figure 3B). It
could be seen that the two proteins binding interfaces pro-
duced eight hydrogen bonds and two conjugated = bonds
(Table 2).

Hydrogen bonds, especially short and strong hydrogen bonds,
play extremely important roles in stabilizing the structure of pro-
teins [30, 31]. Among the eight hydrogen bonds, AQP9:VAL293:0-
DVL2.LEU14:HN was the most stable with a distance of 2.0689
angstroms, indicating that the binding site was quite stable.
Residues SER292, VAL293, and MET295 of the SVIM motif also
produced strong hydrogen bonds. It is worth noting that MET295
also produced a sulfur-r interaction, while ILE294 produced an
alkyl-n interaction. The above results indicated that DVL2 could
stably bind to the C-terminal end of the AQP9 protein via hydro-
gen bond and conjugated = bond interaction force.

To confirm the predicted binding between AQP9 and DVL2, we
first performed Co-IP assays and found that both endogenous
and exogenous DVL2 could interact with AQP9 in CRC cells, re-
spectively (Figure 3C and D). To further verify the predicted bind-
ing site, we then constructed truncated AQP9 plasmids, in which
the last 30 amino acids of the C-terminal (AQP9-Acterm) or SVIM
motif (AQP9-ASVIM) had been deleted. Co-IP assays showed that
deletion of the C-terminal or SVIM motif affected the interaction
between AQP9 and DVL2 (Figure 3E and F). Interestingly, the con-
focal microscopy experiments demonstrated that the overexpres-
sion of AQP9-Acterm or AQP9-ASVIM plasmids resulted in the
membrane-to-cytoplasm translocation of AQP9 (Figure 3G), sug-
gesting that the C-terminal, especially the SVIM motif, was im-
portant for AQP9 membrane localization and might be necessary
for the interaction with DVL2. To address the contribution of the
AQP9-SVIM motif to the direct binding with DVL2, we purified
GST-AQP9 fusion proteins corresponding to either the C-terminal
(GST-AQP9-cterm-WT) or a truncated C-terminal in which the
SVIM motif had been deleted (GST-AQP9-cterm-ASVIM). Biacore
SPR analysis showed that AQP9-cterm-WT bound to DVL2 with
higher affinity compared with the AQP9-cterm-ASVIM mutants
(Figure 3H). The reduced binding affinity and DVL2 protein level
in the AQP9-SVIM mutants were consistent with Co-IP experi-
mental results.

As we proved that AQP9 could directly bind to DVL2, it
remained to clarify how AQP9 was regulating the activation of
downstream Wnt/p-catenin signaling. Western blot showed that
AQP9 overexpression resulted in a protein level increase in the
DVL2 (Figure 4A), whereas deletion of the C-terminal or SVIM mo-
tif in AQP9 was associated with a decreased DVL2 level in CRC
cells (Figure 4B). GSEA revealed an enrichment of gene sets for
degradation of DVL in AQP9-overexpressed CRC cells (Figure 4C).
Because the mRNA level of DVL2 was not changed by AQP9 over-
expression (Supplementary Figure 3A), we speculated that AQP9
might upregulate the DVL2 level via regulating the stability of the
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DVL2 protein. To examine whether AQP9 could regulate the DVL2
protein turmover in CRC, we then performed cycloheximide
assays and found that AQP9 could enhance the half-life of endog-
enous DVL2 and B-catenin compared with the controls (Figure 4D
and Supplementary Figure 3B). Moreover, DVL2 knock-down
could suppress the AQP9-induced B-catenin elevation in CRC
cells (Figure 4E), suggesting that AQP9 might stabilize the DVL2
protein and subsequently inhibit downstream p-catenin degrada-
tion. Furthermore, TCF/LEF reporter luciferase assay showed that
truncated AQP9 protein eliminated the transcriptional activity of

the luciferase reporter compared with AQP9-WT proteins
(Figure 4F). Taken together, the above results demonstrated that
the AQP9 could bind to and stabilize DVL2, which subsequently
activated the Wnt/p-catenin pathway.

Expressing AQP9 upregulation promotes tumor
metastasis in vivo

To test whether AQP9 promotes tumor metastasis in vivo, we
cloned the AQP9 cDNA fragment into a lentiviral vector for stable
infection and expression in mammalian cells. AQP9-
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overexpressed HCT116 cells (HCT116“¥®°) or control cells
(HCT116Ye**") were injected into the spleen of nude mice
(Figure 5A and Supplementary Figure 4A-D). The HCT116°%°

Table 2. The interaction between residues at the docking
interface of AQP9 and the DVL2P? domain

group showed increased metastatic spread as demonstrated by a
stronger bioluminescence signal in vivo (Figure 5B and C).
Moreover, HCT116°%? cells had a higher liver metastatic rate
and more metastatic foci in the liver than HCT116""" cells
(Figure 5D-G). The average weight of the mice was not signifi-
cantly different in both groups (Figure SH). IHC staining of mice

AQP9 residue DVL2 residue Distance/A Type liver tissue showed that AQP9 overexpression was correlated
VAL293 LEU14 50689 H-bond with enhanced DVL2 expression in the tumor (Figure 5I). The
GLU283 ASN23 21771 H:bgg d results above illustrated that AQP9 could promote CRC metasta-
GLU283 ASN66 2.6429 H-bond  sisinuivo.
VAL293 GLY15 2.7046 H-bond . .
GLU287 ARG74 2.8475 Hbond AQP9 and DVL2 expression is positively
II:/IEST228985 &Eﬁ g-gggé g-ﬁong correlated with poor survival outcomes in
. -bon : :
SER292 ILE16 3.2834 H-bond pahents with CRC
MET295 HIS78 5.8522 n-bond To confirm that AQP9 upregulation is correlated with upregu-
ILE294 PHE13 5.2412 n-bond lated DVL2 in patients with CRC, we performed IHC staining to
CP<005 " P<00l " P<0.00L. analyse DVL2 expression using the tumor tissue microarray of
A, angstroms. 135 patients with CRC (Figure 6A). The DVL2 expression level was
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Figure 4. AQP9 activates the Wnt/B-catenin pathway via stabilization with DVL2. (A) Representative immunoblots of DVL2 protein level upon AQP9
overexpression. (B) Western blot shows DVL2 and B-catenin protein level. (C) GSEA analysis of DVL2 genes using HCT116 cell RNA-seq data. (D) CHX
chase assays to determine the half-life of B-catenin and DVL2 in AQP9-overexpressed CRC cells. (E) Representative immunoblots of DVL2 and B-catenin
protein level after being co-transfected with AQP9 plasmids and siDVL2. (F) Statistics of TCF/LEF reporter luciferase assay indicate that AQP9-cterm-—
ASVIM mutants eliminate the transcriptional activity of the luciferase reporter in HCT116 cells. All data are shown as mean + SEM. *P < 0.05; *P < 0.01;
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positively correlated with the clinical stage and pN status in
patients with CRC (Supplementary Figure 5A and B, and Table 3).
We also found that DVL2 high expression was associated with a
low probability of OS (P=0.016) and PFS (P=0.037) (Figure 6B and
C). A higher DVL2 IHC score was significantly associated with a
higher TNM stage (Figure 6D). The IHC score indicated a strong
(r=0.7512) and significant (P<0.001) positive association be-
tween AQP9 and DVL2 (Figure 6E). Most importantly, Kaplan—
Meier analysis of combined AQP9 and DVL2 indicated that
AQP™ERDVL2MER patients with CRC had the lowest OS and PFS
rate compared with AQP9"°"DVL2™" patients with CRC
(Figure 6F and G). High AQP9 and DVL2 expression was also sig-
nificantly associated with clinical stage and pN status (Table 4).
By using univariate and multivariate analysis, we found that
the AQP9 and DVL2 expression level was not significantly associ-
ated with the OS and PFS rates, but was a strong, significant indi-
cator of pN status (Figure 6H and I). Together, these results
verified that the AQP9-DVL2 axis was upregulated in CRC and

the expressions of AQP9 and DVL2 might be used as predictive
biomarkers for the prognosis of patients with CRC.

The E3 ubiquitin ligase NEDDA4L targets AQP9 for
its degradation

Since the AQP9 level is an important determinant of CRC metas-
tasis, we sought to identify AQP9-interacting E3 ligases that could
regulate its protein stability. The E3 ligase NEDDAL caught our at-
tention as a candidate since it has been shown to target several
membrane proteins for proteasome degradation, including ion
channels, growth factor receptors, and tight junction molecules
[32-35]. The tryptophan, W (WW) domains of NEDD4L mediate
its binding to substrates containing L/PPXY (PY) motifs [36]. The
C-terminal of AQP9 contained a PY motif (LPFY), which was
highly conserved among aquaglyceroporins (Figure 7A); this
raised the possibility that AQP9 might be recognized by NEDDA4L
through a physical interaction. To address this, we first investi-
gated the correlation between the AQP9 and NEDDAL protein
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Univariate and multivariate analysis of AQP9, DVL2 and progression free survival for CRC patients

Univariate analysis Multivariate analysis
Variables HR (95%Cl) P value HR (95%Cl) P value
Sex (male vs. female) —p- 0.978 (0.50-1.93) 0.948
Age ( = 66 years vs. < 66 years) L 1.200 (0.60-2.40) 0.606
pT status (T3-T4vs. T1-T2) — 1.026 (0.25-4.28) 0.972
pN status (N1 - N2 vs. NO) e 4137 (2.08-8.23) <0.001*** —e 3.220(153-6.76)  0.002*
pM status (M1 vs. MO) —i 6.146 (2.86-13.23) <0.001*** —e— 4793 (2.13-10.79) <0.001***
AQP9 and DVL2 expression —amt 2.521 (1.14-5.58) 0.022* ot 1.455 (0.62-3.42) 0.390
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0.1 1 10 100 0.1 1 10 100

Figure 6. AQP9 and DVL2 high expression is correlated with poor outcome in CRC. (A) Representative images of IHC staining of DVL2 in SYSU CRC
tissue microarray. (B) OS and (C) PFS of patients with CRC (SYSU-cohort), stratified by DVL2 IHC score. (D) Quantification of DVL2 IHC score in patients
with CRC separated by Stage I-II and Stage III-IV. (E) Correlation analysis between AQP9 and DVL2 IHC score of patients with CRC (SYSU-cohort, n=96,
Pearson’s correlation, P < 0.001). (F) OS and (G) PFS of patients with CRC layered by the co-expression of AQP9 and DVL2 in tissue microarray. Univariate
and multivariate analyses for (H) OS and (I) PFS. All data are shown as mean = SEM. *P < 0.05; **P < 0.01; **P < 0.001. AQP9, aquaporin 9; CRC, colorectal
cancer; OS, overall survival; PFS, progression-free survival; SYSU, Sun Yat-sen University; IHC, immunohistochemical; T, tumor; N, node; M,
metastasis; SEM, standard error of the mean; ns, no significance.

level in CRC cells. NEDD4L overexpression resulted in an AQP9 whether NEDDA4L could ubiquitinate AQP9. Indeed, NEDDA4L over-

protein level decrease (Figure 7B and C), while the AQP9 mRNA expression efficiently promoted AQP9 ubiquitination whereas
level was not affected (Figure 7D). Moreover, the half-life of AQP9 knock-down of NEDD4L decreased AQP9 ubiquitination
was reduced by NEDDA4L (Figure 7E). Co-IP revealed the interac- (Figure 7G and H). Consistently with the reported interaction be-

tion between AQP9 and NEDDA4L (Figure 7F). We then examined tween the WW domains of NEDD4L and the PY motifs of its
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Table 3. Correlation between expression of DVL2 and
clinicopathological features of patients with CRC

Variable Low DVL2 High DVL2 P-value

Sex 0.161
Male 44 (62.0%) 32 (50.0%)
Female 27 (38.0%) 32 (50.0%)

Median age (years) 0.129
<66 30 (42.3%) 19 (29.7%)
>66 41(57.7%) 45 (70.3%)

Clinical stage 0.003*
I-11 54 (76.1%) 33 (51.6%)
-1V 17 (23.9%) 31 (48.4%)

pT status 0.123
T1-T2 5 (7.0%) 1(1.6%)
T3-T4 66 (93.0%) 63 (98.4%)

pN status 0.003*
NO 57 (80.3%) 36 (56.3%)
N1-N2 14 (19.7%) 28 (43.8%)

pM status 0.057
MO 67 (94.4%) 54 (84.4%)
M1 4 (5.6%) 10 (15.6%)

Disease progression 0.038*
No 54 (76.1%) 38 (59.4%)
Yes 17 (23.9%) 26 (40.6%)
' P<005  P<001; T P<0.001.

CRC, colorectal cancer; T, tumor; N, node; M, metastasis.

Table 4. Correlation between expression of AQP9 and DVL2, and
clinicopathological features of patients with CRC

Variable AQP9'DVL2" AQP9HDVL2H P-value

Sex 0.035*
Male 26 (68.4%) 27 (46.6%)
Female 12 (31.6%) 31 (53.4%)

Median age (years) 0.112
<66 20 (52.6%) 21 (36.2%)
>66 18 (47.4%) 37 (63.8%)

Clinical stage <0.001™*
-1 32 (84.2%) 28 (48.3%)
M-IV 6 (15.8%) 30 (51.7%)

pT status 0.058
T1-T2 4 (10.5%) 1(1.7%)
T3-T4 34 (89.5%) 57 (98.3%)

pN status 0.002*
NO 32 (84.2%) 31(53.4%)
N1-N2 6 (15.8%) 27 (46.6%)

pM status 0.083
MO 36 (94.7%) 48 (82.8%)
M1 2 (5.3%) 10 (17.2%)

Disease progression 0.017*
No 30 (78.9%) 32 (55.2%)
Yes 8 (21.1%) 26 (44.8%)
" P<005 7 P<001; T P<0.001.

CRC, colorectal cancer; T, tumor; N, node; M, metastasis.

substrates, mutation of the PY motif (LPFY to LAFA, AA mutant)
of AQP9 abolished its interaction with NEDD4L and AQP9 (AA)
could not be ubiquitinated (Figure 71).

Discussion

Substantial studies indicated roles for aquaporins in cancer de-
velopment and metastasis [9-11, 37]. AQP1 deletion remarkably
impaired cell migration, angiogenesis, and tumor growth [38].
AQPS was found to contribute to gastric carcinogenesis [39]. In
the aquaglyceroporin subfamily, AQP3 was associated with

metastasis in a variety of cancers [40, 41]. AQP9 was known for
regulating water and glycerol transport in hepatocytes, but has
been implicated in liver cancer as a tumor suppressor [42]. We
previously found that AQP9 was correlated with chemotherapy
efficacy. However, the role and mechanism of AQP9 in CRC have
not been fully elucidated. In the present study, we identified that
AQP9 was highly expressed in metastatic CRC tumors. Higher
AQP9 expression was significantly associated with advanced dis-
ease stage and unfavorable prognosis for patients with CRC and
AQP9 overexpression promoted CRC metastasis in vitro and
in vivo.

Recent study put forward an “Osmotic Engine Model,” eluci-
dating that water permeation was a crucial mechanism of cell
migration in the viscous extracellular matrix, where Na*/H" ex-
changer 1 (NHE1) and AQPS were involved [43, 44]. Interestingly,
previous study also reported that AQP9 could form a complex
with NHERF1 (Na*/H" Exchanger Regulatory Factor), which was
important in regulating AQP9 activation and glycerol-induced
cell swelling [14]. Our observation showed that AQP9 overexpres-
sion could induce a mesenchymal morphology with increased
cell motility. According to the osmotic model, overexpression of
AQP9 in CRC cells probably triggered a series of intracellular pro-
cesses including cell swelling through water and small molecule
uptake, elevating cell membrane tension, etc. and eventually led
to a protrusive cell morphology and faster migration. Further
experiments need to be performed to elucidate the role of AQP9
in regulating CRC cell morphology change.

The association between aquaporins and the Wnt pathway
had been reported by previous studies. Wnt5a regulated AQP2 ex-
pression, phosphorylation, and apical membrane localization in
the kidney [45]. AQP5" stem cells have been proven to be a source
of Wnt-driven, invasive gastric cancer in vivo [39]. Our results
revealed that AQP9 overexpression was associated with the Wnt
pathway enrichment. Interestingly, we found that AQP9 was
highly expressed in CMS4 CRC but not in canonical Wnt-
associated CMS2 CRC. Study showed that physiological and onco-
genic Wnt induced distinct prognostic responses. The Wnt-
receptor signature was associated with poor prognosis and over-
lapped with the CMS4 CRC gene signatures [46]. Consistently, we
found that AQP9 high expression was correlated with higher
TNM stage and poorer prognosis in patients with CRC, suggesting
that AQP9 might be associated with extrinsic Wnt-receptor acti-
vation.

DVL2 was a major PDZ-containing protein that facilitated pro-
tein complex formation, which was an essential step for the
transduction of Wnt signals. Inhibitors targeting the PDZ-
mediated interaction of DVL2 have been proven to be effective in
blocking the Wnt pathway [8, 47]. As AQP9 possessed a putative
PDZ-binding domain, we then determined whether AQP9 could
bind to DVL2. Both artificial intelligence (Al) prediction and
in vitro experiments confirmed that AQP9 bound to DVL2 via its
SVIM motif. We also determined via the luciferase assay that de-
letion of the SVIM motif in AQP9 inhibited canonical Wnt signal-
ing. Furthermore, high expression levels of AQP9 and DVL2 were
significantly associated with low probability of OS and PFS in
patients with CRC.

Given that DVL2 could recruit Axis inhibition protein 1 and
other core components to the plasma membrane, then relayed
Wnt signaling from receptors to B-catenin and downstream effec-
tors [7], we further investigated the effects of AQP9 on DVL2 and
B-catenin. We found that CRC exhibited parallel upregulation of
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Figure 7. The E3 ligase neural precursor cell expressed developmentally downregulated 4-like (NEDD4L) ubiquitinates and degrades AQP9 through the
PY (LPFY) motif. (A) The C-terminal of AQP9 contains a PY motif. (B) and (C) Western blot analysis of AQP9 upon NEDD4L overexpression. (D) AQP9
mMRNA level determined by using gPCR in HCT116 cells. (E) CHX chase assays to determine the half-life of AQP9 in NEDD4L-overexpressed HCT116 cells.
(F) Co-IP reveals the interaction between AQP9 and NEDDA4L. Representative immunoblots of an in vivo ubiquitination (Ub) assay of HEK293T cells
transiently co-transfected with (G) pcDNA-his-Ub, GFP-AQP9 plasmids, and HA-NEDDA4L plasmids or (H) siNEDD4L as well as their relative controls. (I)
Co-IP experiment of Ub after being co-transfected with HA-NEDD4L plasmids and GFP-AQP9-WT plasmids or GFP-AQP9-AA (mutation of the PY motif
(AA) of AQP9). All data are shown as mean + SEM. *P < 0.05; **P < 0.01; **P < 0.001. CHX, cycloheximide; Co-IP, co-immunoprecipitation; AQP9,
aquaporin 9; WT, wild-type; SEM, standard error of the mean; ns, no significance.

AQP9, DVL2, and nuclear B-catenin. AQP9 overexpression signifi-
cantly enhanced the half-life of DVL2 and B-catenin. The in-
creased B-catenin stability is known to mainly contribute to the
EMT phenotype. These findings, combined with the fact that
AQP9 overexpression activated canonical Wnt signaling and CRC
metastasis, provided strong evidence that AQP9 played an impor-
tant role in regulating Wnt signaling.

The expression of AQP9 has been shown to be regulated by
testosterone and estrogen. Nonetheless, the intracellular regu-
lation mechanism is still not clear. It is well established that
protein degradation by proteasome or lysosome via ubiquitina-
tion is a key regulator in numerous biological processes. We
identified E3 ligase NEDDA4L as an upstream regulator of AQP9.
Moreover, our findings indicated that the PY motif might be
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critical for the ubiquitination and protein degradation of AQP9
modulated by NEDD4L.
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