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SUMMARY: Vascular instability, characterized by impaired pericyte coverage, is a hallmark of tumor progression.
ATPOL is highly expressed in colorectal cancer (CRC) tissues and promotes tumor progression by enhancing the tumor
microvasculature; however, its direct impact on vascular stability remains unclear. ATP6L expression, microvascular
morphology, and pericyte coverage were analyzed by immunohistochemistry in a cohort of 179 CRC specimens,
and the role of ATP6L in vascular stability was further investigated by modulating its expression both in vitro and
in vivo. In vitro, MC38 and CT26 cells with ATP6L overexpression or knockdown were co-cultured with mouse
vascular smooth muscle cells (MOVAS), and MOVAS proliferation, migration, and apoptosis were evaluated using
EdU incorporation, transwell migration, and TUNEL staining assays, respectively. PDGFB secretion and PDGFRJ
expression were assessed by ELISA, Western blotting, and immunofluorescence. Along the normal colorectal mucosa—
adenoma—adenocarcinoma sequence, ATP6L upregulation was closely associated with progressive vascular instability,
characterized by loss of pericyte coverage and increasing vascular morphological heterogeneity. Mechanistically,
ATPOL overexpression promoted extracellular acidification, suppressed PDGFB secretion, and subsequently reduced
PDGFRJ expression in pericytes, thereby impairing their recruitment and survival. Conversely, ATP6L knockdown
attenuated extracellular acidification, restored PDGFB/PDGFRJ signaling, and rescued pericyte proliferation,
migration, and survival. These findings identify ATP6L as a key mediator of perivascular dysfunction in CRC and
demonstrate that ATP6L-induced extracellular acidification disrupts vascular stability by suppressing the PDGFB/
PDGFR} signaling axis and impairing pericyte function.
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1. Introduction A principal driver of the hostile tumor

microenvironment is extracellular acidosis (10,11),

Abnormal tumor vasculature, characterized by structural
fragility and functional inefficiency, is a critical hallmark
of cancer (/,2). Beyond the mere formation of new blood
vessels (angiogenesis), the stability and maturation of
these vessels are essential for efficient perfusion and
drug delivery (3,4). Conversely, vascular instability—
marked by chaotic architecture, high permeability, and
poor pericyte coverage (/,5,6)—promotes hypoxia,
immune evasion, and metastasis. This understanding
has shifted the therapeutic focus towards vascular
normalization, a strategy aimed at restoring vessel
integrity. In this context, pericytes, the mural cells that
envelop capillaries, are crucial gatekeepers of vascular
stability (7,8). Their recruitment, adhesion, and function
are tightly regulated, and their depletion is a hallmark of
the immature, dysfunctional tumor vasculature (35, 9).

predominantly mediated by the vacuolar H+-ATPase
(V-ATPase) proton pump (/2). As a key functional
subunit of the V-ATPase complex, ATP6L is commonly
upregulated in malignancies (/3). Through its promotion
of extracellular acidification, ATP6L has been firmly
implicated in promoting aggressive tumor behaviors,
including enhanced invasiveness and acquired
chemoresistance, underscoring its multifaceted pro-
tumorigenic functions (/4-16). However, despite the
well-recognized role of ATP6L-driven acidosis in
remodeling the tumor microenvironment, its direct
impact on the tumor vasculature—particularly on
pericyte function and vascular stability—remains
largely unexplored. Although the acidic niche is known
to broadly influence stromal cells (/0,17), the specific
molecular mechanisms by which cancer cell-derived
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ATP6L compromises pericyte integrity and disrupts
vascular homeostasis in colorectal cancer (CRC) remain
to be elucidated.

In this study, we identify ATP6L as a critical driver
of perivascular dysfunction in CRC. The normal—
adenoma-—carcinoma progression in colorectal cancer
is accompanied by a progressive upregulation of
ATP6L, which closely parallels a spectrum of vascular
abnormalities, including microvessel shrinkage, lumen
narrowing, and pericyte dropout. Mechanistically, ATP6L
overexpression appears to instigate pericyte dysfunction
through an acidification-driven PDGFB/PDGFRf
signaling axis: ATP6L overexpression promotes an acidic
microenvironment that suppresses PDGFB secretion,
leading to reduced PDGFRJ expression on pericytes and
consequently impairing their recruitment and survival.
Conversely, ATP6L depletion reverses this deleterious
cascade, restoring pericyte proliferation, migration,
and survival. This work seeks to identify ATP6L as a
novel modulator of the tumor vasculature, revealing a
direct link between tumor acidification and vascular
dysfunction. Together, these findings identify a novel
link between tumor microenvironmental acidification and
vascular abnormalities, suggesting ATP6L as a potential
therapeutic target to normalize tumor vasculature and
improve treatment efficacy.

2. Materials and Methods
2.1. Patient tissue specimens and clinical data

A total of 179 cases of surgically resected, pathologically
confirmed colorectal cancer (CRC) specimens, along
with corresponding clinicopathological data, were
retrospectively collected from the Department of
Pathology at Tianjin Medical University Cancer Institute
and Hospital between July 2014 and February 2015.
Additionally, 29 cases of matched normal colorectal
mucosa, adjacent adenoma, and primary adenocarcinoma
tissue samples were included for serial analysis. The
study was approved by the Institutional Review Board of
Tianjin Medical University Cancer Institute and Hospital
(Approval No. bc2020073), and informed consent was
obtained from all participants. Patient demographics and
clinical characteristics are summarized in Table 1.

2.2. Immunohistochemistry (IHC) and immunofluorescence

(IF)

Formalin-fixed, paraffin-embedded tissue sections
(4 pm thick) were processed for IHC and IF staining
following standard protocols. The primary antibodies
used included: anti-ATP6L (1:200, Abcam plc, America),
anti-CD31 (1:100, Zsbio, Beijing, China), anti-o-SMA
(1:200, Abcam plc, America), anti-PDGFB (1:150,
Abcam plc, America), and anti-PDGFRp (1:150,
Abcam plc, America). Appropriate secondary antibodies

and detection systems (DAB for IHC, Alexa Fluor-
conjugated for IF) were applied. Hematoxylin was used
for counterstaining.

ATP6L expression in tumor cells was evaluated
independently by two experienced pathologists
blinded to clinical outcomes. For each specimen,
two representative fields at 200x magnification were
selected from the tumor-normal mucosal interface where
active angiogenesis was evident. ATPOL staining was
considered positive when brown cytoplasmic granules
were present. Staining intensity was graded on a scale of
0 to 2 (0: no staining; 1: weak; 2: strong). The percentage
of immunoreactive tumor cells was scored on a scale of
1 to 3 (1: <30%; 2: 30-80%; 3: > 80%). A composite
score for each field was calculated by multiplying the
intensity score by the percentage score. The final ATP6L
expression score for each case was the average of the
two field scores. Tumors were then classified as having
low expression (average score 1-3) or high expression
(average score 4—6). Please refer to the previously
published literature for specific evaluation details (/8).

For each IHC/IF-stained section, five representative
fields of view (200x magnification) in the tumor invasive
front were captured to quantify vascular parameters. All
quantifications were performed using Imagel software
(National Institutes of Health, USA). Microvessel
Density (MVD) was determined by counting CD31-
positive endothelial cell clusters or single cells in each
field (19). Any brown-stained endothelial cell or cell
cluster clearly separated from adjacent vessels was
counted as a single microvessel. The mean count per field
was calculated. The lumen area (um?) of each CD31+

Table 1. Clinicopathological characteristics of colorectal
cancer patients

Characteristics Number of patients (%)
Age

<50 35(19.6)

> 50 144 (80.4)
Gender

Male 102 (57.0)

Female 77 (43.0)
Size

<5cm 124 (69.3)

>5cm 55(30.7)
Differentiation

Poor 48 (26.8)

High/ Moderate 131 (73.2)
Clinical stage

1I 93 (52.0)

/v 86 (48.0)
Lymph Node Metastasis

Present 73 (40.8)

Absent 106 (59.2)
Distant Metastasis

Present 34 (19.0)

Absent 145 (81.0)
ATP6L expression level

Low 46 (25.7)

High 133 (74.3)
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vessel was measured, and the equivalent diameter was
calculated. Pericyte Coverage Index was defined as
the percentage of CD31-positive vascular perimeter
that was co-localized with a-SMA-positive staining.
Automated co-localization analysis was performed on
CD31/0-SMA double-IF images. The cutoff of 96.10%
for dichotomizing pericyte coverage as "High" or "Low"
was derived from the cohort mean.

2.3. Cell culture and transfection

Mouse colorectal cancer cell lines MC38 and CT26, and
mouse vascular smooth muscle cells (MOVAS) were
obtained from ATCC. All cell lines were authenticated
via short tandem repeat profiling and tested regularly for
mycoplasma contamination. CRC cells were cultured
in DMEM supplemented with 10% FBS. MOVAS cells
were cultured in smooth muscle cell growth medium.
Stable cell lines of MC38 and CT26, including sh-control
(Ctrl), sh-ATP6L (KD), empty Vector, and ATP6L
overexpression (OE), were generated by lentiviral
transduction and selected with puromycin (2 pg/mL) for
two weeks.

2.4. In vitro co-culture and functional assays

An indirect co-culture system was employed. Stably
transfected MC38 and CT26 cells were seeded in the
lower chamber of 6-well plates. MOVAS cells were
seeded on Transwell inserts (0.4 um pore, Corning) placed
in the same well, allowing the sharing of conditioned
medium without direct cell-cell contact. After 48 hours of
co-culture, MOVAS cells were collected for analysis.

MOVAS cell proliferation was assessed using the
5-ethynyl-2'-deoxyuridine (EdU) incorporation assay kit
according to the manufacturer's protocol. The proliferation
rate was expressed as the percentage of EdU-positive
nuclei.

The migratory ability of MOVAS cells was evaluated
using 24-well Transwell chambers (8 um pore size).
MOVAS cells (2x10%) suspended in serum-free medium
were seeded into the upper chamber, while the lower
chamber contained conditioned medium from CRC
cultures. After 24 hours, migrated cells on the lower
membrane surface were fixed, stained with 0.1% crystal
violet, and counted in five random fields (200x).

Apoptosis of MOVAS cells was detected using a
TUNEL assay kit. The apoptotic index was calculated as
the percentage of TUNEL-positive nuclei. Additionally,
expression levels of cleaved caspase-3, Bax and Bcl-2
were analyzed by Western blot.

2.5. Extracellular acidification detection
Extracellular acidification was assessed using the P61

fluorescent pH probe. Cells were seeded in black,
clear-bottom 96-well plates at 4 x 10* cells/well and

cultured overnight. Before staining, cells were washed
twice with dilution buffer and then incubated with
P61 working solution in the dark at 37°C for 30 min.
Fluorescence intensity was measured at excitation/
emission wavelengths of 488/580 nm and normalized to
the control group. Three replicate wells were analyzed
per condition, and the mean values were plotted using
GraphPad Prism.

2.6. Lactic acid treatment for MOVAS

Following cell attachment, the culture medium was
removed, and the cell monolayer was rinsed once or
twice with PBS. Subsequently, the cells were incubated
with culture medium containing 5 mM lactic acid. After
incubation for 24-48 hours at 37°C in a humidified
atmosphere of 5% CO2, MOVAS were collected, and
total protein was extracted for Western blot analysis.

2.7. Animal Experiments

All animal procedures were approved by the Institutional
Animal Care and Use Committee of Tianjin Medical
University Cancer Institute and Hospital (Protocol No.
AE-2022216). Six-week-old female nude mice were
subcutaneously inoculated in the right dorsal flank with
MC38-vector or MC38-ATP6L-overexpressing cells (5
% 10¢ cells in 100 uL PBS per mouse) to induce tumor
development. When tumors reached an average volume
of 200 mm?, tumor-bearing mice were randomly divided
into three groups (n=6 per group): (a) Vector control,
(b) ATP6L-overexpressing (OE), and (c¢) ATP6L-OE
treated with Baf Al. Baf Al was dissolved in a vehicle
consisting of 10% DMSO, 40% PEG300, 5% Tween-80,
and 45% saline, prepared fresh before each injection
and sonicated to clarity (final concentration 2.5 mg/
mL). Mice in the Baf Al treatment group received
intratumoral injections of Baf Al at 5 mg/kg body
weight (40 pL per injection) three times per week, while
mice in the Vector and OE groups received equal-volume
vehicle injections on the same schedule. This locally
administered dose was chosen based on the reported
anti-tumor efficacy of systemically delivered Baf Al
at 0.1-1 mg/kg and precedent for intratumoral Baf Al
administration in xenograft models, with local delivery
adjusted to maximize target engagement while reducing
off-target effects. Four weeks after treatment initiation,
tumor tissue samples from each group were collected and
subjected to histological evaluation. Tumor volume was
measured twice weekly and calculated using the formula:
Volume = (Length x Width?)/2.

2.8. Analysis of in vivo vascular function and architecture
To evaluate functional vessel density and vascular

permeability, we intravenously administered DyLight
594-conjugated lectin, which binds to the endothelial
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glycocalyx to label perfused vessels, and FITC-dextran,
which extravasates through leaky vessels. Vascular
permeability and perfusion were assessed one day before
euthanasia. Mice were intravenously injected with
100 pL of 2 mg/mL FITC-dextran (70 kDa). After 30
minutes, mice were anesthetized, and a subset (n = 3 per
group) received an intracardiac injection of 100 pL of
DyLight 594-conjugated Lycopersicon esculentum lectin
to label perfused vessels. Tumor vessels were imaged
using a two-photon microscope. Vessel permeability
was quantified as the ratio of FITC-dextran intensity
in the perivascular area to that within the vessel lumen.
Perfused vessel density was calculated from lectin-
positive areas. For immunofluorescence analysis
of tumor sections, the pericyte coverage index was
determined as described above.

2.9. Statistical analysis

Statistical analyses were performed using SPSS 25.0
(IBM) and GraphPad Prism 9.0. The distribution of data
was assessed for normality using the Shapiro-Wilk test;
for comparisons between two groups, an unpaired two-
tailed Student's #-test (for normally distributed data) or
the Mann-Whitney U test (for non-normally distributed
data) was used. For comparisons among multiple groups,
one-way ANOVA followed by Tukey's post-hoc test
or the Kruskal-Wallis test with Dunn's post-hoc test
was applied, as appropriate. Correlation analyses were
performed using Pearson's or Spearman's correlation
coefficient. Categorical data were analyzed using the
Chi-square test. Data are presented as mean + standard
deviation (SD). A p-value < 0.05 was considered
statistically significant. The "»" for each experiment
indicates the number of biological replicates, as detailed
in the figure legends.

3. Results

3.1. Vascular instability increases during normal mucosa-
adenoma-adenocarcinoma sequence in CRC

To investigate the evolution of vascular morphology
during CRC development, we performed double
immunofluorescence staining for CD31 (endothelial
marker) and a-SMA (pericyte/smooth muscle cell
marker) on 29 matched tissue sets containing normal
mucosa, adenoma and adenocarcinoma. Normal
mucosa exhibited regular microvessels with a circular
or oval shape and uniform thin walls, in adenoma,
vascular morphology remained relatively regular, in
contrast, adenocarcinoma tissue displayed vessels with
impaired integrity, irregular shapes, variable diameters,
and uneven wall thickness (Figure 1A). Quantitative
analysis of the 29 paired samples showed a significant
progressive decrease in pericyte coverage from normal
mucosa to adenoma to adenocarcinoma (Normal

mucosa: 96.8% + 2.1%; Adenoma: 92.5% + 4.3%;
Adenocarcinoma: 76.4% + 9.8%) (Figure 1B). While
the mean microvessel density (MVD), lumen diameter,
and lumen area did not differ significantly among
the three groups, the distribution of these parameters
was markedly more heterogeneous in adenoma and
adenocarcinoma tissues (Supplementary Figure
S1A-C, https://www.biosciencetrends.com/action/
getSupplementalData.php?ID=317). Across the entire
cohort of 179 CRC cases, poorly differentiated tumors
showed significantly lower pericyte coverage than well/
moderately-differentiated tumors (Figure 1D).

These observations indicate that vascular instability,
characterized by immature morphology and reduced
pericyte attachment, progressively increases during CRC
development and correlates with poorer histological
differentiation.

3.2. ATP6L expression negatively correlates with
vascular stability and PDGFR signaling in human CRC
tissues

Given the established role of ATP6L in promoting
tumor malignancy, we next examined its relationship
with vascular stability. In the matched tissue sequence,
ATPOL expression, assessed by IHC score, progressively
increased from normal mucosa to adenocarcinoma (Table
2). In the 179 CRC tissues, tumors with high ATP6L
expression exhibited significantly larger microvascular
luminal diameters and cross-sectional areas compared
with their ATP6L-low counterparts (Figures 2B,2C),
indicative of a dilated and aberrant vascular phenotype.
Representative images of double CD31/a-SMA staining
revealed scattered pericyte distribution and lower
pericyte coverage in ATP6L-high tumors (Figure 2D). A
significant negative correlation was confirmed between
ATP6L expression and pericyte coverage index across
the cohort (Figure 2E).

The interaction between PDGFB and PDGFRf
is a critical determinant of vascular stability. While
PDGFB/PDGFR signaling is known to play a role
in pericyte recruitment and vascular maturation, its
precise contribution to tumor angiogenesis and vascular
remodeling across different tumor contexts remains
incompletely understood (20,27). IHC staining was
then performed to examine the correlation between
ATPOL expression and the protein levels of PDGFB and
PDGFRS in CRC specimens. Interestingly, CRC tissues
with low ATP6L expression exhibited markedly elevated
PDGFB levels alongside reduced stromal PDGFRJ
expression. In contrast, tissues with high ATP6L
expression showed significantly decreased PDGFB
levels and increased stromal PDGFR levels (Figure 2F).
This inverse relationship between ATP6L and PDGFRf3
suggests a potential disruption in the crucial PDGFB/
PDGFRS signaling axis required for pericyte recruitment
and maintenance.

(428)


https://www.biosciencetrends.com/action/getSupplementalData.php?ID=317

BioScience Trends. 2026, 20(4):425-437.

www.biosciencetrends.com

Am B
0
o
o
3
=
3 R=0.9138
Ek 1500 <0.0001
S
z o
) .
L] L[]
2 £ 1000-
g g
2 = Y
< a M X
2 500 Y.
© = * %
£ M »
o L]
£
o
© 0 * T T T
8 20 40 60
é ; Vessel lumen lengh(pm)
< LR T S e W of
H&E CD31/a-SMA
C
4X D
I
3
-1
=3 = kK
o c X
s} < 100 1 -
£ 8 ?
T -
]
; 3 = H
= & 90+ -
- = [ ) °
3 Gl g
-3 = -
=g S 80 -
5 £ ) °
]
[
[
k S 70 T T
o
§ 3 o Poor High/moderate
o differentiation  differentiation
£
T

H&E CD31/a-SMA

Figure 1. Vascular instability increases during colorectal cancer progression and correlates with tumor differentiation. (A). HE staining and
representative immunofluorescence images of human colonic tissues stained for the endothelial cell marker CD31 (brown) and the pericyte marker
a-SMA (red) in normal colonic mucosa, adenoma and adenocarcinoma. Insets 1 and 2 show higher-magnification images of the vessels (boxed
areas). (B). Quantitative analysis of pericyte coverage in 29 matched normal mucosa-adenoma-adenocarcinoma tissue trios. Data are presented as
mean + SD. P < 0.001; one-way ANOVA with Tukey's post-hoc test. (C). HE staining and a-SMA/CD31 double staining to assess the relationship
between differentiation grade and perivascular cell coverage in 179 cases. (D). Comparison of pericyte coverage between poorly differentiated (n =
48) and high/moderate differentiated (n = 131) tumors in the 179-case cohort. Data are presented as mean + SD. **** p < (.0001.

Table 2. ATP6L expression during the colorectal normal mucosa-adenoma—adenocarcinoma sequence

ATP6L expression n (%)

X p value
Total Low expression High expression
Normal mucosa 29 27 (93.1) 2(6.9) 39.518 P<0.001
Adenoma 29 20 (67.0) 9(33.0)
Adenocarcinoma 29 4(13.8) 25 (86.2)
Total 87 51(58.6) 36 (41.4)

3.3. ATP6L overexpression in CRC cells inhibits pericyte
function and disrupts PDGFB/PDGFRS signaling in vitro

To establish causality, we generated stable MC38 and
CT26 cell lines with ATP6L overexpression (OE) and
corresponding Vector controls, respectively (Figure
3A). Using an indirect co-culture system (Figure 3B),
we found that the conditioned medium from ATP6L-

OE cells significantly increased extracellular H*
concentration, confirming enhanced acidification (Figure
3C). Conditioned medium from ATP6L-OE cells not
only potently inhibited the proliferation and migration
of MOVAS, a pericyte model (Figures 3D,3E), but also
promoted its apoptosis. This pro-apoptotic effect was
supported by both molecular changes—increased Bax/
Bcl-2 ratio and cleaved Caspase-3 (Figure 3F)—and a
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Figure 2. ATP6L expression is associated with vascular instability and PDGFR@ signaling dysregulation in human CRC. (A). Representative
images of ATP6L immunohistochemistry and CD31/0-SMA double immunohistochemistry staining in normal mucosa and adenocarcinoma tissues,

"o

showing samples labeled as "normal mucosa,

adenoma," and "adenocarcinoma," respectively. (B), (C). Quantification of microvascular lumen

diameter (B) and lumen area (C) in CRC tissues with ATP6L high expression vs. ATP6L low expression. (D). Representative images of CD31/a-SMA
double immunofluorescence staining in colorectal cancer tissues with different ATP6L expression levels. (E). Correlation between ATP6L expression
and pericyte coverage index (%) in 179 CRC tissues. Spearman's correlation analysis. (F). Representative immunohistochemical staining images
showing ATP6L, PDGFB and PDGFRf expression in serial sections of CRC tissues. *, p < 0.05.

2.8-fold increase in TUNEL-positive cells (Figure 3G).
Recapitulating the observations from CRC
specimens, our mechanistic investigations revealed a
significant reduction in PDGFRf concentration in the co-
culture medium of ATP6L-OE cells (Figure 3H). It has
been reported that lactate can be taken up and utilized
by pericytes for energy generation and various biogenic
processes, which are critical for normal pericyte function
(22,23). Given that ATP6L-OE cells markedly increased
extracellular H* concentration, we hypothesized that

ATPO6L overexpression in CRC cells creates an acidic
extracellular milieu that in turn suppresses PDGFB
secretion. To test this hypothesis, we sought to block
the acidic environment induced by ATP6L-OE using
Bafilomycin Al (Baf Al), a specific and reversible
inhibitor of V-ATPase that prevents intracellular
acidification (24). Concurrently, ELISA results
demonstrated that the PDGFB protein concentration
in the co-culture supernatant was significantly
reduced in MOVAS cells co-cultured with MC38/
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Figure 3. ATP6L overexpression in CRC cells impairs pericyte function and dysregulates PDGFB/PDGFR§ signaling in vitro. (A). Validation
of ATP6L overexpression in MC38 and CT26 cell lines at the mRNA and protein levels. (B). Extracellular acidification rate detected by the P61 pH-
sensitive fluorescent probe in conditioned medium from Vector and ATP6L-overexpressing (ATP6L-OE) CRC cells. (C). Co-culture of MOVAS
cells with MC38/CT26. (D). Proliferation of mouse vascular smooth muscle cells (MOVAS) after 24-hour co-culture with CRC cells, assessed by
EdU incorporation assay—representative images and quantification for MC38 and CT26 co-cultures. (E). Migration of MOVAS cells assessed by
Transwell assay after co-culture. Representative images and quantification. F&G. Apoptosis of MOVAS cells. Western blot analysis of apoptosis-
related proteins (F). and representative TUNEL staining images, quantification of TUNEL-positive cells (G). (H). Expression of PDGFRp in
MOVAS cells after co-culture, detected by immunofluorescence. (I). Quantification of PDGFB concentration in co-culture medium by ELISA.
(J). Western blot analysis of PDGFRJ expression in different co-culture systems. Data are presented as mean + SD from at least three independent
experiments. Scale bars, 100 um.*, p < 0.05; **, p < 0.01; *** p <0.001; **** p < 0.0001; ns, not significant. Unpaired two-tailed #-test.
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CT26 ATP6L-OE cells, relative to the Vector control
group. Correspondingly, PDGFRJ protein expression
in MOVAS cells was markedly downregulated in both
ATPO6L-OE co-culture groups. Importantly, pre-treatment
of ATP6L-OE cells with Baf Al partially restored both
the supernatant PDGFB concentration and the PDGFRf
expression level in MOVAS cells (Figures 31,3J).

To further explore the mechanistic link between
ATP6L and the PDGFB/PDGFR axis in the context
of CRC pericyte function and vascular stability, we
generated ATP6L-knockdown (ATP6L-KD) MC38 and
CT26 cell lines (Figure 4A) and carried out parallel
experiments. Compared with the control group, MOVAS
cells co-cultured with ATP6L-KD MC38/CT26 cells
(Figure 4B) exhibited enhanced proliferation and
migration and reduced apoptosis (Figures 4C-F). We
found conditioned medium from ATP6L-KD cells
significantly decreased extracellular H* concentration,
indicating attenuated acidification (Figure 4G). ELISA
showed that co-culture with ATP6L-KD cells elvated
supernatant PDGFB secretion (Figure 4H), while Western
blot analysis revealed that PDGFR protein levels were
inversely correlated with ATP6L expression. To assess
the functional contribution of ATP6L's proton-pumping
activity, we treated ATP6L-KD cells with lactate, which
partially reversed the reduction in PDGFB secretion.
Consistently, this exogenous H* supplementation
also abrogated the ATP6L-KD-induced alterations in
PDGFRB expression (Figure 41). These pH fluctuations,
in turn, may serve as a regulatory mechanism for the
PDGFB/PDGFR axis.

Collectively, these in vitro data support a model in
which ATP6L regulates the PDGFB/PDGFR signaling
axis by modulating extracellular H+ levels, thereby
influencing pericyte function and vascular stability.

3.4. ATP6L overexpression compromises vascular
stability and perfusion in vivo

We sought to verify these in vitro findings in an in vivo
model with MC-38 cells. The mouse tumor xenograft
model was established by subcutaneously implanting
either ATP6L-OE or Vector MC38 cells into the groins
of each nude mouse. ATP6L-OE tumors exhibited
significantly larger volumes than Vector controls, and
intratumoral Baf Al administration effectively inhibited
their in vivo growth (Figure 5A). Upon tumor dissection,
the subcutaneous tumorigenic active area in the ATP6L-
OE group was found to be significantly larger than that
in the Vector group. Notably, intratumoral injection of
Baf A1 effectively promoted apoptosis within the tumors
(Figure 5B). Meanwhile, lectin perfusion and FITC-
dextran extravasation assays revealed that ATP6L-OE
tumors exhibited a 30% reduction in functional vessel
density and a 2.1-fold increase in permeability. Notably,
these vascular abnormalities were partially reversed
upon intratumoral administration of Baf A1 (Figure 5C).

To address pericyte heterogeneity and avoid
marker-specific bias, we assessed pericyte coverage
using three markers—a-SMA, NG2 and PDGFRB—
in combination with CD31. All three markers exhibited
significantly reduced co-localization with CD31
in ATP6L-OE tumors, confirming global pericyte
dysfunction. Notably, this vascular defect was partially
rescued by intratumoral administration of Baf A1, which
effectively reversed the vascular dysfunction induced
by ATP6L overexpression (Figure 5D). Collectively,
these findings confirm that ATP6L overexpression in
tumor cells is sufficient to drive vascular instability and
dysfunction in vivo.

4. Discussion

The role of ATP6L in promoting tumor malignancy
has been confirmed in studies of other cancer types,
including hepatocellular carcinoma (/4), breast cancer
(15), and pancreatic cancer (/6). Our group has
previously demonstrated that ATP6L is highly expressed
in poorly differentiated CRC and promotes tumor cell
mesenchymal-epithelial transition (/7). However,
the relationship between ATP6L and angiogenesis or
vascular stability remains poorly understood. Here, we
identify a novel role for ATP6L, a key subunit of the
V-ATPase proton pump, in driving vascular instability in
CRC. Specifically, we found that high ATP6L expression
in CRC cells is both clinically correlated with and
functionally sufficient to reduce pericyte coverage and
disrupt normal vascular architecture, culminating in a
dysfunctional and hyperpermeable tumor vasculature.
Our analysis of the adenoma—adenocarcinoma
sequence corroborates the notion of progressive vascular
maladaptation accompanying colorectal tumorigenesis
(1,25,26). Specifically, we observed a marked reduction
in pericyte coverage along the normal mucosa—adenoma—
adenocarcinoma continuum, reflecting progressive
vessel immaturity. This vascular instability was further
exacerbated in poorly differentiated tumors, implying a
close relationship between aggressive cancer phenotypes
and a compromised stromal microenvironment
(1,2,27). Importantly, the selective association of high
ATP6L expression with enlarged, tortuous vessels and
diminished pericyte coverage in human CRC specimens
implicates ATPOL as a key mediator that bridges tumor-
intrinsic acidification and perivascular dysfunction.
Mechanistically, our functional data support a model
linking tumor cell acidification to pericyte dysfunction
and vascular instability via the PDGFB/PDGFRf
signaling axis. PDGFB/PDGFR signaling is a critical
determinant of vascular stability (28,29), yet in tumors,
pericytes are typically sparse and form loose associations
with endothelial cells (30,317). This may partly arise
from tumor-derived PDGFB, which disrupts the
physiological PDGFB/PDGFRp gradient (32). Although
this signaling axis has been implicated in pericyte
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Figure 4. ATP6L knockdown in CRC cells enhances pericyte function and activates PDGFB/PDGFRp signaling in vitro. (A). Validation
of ATP6L knockdown in MC38 and CT26 cell lines at the mRNA and protein levels. (B). Co-culture of MOVAS cells with MC38/CT26. (C).
Proliferation of mouse vascular smooth muscle cells (MOVAS) after 24-hour co-culture with CRC cells, assessed by EdU incorporation assay—
representative images and quantification for MC38 and CT26 co-cultures. (D). Migration of MOVAS cells assessed by Transwell assay after co-
culture. Representative images and quantification. E&F. Apoptosis of MOVAS cells. Western blot analysis of apoptosis-related proteins (E) and
representative TUNEL staining images, quantification of TUNEL-positive cells (F). (G). Extracellular acidification rate detected by the P61 pH-
sensitive fluorescent probe in conditioned medium from control (Ctrl) and ATP6L-knockdown (ATP6L-KD) CRC cells. (H). Quantification of
PDGFB concentration in co-culture medium by ELISA. (I). Western blot analysis of PDGFRf expression in different co-culture systems. Data are
presented as mean + SD from at least three independent experiments. Scale bars, 100 pm.*, p < 0.05; **, p < 0.01; *** p < 0.001; **** p < 0.0001;
ns, not significant. Unpaired two-tailed -test.
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Figure 5. ATP6L overexpression compromises vascular stability and perfusion in vivo. (A). In vivo tumor growth curves. (B). Tumor necrosis
under different conditions, H&E staining and quantification. (C). Analysis of tumor vasculature in MC38 xenograft models. Representative merged
images of perfused vessels (Lectin, blue), endothelial marker CD31 (red), and permeable vasculature (FITC-dextran, green). Quantification of
perfused vessel density and vascular permeability index. (D). Assessment of pericyte coverage in tumor xenografts. Representative immunofluorescence
images showing co-localization of the endothelial marker CD31 (red) with pericyte markers a-SMA, NG2 and PDGFR (green). Scale bars, 100pm.

Quantification of pericyte coverage for each marker.*, p < 0.05;**, p < 0.01;***, p <0.001; **** p < 0.0001; ns, not significant.

recruitment and vascular maturation, its precise role in
tumor angiogenesis and vascular remodeling remains
incompletely understood and appears to be context-
dependent (/,30,33).

We find that ATP6L overexpression in CRC cells
acidifies the extracellular space and suppresses PDGFB
secretion. This reduction in PDGFB, acting paracrinally,

downregulates PDGFRf expression on pericytes,
thereby disrupting a signaling cascade critical for
their recruitment and survival. The resultant pericyte
dysfunction—manifested as reduced proliferation,
impaired migration, and heightened apoptosis—is
consistent with our phenotypic observations. Moreover,
ATPOL expression levels directly correlate with changes
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in intracellular pH, which in turn modulate PDGFB/
PDGFR signaling. In vivo, ATP6L-overexpressing
tumors exhibit a dysfunctional vasculature with poor
perfusion, elevated permeability, and sparse pericyte
coverage. Together, these findings support a model in
which ATP6L regulates the PDGFB/PDGFRJ axis via
extracellular H”, thereby regulating pericyte function
and vascular stability. A schematic representation of the
proposed ATP6L—extracellular acidification—-PDGFB/
PDGFR—pericyte axis is shown in Figure 6.

In our model, ATP6L overexpression creates an
acidic microenvironment that suppresses PDGFB
secretion, thereby reducing PDGFR expression on
pericytes and impairing vascular stability. Of note, a
previous study by Hosaka et al. has shown that in tumors
with high PDGFB expression, sustained exposure to
elevated PDGFB levels can also cause pericyte loss
through PDGFRJ internalization and degradation (34).
Thus, insufficient PDGFR signaling, arising from either
decreased ligand availability or receptor downregulation,
underlies pericyte dysfunction and vascular instability
in both contexts. These observations underscore that
the integrity of PDGFRp signaling is essential for
maintaining vascular stability, while the upstream

,,,,,,,

—_ e e

Normal mucosa Adenoma

@ Normal mucosa

. PDGFRB

—at

regulatory mechanisms may vary by tumor type and
microenvironmental context.

Translationally, our findings suggest that ATP6L
could serve as both a biomarker for metastasis-prone
unstable vasculature and a therapeutic target for vascular
normalization. Targeting ATP6L may reverse PDGFB/
PDGFRp dysregulation, stabilize tumor vessels, and
improve drug delivery, potentially overcoming the
hypoxia-driven invasiveness associated with current anti-
angiogenic therapies. However, limitations include the
observational nature of human tissue correlations, the
preliminary mechanistic data, and the use of murine cell
models—all of which warrant cautious interpretation.

In conclusion, we demonstrate that ATP6L is a
critical driver of vascular instability in colorectal cancer.
By promoting a tumor-acidified microenvironment that
disrupts the PDGFB/PDGFR signaling axis, ATP6L
undermines pericyte function, leading to a leaky,
immature vasculature. Targeting this axis may offer a
novel strategy to normalize the tumor vasculature and
improve therapeutic outcomes.
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Figure 6. Proposed model of ATP6L-mediated vascular destabilization through extracellular acidification and dysregulation of the PDGFB/

PDGFRB axis in colorectal cancer.
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