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Abstract

Background: Cancer stem cells (CSCs) are regarded as the "seed cells" for tumorigenesis, metastasis, recurrence and
drug resistance. However, specific surface markers of CSCs of different origins have not been documented.

Methods: Single-cell sequencing was used to analyze the highly expressed genes in cancer stem cells of gastric
cancer patients, and it was verified that AQP5 was specifically highly expressed in gastric cancer stem cells (GC-CSCs)
in vivo and in vitro. The effect of AQP5-promoting LGR5 on the malignant biological function of GC-CSCs was investi-
gated. The mechanism by which AQP5 affects GC-CSCs was explored through transcriptome sequencing, proteomic
detection, mass spectrometry, etc.

Results: We report the identification and validation of AQP5 as a potentially specific surface marker of GC-CSCs.
AQP5 was significantly upregulated in CSCs isolated from gastric cancer patients and in spheroid cells, and AQP5
was coexpressed with the canonical stem marker LGR5. Biologically, AQP5 promoted the sphere formation, prolifera-
tion, migration and invasion of GC cells in vitro and enhanced tumorigenesis in vivo. Furthermore, AQP5 coordinated
with LGR5 and synergistically promoted the tumorigenesis of GC-CSCs. At the mechanistic level, AQP5 activated
autophagy by inducing the LC3I/LC3lII transformation in GC-CSCs, which was crucial for the biological functions of
AQP5. Finally, we demonstrated that AQP5 recruited the E3 ligase TRIM21 to the key autophagy protein ULK1 and
induced the K63-mediated ubiquitination of ULK1.

Conclusions: We elucidate a novel surface marker, AQP5, which is specifically expressed by GC-CSCs. Furthermore,

our study creates a link between AQP5 and LGR5 and highlights the necessity of targeting both surface markers
simultaneously as a promising approach for the treatment of gastric cancer patients.
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Background

Gastric cancer (GC) is the third most common cause of
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crucial for the development and occurrence of gastric
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crucial for tumor therapy in recent years. For example,
cetuximab, the first monoclonal antibody that targets
the epidermal growth factor receptor (EGFR) [3], is
entering the clinical application stage, but the thera-
peutic effect has not reached the expected standard [4].
VEGF is another important target for GC treatment [5].
After treatment with monoclonal antibodies against
VEGE, such as bevacizumab, patient prognosis did
not reach statistical significance, and patients suffered
strongly adverse reactions [6]. Therefore, elucidating
novel functions of relevant genes that contribute to the
pathogenesis of GC is crucial for the development of
new effective therapies.

CSCs are a small subpopulation of quiescent cells with
self-renewal abilities and pluripotency that can drive
tumor initiation and cause relapses [7]. CSCs generate
the bulk of tumors via their self-renewal and their abil-
ity to differentiate into multiple cellular subtypes [8].
Moreover, these CSCs acquire multidrug resistance, thus
protecting themselves from most traditional chemother-
apeutic agents. As a result, this small subpopulation of
persistent cells forms more aggressive and chemoresist-
ant tumors, resulting in the failure of cancer therapy [9].
Thus, identifying and targeting these rare cancer cells are
believed to be important for understanding the etiology
of cancer and developing a novel therapeutic strategy for
cancer therapy [10].

The development of therapeutic strategies that target
these tumor-initiating CSCs mainly relies on the use of
cell surface markers to discriminate and identify CSCs
[11]. For instance, leucine-rich repeat-containing G pro-
tein-coupled receptor 5 (LGR5), also known as G-protein
coupled receptor 49 (GPR49), is a well-characterized
stem cell surface marker that is expressed in several tis-
sues/organs, including the stomach, small intestine,
colon, and liver [12]. Accumulating evidence has dem-
onstrated that LGR5 is a marker of resident adult epithe-
lial stem cells at the gland base and that LGR5 + cells are
multipotent stem cells that are responsible for the long-
term renewal of the gastric epithelium or small intestine
villus [13]. Moreover, LGR5 was recently reported to be
highly upregulated in gastroenterological carcinoma
[14]; the selective ablation of LGR5+ CSCs led to tumor
regression, and targeting LGR5+human colon CSCs
enhanced the effects of chemotherapy [15]. Although it
plays important regulatory effects in stem cells, LGR5
is highly expressed in both normal stem cells [16] and
CSCs, which makes it difficult to distinguish between
normal stem cells and CSCs in cancer-targeted therapy.
Furthermore, LGR5 is also highly expressed in CSCs
from tumors of various origins [17]. Thus, the identifica-
tion of novel surface markers that can specifically identify
and characterize CSCs from tumors of specific origins
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remains a challenge for understanding tumor biology and
developing CSC-based therapeutic strategies.

Here, we examined single-cell transcriptome profiles
of paired gastric mucosa tissues and gastric tumor tis-
sues, and we identified and characterized a novel surface
marker, namely, AQP5, that is more highly expressed in
GC-CSCs than in gastric cancer epithelial cells and gas-
tric mucosa stem cells (GM-SCs). The biological func-
tions of AQP5 in gastric carcinogenesis were genetically
assessed in several in vitro and in vivo models. Moreo-
ver, we demonstrated that AQP5 functions synergistically
with LGR5 to determine the fates of GC-CSCs. Mecha-
nistically, mass spectrometry combined with integra-
tive analysis revealed that AQP5 enhances autophagy in
GC-CSCs by interacting with the E3 ligase TRIM21 and
promoting the ubiquitination of the key autophagy pro-
tein ULK1. Thus, our study identified a specific GC-CSC
surface marker, AQP5, with biological, mechanistic, and
clinical impacts on human gastric cancer. These findings
highlight the importance of AQP5 in tumor biology, add-
ing an important layer to the connection between AQP5
and gastric carcinogenesis, which can be translated into
novel targeted therapies.

Methods

Patients

GCs and GMs were obtained from patients with gastric
cancer who underwent surgery at the Affiliated Hospital
of Jining Medical University. GC patients had primary,
nonmetastatic gastric tumors and had not received radio-
therapy or chemotherapy prior to surgery.

Identification of cell types

Based on the single-cell reference expression quantitative
public dataset, SingleR was used to calculate the corre-
lation between the expression profiles of the cells to be
identified and the reference dataset, and the cell type
was determined according to the Spearman correlation
coefficient.

Screening of differentially expressed genes

The FindMarkers function in the Seurat package was
used to identify differentially expressed genes, and sig-
nificantly differentially expressed genes were identified
based on the criteria of p value less than 0.05 and differ-
ential fold change greater than 2.5.

Cell culture and transfection

The AGS (RRID: CVCL_0139) and HGC-27 (RRID:
CVCL_1279) gastric cancer (GC) cell lines and the HEK
293 T (RRID: CVCL_D585) cell line were purchased from
Procell. The cells were grown in DF-12 medium (Gibco)
supplemented with 10% fetal bovine serum (Gibco). The
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cells were incubated at 37 °C in a humidified atmosphere
with 5% CO,.

The cells were transfected with pSLenti-AQP5 and con-
trol vector according to the manufacturer’s instructions.
Stably transfected cell lines were obtained after selec-
tion with 1.5 pg/mL puroMycin (Gibco) for 6 days. The
control and AQP5/LGR5-specific shRNA sequences are
listed in Supplementary Table 4. Transfection of ULK1/
TRIM21/Ubiquitin/k63R-Ubiquitin plasmid and control
empty vector was performed using Lipofectamine 3000
reagent (Invitrogen) according to the manufacturer’s
instructions. Transfection of TRIM21/ATG7/UBB/UBC
siRNA and negative control siRNA (NC) was performed
using Lipofectamine 3000 reagent (Invitrogen) accord-
ing to the manufacturer’s instructions. The correspond-
ing sequences are shown in Supplementary Table 4. The
cells were harvested 48-72 h post-transfection for vari-
ous assays.

Results

AQP5 is uniquely expressed in GC-CSCs and promotes
gastric cancer development

To explore whether there is any specific surface marker
of CSCs from tumors of different origins, we performed
single-cell transcriptome sequencing using gastric can-
cer tissues (GCs) and gastric mucosa tissues (GMs).
According to canonical cell labeling, the cells were clas-
sified into seven major cell types (Fig. 1la). CD44 [18],
CD24 and ALDH1A1 [19] was used to define stem cells.
Among the GC-CSCs population, gastric cancer epi-
thelial cells population and gastric mucosa stem cells
(GM-SCs) population, there were 8 genes with higher
expression in GC-CSCs than in gastric cancer epithe-
lial cells (Fig. 1b) and 30 genes with higher expression in
GC-CSCs than in GM-SCs (Fig. 1c) (Fc>2.5, p<0.05).
Five candidate genes were identified by overlapping the
two gene sets, and these genes were aqp5, regla, reg3a,
ctgf and lyz (Fig. 1d,e). LGR5 and CD133 are well-known
CSCs markers [20]. Then, we identified and sorted epi-
thelial cells (EpCAM+) [21] and stem cells (EpCAM +/
CD133+, EpCAM+/LGR5+) from the GC and GM
populations (Figure Sla, b). As shown in Fig. 1f and
Figure S2c, aqp5 was ranked as the highest upregu-
lated gene in EpCAM+ /LGR5+ GC cells vesus other
4 genes, although the upregulation was not obvious in
CD133 + GC cells. This finding was further confirmed in
spheroids generated from AGS, HGC-27 (GC-CSCs) and
GES-1 (GM-SCs) (Figure Slc-e). Consistently, among the
5 candidate genes, agp5 expression was highest in sphe-
roid cells (Fig. 1g, h and Figure S2a). Furthermore, we
analyzed the expression of AQP5 in CSCs from tumors
of other organs, including the lung, liver, intestine,
etc. Interestingly, we found that AQP5 expression was
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restricted in GC-CSCs (Figure S2b, Fig. 1i). Thus, the
results suggest that AQP5 could potentially be a specific
biomarker of GC-CSCs.

AQP5 plays an oncogenic role in gastric cancer
development

Next, we examined the impact of AQP5 on gastric can-
cer development and analyzed AQP5 mRNA and protein
levels in a cohort of 30 GCs and GMs. The mRNA and
protein levels of AQP5 were significantly upregulated in
the GCs compared to the GMs (Fig. 1j and Figure S3a).
Then, we evaluated the pathological and clinical value of
AQP5 using a gastric cancer tissue microarray. As shown
in Fig. 1k and 1, high levels of AQP5 expression were sig-
nificantly associated with poor survival of GC patients
(HR=2.423, 95% CI 1.406 ~4.174, p=0.0019). Moreo-
ver, multivariate regression analysis demonstrated that
AQP5 expression was positively correlated with tumor
grade (p=0.012) in GCs (Table 1). Thus, AQP5 is highly
expressed and clinically correlated with the progression
of gastric cancer.

In addition, we wanted to analyze the biological func-
tions of AQPS5 in gastric cancer development. As shown
in Figure S3b—i, knockdown of AQP5 reduced cell prolif-
eration, colony formation, and cell migration. Conversely,
overexpression of AQP5 substantially enhanced cell
proliferation, migration and clone formation. The onco-
genic role of AQP5 was confirmed in xenograft models.
The results showed that AQP5 knockdown significantly
suppressed tumor growth, while AQP5 overexpression
promoted tumor growth, as indicated by the xenograft
tumor growth curve and tumor weight (Figure S3j and
S3k). In addition, subcutaneous tumors overexpressing
AQP5 exhibited higher expression of the markers Ki67,
CD133 and LGR5. On the contrary, the protein expres-
sion pattern of the differentiation marker CK18 showed
the opposite trend (Figure S3i, m). Together, these find-
ings suggest that AQP5 plays a critical role in the tumori-
genesis of gastric cancer.

Biological relationship of AQP5 with classic GC-CSC
markers

To delineate the mutual interaction of AQP5 with classi-
cal stem cell markers, we examined gastric cancer data in
TCGA. Correlation analysis showed that AQP5 expres-
sion was significantly correlated with the expression of
CD133, OCT4, ALDH1A1 and CD24 (Figure S4a). Then,
we cultured spheroid monolayers for 1 to 7 days to re-
differentiate into GC-CSCs as shown in Figure S4b. The
results demonstrated that with the GC-CSCs differentia-
tion time extended, the expression level of AQP5 gradu-
ally decreased, which was consistent with the trends of
changes in the expression of the stemness markers LGR5
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Table 1 Correlation between AQP5 expression and clinicopathological characteristics

Clinico-pathological features cases AQP5 expression X? value Pvalue

low high

Gender female 31 14 17 0.028 0.867
male 51 24 27

Age <60 28 13 15 0.001 0.981
>60 52 24 28
unknown 2

Grade moderate differentiation 14 11 3 8.883 0.012
poor differentiation 58 25 33
undifferentiation 10 2 8

Pathological type Borromann | 4 1 3 2178 0.536
Borromann Il 29 14 15
Borromann llI 30 1 19
Borromann IV 5 1 4
others 14

T stage T1-2 16 10 6 1.945 0.163
T3-4 65 28 37
unknown 1

N stage NO 20 11 9 0.697 0404
N1-3 61 27 34
unknown 1

M stage MO 73 35 38 0.688 0407
M1 9 3 6

TNM stage 1-2 32 19 13 3.298 0.069
3-4 49 19 30
unknown 1

and SOX2 (Fig. 2a, b). These data suggest that AQP5 is
closely associated with these stem cell markers.

To confirm the expression pattern of AQP5 in gastric
cancer, we performed multicolor immunofluorescence.
As shown in Fig. 2c¢, AQP5 and LGR5 were colocalized in
gastric cancer tissue cells. More importantly, AQP5 and
LGR5 showed almost no colocalization in gastric mucosa
tissue cells, further confirming that AQP5 was specifi-
cally expressed in GC-CSCs. Next, we sorted CD133-
positive (CD133%) and CD133-negative (CD1337) cells
and verified that the expression of AQP5 was significantly
increased in CD133" cells (Fig. 2d, e). These data suggest
that AQP5 and LGR5/CD133 are co-expressed in gastric
cancer.

Furthermore, we measured the expression of AQP5
and LGR5 in GC-CSCs that were sorted and purified
from GC tissue. As shown in Fig. 2f, g and Figure S4c, d,
almost all the AQP5™ cells harbored high LGR5 expres-
sion, while AQP5™ cells harbored low LGR5 expression,
reconfirming that AQP5 and LGR5 were co-expressed in
the same type of cancer cells. Interestingly, the expres-
sion level of AQP5 in LGR5+ GC cells (HGC-27, AGS)
was as same as gastric mucosal cells (GES-1) (Fig. 2h, i,

Figure S4g, h). Moreover, the expression level of AQP5
in LGR5+ cells of GCs was also the same as that of GMs
(Figure S4e, f). Futhermore, there was no difference in
the expression of CD133 between these two cell types
(Fig. 2j, Figure S4i). Collectively, the data suggest that
AQPS5 is a specific biomarker for GC-CSCs.

AQP5 promotes the self-renewal and tumorigenesis

of GC-CSCs

We next investigated the impacts of AQP5 on the bio-
logical functions of GC-CSCs. As expected, sphere
formation was dramatically reduced upon AQP5 knock-
down. Conversely, overexpression of AQP5 enhanced
sphere formation (Fig. 3a, b and Figure S5a-c). To fur-
ther verify the effect of AQP5 on the stemness of GC-
CSCs, we measured the expression of stem cell markers.
As shown in Fig. 3c, d and Figure S5d, e, knockdown of
AQP5 markedly inhibited the expression of the stem
cell markers LGR5 and SOX2, while overexpression of
AQP5 increased the expression of LGR5 and SOX2,
more importantly, knockdown of LGR5 also signifi-
cantly decreased the expression of AQP5. We further
verified the effect of AQP5 on the expression of stem
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d and e Expression level of AQP5 in CD133-positive (CD133%) and CD133-negative (CD1337) cells sorted from AGS (d) and HGC-27 (e) cells. (f and
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i Statistical analysis of the proportions of AQP5* cells in the LGRS subgroup sorted from HGC-27 (h), AGS (i) and GES-1 cells. (j) Statistical analysis of
the proportion of CD133% cells in the LGRS subgroups of AGS and GES-

1 cells

cell markers. As shown in Fig. 3e-g and Figure S5f-
h, knockdown of AQP5 decreased the proportion of
CD44+/CD133"/LGR5™ cells, whereas overexpression of
AQP5 significantly increased the proportion of CD44"/

CD133"/LGR5" cells. Together, these data suggest that
AQP5 promotes the stemness of GC cells in vitro.

To determine the effect of AQP5 on the tumorigenic-
ity of GC-CSCs, we established a xenograft model.
Different concentrations of cells (8*102-8*10°) were
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knockdown (a) or AQP5 overexpressing (b) AGS cells cultured in serum-free medium for 10 days. Statistical analysis was performed on the
number of spheroids (diameter > 50 um). (c and d) The expression levels of AQP5, LGR5 and SOX2 were measured using WB analyses after AQP5
overexpression and knockdown. e-g Flow cytometric analysis of CD44, CD133 and LGR5 expression in AQP5-overexpressing or AQP5-knockdown
HGC-27 cells. h-m AQP5 was knocked down (h) or overexpressed (k) in HGC-27 cells. These cells were diluted and subcutaneously injected into
severely immunodeficient mice. Tumors were examined over a 33-day period (n =6 for each group). The tumor weight (i, I) and tumor volume (j, m)
were monitored in the indicated groups and at the indicated time points

subcutaneously injected int
mice. As shown in Fig. 3h-

o severely immunodeficient
j and Table S5, knockdown

of AQP5 significantly reduced the tumor formation rate
of GC cells as well as the tumor weight and volume. In

contrast, overexpression of

AQP5 promoted the tumo-

rigenicity of GC cells as well as the tumor weight and

volume (Fig. 3k-m and Tabl

e S6). Taken together, these

data indicate that AQP5 promotes the stemness and
tumorigenicity of GC cells in vivo.

Complementary effects of

AQP5 and LGR5

on the tumorigenesis of GC-CSCs
Based on the fact that AQP5 and LGR5 are co-expressed
in GC, we next investigate the functional relationship
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between AQP5 and LGR5. We knocked down AQP5
alone, LGR5 alone, or both in GC cells. Unexpect-
edly, the simultaneous knockdown of AQP5 and LGR5
significantly attenuated sphere formation and migra-
tion, whereas single shRNA treatment alone had only
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a moderate effect (Fig. 4a and b). And in cells that co-
knockdown of both AQP5 and LGR5, the expression of
LGR5 is significantly lower compared to either AQP5
knockdown or LGR5 knockdown (figure S6). Similar
results were observed in vivo. As shown in Fig. 4c-e and
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Fig. 4 Co-knockdown of AQP5 and LGRS significantly attenuates the malignant biological function of GC-CSCs. (a-e) AQP5 and/or LGRS were
knocked down in AGS cells, and the cells were analyzed to assess sphere formation in serum-free culture (a); cell migration (b); cells were diluted
and subcutaneously injected into severely immunodeficient mice (c). Tumors were examined over a 28-day period (n=4 for each group). The
tumor volume (d) and tumor weight (e) were monitored in the indicated groups and at the indicated time points
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Table S7, simultaneous knockdown of AQP5 and LGR5
significantly attenuated the tumorigenicity of GC-CSCs,
and this effect was more potent than that after AQP5 or
LGR5 was knocked down alone. Thus, the data indicate
that AQP5 and LGR5 function synergistically to promote
the tumorigenesis of GC-CSCs.

AQPS5 activates autophagy in GC-CSCs

To elucidate the molecular mechanisms by which AQP5
regulates GC-CSCs, we performed transcriptome
sequencing and proteomic analysis to analyze AQP5-reg-
ulated genes in GC-CSCs, and screened out differential
genes for GSEA (Tables S8, S9, figure S7). Unexpectedly,
we observed that no stem cell-related pathways were
enriched; thus, we hypothesized that AQP5 may affect
GC-CSCs through other mechanisms. AQP3, a mem-
ber of the AQP5 homoprotein family, has been proven
to promote tumor development by activating autophagy
[22], which prompted us to hypothesize that AQP5 might
regulate autophagy to determine the fates of GC-CSCs.
Then, we examined the impacts of AQP5-mediated
autophagy activation and observed that AQP5 knock-
down suppressed LC3II expression and increased P62
expression, whereas overexpression of AQP5 enhanced
LC3II expression and repressed P62 expression (Fig. 5a).
Furthermore, we found that overexpression of AQP5
induced the formation of LC3 autophagosomes in GC-
CSCs (Fig. 5b). Similarly, cell transmission electron
microscopy revealed that AQP5 affected the number of
autophagosomes in GC-CSCs (Fig. 5c-e). Thus, the data
indicate that AQP5 activates autophagy in GC-CSCs.

We next examined whether AQP5-mediated autophagy
impacted the stemness and self-renewal capacity of GC
cells. To this end, we knocked down the key autophagy
protein ATG7 in AQP5-overexpressing GC cells. First,
knockdown of ATG7 inhibited the expression of LC3II
and SOX2 (Figure S8). Then, ATG7 knockdown inhib-
ited the AQP5-induced expression of LC3II. We further
found that ATG7 knockdown significantly repressed the
AQP5-induced self-renewal ability and expression of the
stemness marker SOX2 (Fig. 5f-i). The autophagy inhibi-
tor CQ was used to confirm this observation. We demon-
strated that CQ indeed reversed the autophagy activation
and self-renewal capacity induced by AQP5, including
LC3II expression and sphere formation (Fig. 5j-1). Collec-
tively, these results suggest that AQP5 regulates GC-CSC
functions by impacting autophagy.

AQP5 directs GC-CSCs functions via K63-mediated
ubiquitination of ULK1

To adress how AQP5 activates autophagy, we over-
expressed AQP5 in AGS and 293 T cells. The results
showed that overexpression of AQP5 did not impact key
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autophagy proteins, such as ULK1l, BECLIN1, ATGS5,
ATG7, ATG12 and ATG16L1 (Figure S9a-f). Studies have
shown that ubiquitination is a posttranslational modifica-
tion that is essential for various intracellular processes,
and it is involved in multiple aspects of autophagy,
including the regulation of the initiation, execution, and
termination of autophagy [23]. We hypothesized that
AQP5 may promote autophagy activation in GC-CSCs by
regulating the ubiquitination of key autophagy proteins.
Notably, overexpression of AQP5 increased the ubiqui-
tination of ULK1 without impacting the ubiquitination
of other key autophagy proteins, including BECLINI,
ATG5, ATG7, ATG12 and ATG16L1 (Figure S9a-f). The
findings were further validated in 293 T cells, as shown in
Fig. 6a, b, overexpression of AQPS5 significantly enhanced
the ubiquitination of ULKI1. In contrast, knockdown
of AQP5 suppressed the ubiquitination of ULKI1. The 7
lysines and N-terminal methionine in ubiquitin mole-
cules can be further modified by ubiquitin molecules to
form 8 types of ubiquitin chains. Among them, the K48,
K63 and K27 ubiquitin chains are highly abundant and
have been thoroughly studied [24]. Therefore, we further
examined the K27-, K48- and K63-mediated ubiquitina-
tion of ULK1. As shown in Figure S8g-i, overexpression
of AQPS5 significantly promoted the K63-mediated ubiq-
uitination of ULK1 but not the K27- or K48-mediated
ubiquitination of ULK1. Similar results were observed
in 293 T cells (Fig. 6¢, d). Taken together, these data sug-
gest that AQP5 regulates the ubiquitination of the key
autophagy protein ULK1.

To further verify the effect of the ubiquitination of
ULK1 on the role of AQP5 in regulating GC-CSCs, we
knocked down the expression of endogenous ubiquitin
and generated GC-CSCs that exogenously expressed HA-
ubiquitin (K63-Ub) or K63R-mutant ubiquitin (K63R).
The results showed that the K63-mediated ubiquitina-
tion of ULK1 was significantly inhibited after knocking
down endogenous ubiquitin (Fig. 6e); while K63R-mutant
ubiquitin significantly blocked the AQP5 overexpression-
induced self-renewal and migration of GC cells (Figure
S10a, b). Additionally, the K63R-mutant ubiquitin inhib-
ited the AQP5 overexpression-induced upregulation
of stemness markers, including CD133 and SOX2, and
LC3II (Fig. 6f). Thus, the data suggest that AQP5 pro-
motes the stemness and autophagy of GC-CSCs by regu-
lating the K63-mediated ubiquitination of ULKI.

AQPS5 recruits TRIM21 to ULK1 and induces

the ubiquitination of ULK1

To investigate how AQP5 activates the ubiquitination
of ULK1, we analyzed proteins that can physically inter-
act with AQP5 using mass spectrometry. TRIM21 was
selected for further validation because this AQP5-binding
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Fig. 5 AQPS5 activates GC-CSCs by inducing autophagy. a The expression levels of LC3 and p62 were evaluated in AQP5-knockdown or
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protein is the only E3 ubiquitin ligase that is closely asso-
ciated with ubiquitination (Table S10). Therefore, we
hypothesized that AQP5 induced the ubiquitination of
ULK1 via TRIM21. As expected, immunoprecipitation
analyses revealed that AQP5, TRIM21 and ULK1 could
bind to each other (Figure Slla-c). Moreover, TRIM21
knockdown inhibited the AQP5 overexpression-induced

K63-mediated ubiquitination of ULK1 (Fig. 6g). Impor-
tantly, TRIM21 knockdown reversed the regulatory effect
of AQP5 on GC-CSCs self-renewal and on the expression
of the stemness marker CD133 and the key autophagy
protein LC3II (Fig. 6h, Figure S12). The data indicate that
AQP5 regulates the ubiquitination of ULK1 via TRIM21,
promoting the autophagy and stemness of GC-CSCs.
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Interestingly, AQP5 had no effect on the expression To further verify the regulation of the ULK1-TRIM21
level of TRIM21 (Fig. 6h). We thus postulated that interaction by AQP5, we overexpressed AQP5 in 293 T
AQP5 promoted the ULK1-TRIM21 interaction. Over-  cells to different degrees. As shown in Figure S11f, ele-
expression of AQPS5 significantly promoted the interac-  vated AQP5 expression significantly promoted ULK1-
tion of ULK1 and TRIM21, while knockdown of AQP5 TRIM21 interaction and K63-mediated ubiquitination.
attenuated the binding of ULK1 to TRIM21 (Fig. 6i, j These data suggest that AQP5 promotes the K63-medi-
and Figure S11d, e). The results were confirmed in the ated ubiquitination of ULK1 by recruiting the E3 ligase
ULK1-TRIM21 fluorescence confocal assay (Fig. 6k). TRIM21 to ULKI.
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Discussion

In the present study, we identified and validated AQP5 as
a novel specific surface marker of GC-CSCs by analyzing
a cell atlas of GCs and GMs. To this end, we performed
single-cell sequencing to probe the key marker genes of
each cell cluster. By comparison with non-GC-CSCs, we
found that AQP5 was a novel specific surface marker of
GC-CSCs. At the functional level, we demonstrate that
AQP5 promotes the self-renewal and tumorigenesis of
GC-CSCs. Interestingly, AQP5 complements LGR5 to
promote the tumorigenesis of GC-CSCs. The results
suggest that CSCs express their own specific marker
that reflects their own tumor origin, highlighting the
importance of AQP5 as a specific marker of gastric can-
cer that could be targeted by potential novel therapeutic
strategies. First, this study sheds new light on the novel
biological functions of the membrane protein AQP5.
Although previous studies reported AQP5 as a marker
that is enriched in mouse and human adult pyloric stem
cells [25], its biological functions in CSCs, especially in
GC-CSCs, remain unknown. Our findings demonstrate
that AQP5 is highly expressed in GCs and is clinically
correlated with the progression of gastric cancer. The
oncogenic role of AQP5 was functionally validated in
several in vitro and in vivo experimental models. Down-
regulation of AQP5 markedly suppresses cell growth
and tumor growth in cultured GC-CSCs and xenograft
mouse models. By comparison with non-GC-CSCs, we
identified and verified AQP5 as a novel specific marker of
GC-CSCs, and AQP5 is co-expressed with the canonical
stem cell markers LGR5. Functionally, we demonstrate
that AQP5 promotes the self-renewal and tumorigenicity
of GC-CSCs. Thus, the results consistently point to the
notion that the AQP5+ cell compartment is an impor-
tant tumor-initiating population.

Second, the present study suggests that AQP5 comple-
ments LGR5 and synergistically promotes the tumorigen-
esis of GC-CSCs. LGR5 is a well-characterized stem cell
marker that is expressed in several tissues/organs, includ-
ing the small intestine, colon, and liver. LGR5+stem
cells are involved in the process of oncogenesis, acting
as tumor-initiating cells of intestinal cancer and fueling
tumor growth [26]. Here, we demonstrate that AQP5 is
specifically expressed in GC-CSCs and is involved in
the regulation of these cells by LGR5. Our results indi-
cate that co-knockdown of AQP5 and LGR5 substantially
attenuates the self-renewal and tumorigenicity of GC-
CSCs compared to knockdown of AQP5 or LGR5 alone.
These results suggest that AQP5 coordinates with LGR5
to promote tumorigenesis through an unknown mecha-
nism. Previous studies have shown that AQP5 + cells act
as cells of origin for tumors [25]. Thus, we hypothesized
that the AQP5+ /LGR5 +stem cell bank is the origin of
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gastric cancer. It is worth emphasizing that LGR5 and
AQP5 are expressed in the same cells in both GCs and
GMs. Interestingly, the expression of AQP5 in GC-CSCs
is much higher than that in GM-CSCs. Cancer stem cell
markers, such as LGR5 and CD133, are not able to dis-
tinguish CSCs from normal tissue stem cells. However,
AQP5 can clearly distinguish these cell populations, sug-
gesting that AQP5 is a more suitable target for the treat-
ment of gastric cancer than LGR5.

Third, the results demonstrate that AQP5 is specially
expressed in GC-CSCs rather than CSCs from tumors
of other origins, which allows us to propose a novel con-
cept that specific surface markers can identify the CSCs
from tumors of individual origins, unlike conventional
CSC markers. We found the following: 1. AQP5 is highly
expressed in tissues from gastric cancer patients; 2. AQP5
is specifically expressed in GC-CSCs rather than GM-SCs
or CSCs from tumors of other origins; and 3. AQP5 pro-
motes the self-renewal and tumorigenicity of GC-CSCs.
Thus, we propose that AQP5 is a specific marker for GC-
CSCs. Our future study will focus on the identification of
specific markers of CSCs from tumors of other origins.

Fourth, the present study reveals a previously unknown
mechanism by which AQP5 regulates the autophagy and
stemness of GC-CSCs. Autophagy is necessary to main-
tain the stemness of CSCs in various tumor types, and
another aquaporin family member, AQP3, which has
been shown to facilitate chemoresistance by stimulat-
ing autophagy [22]. Thus, we postulated that AQP5 may
exert biological effects on GC-CSCs through autophagy.
Indeed, AQP5 promotes autophagy in GC-CSCs, and
knockdown of the key autophagy protein ATG7 or treat-
ment with the autophagy inhibitor CQ reversed this
effect. When we explored the mechanisms by which
AQP5 affects the autophagy and stemness of GC-CSCs,
we found the involvement of TRIM21. We revealed
that AQP5 recruits TRIM21 to the key autophagy pro-
tein ULK1 and induces the ubiquitination of ULK1,
thus activating autophagy and enhancing the stemness
of GC-CSCs. This notion is supported by three lines
of experimental evidence: (i) AQP5 directly binds to
TRIM21 and ULK1; (ii) knockdown of TRIM21 reduces
the interaction of AQP5 and ULK1 and reverses the acti-
vation of autophagy and self-renewal capacity induced
by AQP5; and (iii) blocking the interaction between
AQP5 and TRIM21 reverses the activation of autophagy
and self-renewal capacity induced by AQP5. In accord-
ance with our study, it has been reported that TRIM21
can act as an autophagy receptor, recruit and organize
key components of the autophagic machinery, including
ULK1, BECLINI, and ATGI16L1 [27]. AQP5 is embed-
ded in the lipid bilayer of the cytoplasmic membrane and
forms a tetramer. Due to the unique structure of AQP5,
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it plays an important role in the transmembrane trans-
port of water and small molecular compounds [28]. Pre-
vious studies have reported that AQP5 cooperates with
the calcium channel TRPV4 to regulate cell volume [29].
Moreover, AQP5 has also been shown to interact with
the Na+ /K+transporter ATP1A2 and the H+4 trans-
porter ATP6VOA1 on the plasma membrane to regulate
cells[30]. In addition, AQPS5 can also interact with WNT2
[31] and PIP [32], however the specific mechanism has
not been elucidated. Furthermore, we found that AQP5
can bind to TRIM21. Altogether, AQP5 can not only
function as a channel protein but also involve in the ubiq-
uitination modification via binding to E3 enzyme regula-
tory proteins.

Conclusions

We demonstrate novel biological functions of AQP5 in
promoting gastric carcinogenesis. Our study proposes
that AQP5 is a novel specific surface marker of GC-CSCs
and identifies the mechanism by which AQP5 regulates
the autophagy and malignant biological behavior of GC-
CSCs (Fig. 7). These findings highlight that targeting
AQP5 and its associated pathway could be an effective
approach for CSC-based gastric cancer therapy.
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