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Abstract

Background: Tumor endothelial cells (TECs) perform tumor angiogenesis, which is essential for tumor growth and
metastasis. Tumor cells produce large amounts of lactic acid from glycolysis; however, the mechanism underlying
the survival of TECs to enable tumor angiogenesis under high lactic acid conditions in tumors remains poorly
understood.

Methodology: The metabolomes of TECs and normal endothelial cells (NECs) were analyzed by capillary
electrophoresis time-of-flight mass spectrometry. The expressions of pH regulators in TECs and NECs were
determined by quantitative reverse transcription-PCR. Cell proliferation was measured by the MTS assay. Western
blotting and ELISA were used to validate monocarboxylate transporter 1 and carbonic anhydrase 2 (CAll) protein
expression within the cells, respectively. Human tumor xenograft models were used to access the effect of CA
inhibition on tumor angiogenesis. Immunohistochemical staining was used to observe CAll expression, quantify
tumor microvasculature, microvessel pericyte coverage, and hypoxia.

Results: The present study shows that, unlike NECs, TECs proliferate in lactic acidic. TECs showed an upregulated
CAll expression both in vitro and in vivo. CAll knockdown decreased TEC survival under lactic acidosis and nutrient-
replete conditions. Vascular endothelial growth factor A and vascular endothelial growth factor receptor signaling
induced CAll expression in NECs. CAll inhibition with acetazolamide minimally reduced tumor angiogenesis in vivo.
However, matured blood vessel number increased after acetazolamide treatment, similar to bevacizumab treatment.

promising targets of antiangiogenic therapy.

Additionally, acetazolamide-treated mice showed decreased lung metastasis.
Conclusion: These findings suggest that due to their effect on blood vessel maturity, pH regulators like CAll are
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Background

Tumor development and survival depend on angiogen-
esis [1]. Tumor blood vessels harbor tumor endothelial
cells (TECs), which differ from NECs due to altered gen-
etics [2] and function [3]. Alterations of TECs are caused
by epigenetic changes [4, 5], influence from tumor-
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derived factors [6], tumor hypoxia [7], and reactive oxy-
gen species [8]. In addition, tumor metabolic products
may also influence the function of endothelial cells in
the tumor microenvironment. Tumor cells preferentially
undergo glycolysis in the presence of oxygen, a process
known as the Warburg effect, which yields lactic acid in-
stead of pyruvate as the end product [9]. Lactic acid ex-
erts several effects on immune cells: it stimulates tumor-
associated macrophages toward an M2-like phenotype
[10] and inhibits proliferation of human cytotoxic T
lymphocytes and cytokine production [11]. Although the
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effects of acidity [12] and lactate [13] on NECs, have been
independently reported, their cumulative effect (ie., a state
of lactic acidosis) on TECs, remains unknown. TECs were
recently described as hyperglycolytic [14], implying that
they are a potential source of lactic acid in the tumor
microenvironment. Consequently, in addition to tumor-
derived lactic acid, TECs may also be exposed to their lactic
acid. Here, we hypothesized that TECs possess unique
properties that promote their survival in a lactic acid-rich
environment. To address this hypothesis, we identified the
response of TECs and NECs to lactic acidosis., as well as
the possible mechanism involved in their survival under
lactic acidosis.

Cancer cells have devised several ways to escape the
harmful effects of lactic acid. They show the upregulated
expression of proton-coupled monocarboxylate trans-
porters (MCTs), such as MCT1 and MCT4, to help regu-
late intracellular lactate and proton levels [15]. Additionally,
pH regulators including sodium/hydrogen exchanger 1
(NHEL1), proton-sensing G-protein-coupled receptors, vacu-
olar ATPases, and carbonic anhydrases (CAs), including
CAIX, CAXIIL, and CAII, are upregulated to maintain a
stable intracellular acid-base balance [16]. Unlike other
CAs, cytosolic CAII is reportedly expressed in the endothe-
lium of melanomas and esophageal, renal, lung [17], and
brain cancers [18]. Also, endothelial CAII expression has
been associated with the malignant progression of meningi-
omas [19]. Such findings suggest that CAII plays a signifi-
cant role in either the establishment of tumor endothelium
or the biological activity of TECs and that tumor cells are
involved in endothelial CAIl expression in the tumor
microenvironment. However, the unique function of endo-
thelial CAII in the tumor blood vessels or TECs has not
been elucidated. Furthermore, apart from the role of MCT1
in lactate transport, inhibition of endothelial lactate uptake
via. MCT1 impedes tumor angiogenesis [20], suggesting
that pH regulators can influence tumor vessel growth. Here
we demonstrate the involvement of CAII in the survival
and proliferation of TECs.

Using primary cultured endothelial cells, we show that
tumor-derived factor VEGFA can induce the expression
of CAII in endothelial cells. CAII targeting affected the
growth of endothelial cells in vitro under various meta-
bolic substrates. Furthermore, pharmacological inhib-
ition of CAs enhanced blood vessel maturation and
decreased tumor metastasis in vivo.

Materials and methods

Mice

Six-week-old female nude mice (BALB/c Ajcl-nu/nu)
were purchased from CLEA, Tokyo, Japan, and housed
under specific pathogen-free conditions. All animal care
and experimentation procedures adhered to institutional
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guidelines and were approved by the animal research
authorities of Hokkaido University.

Cells and cell culture

Highly metastatic human A375-SM melanoma cells were
kindly provided by Dr. Fidler (M.D. Anderson Cancer Cen-
ter, Houston, TX, USA). A375-SM cells were cultured in
Minimum Essential Medium (MEM; Gibco, Thermo Fisher
Scientific, Waltham, MA, USA) supplemented with 10%
heat-inactivated fetal bovine serum (FBS) and 1% penicillin/
streptomycin antibiotics (Sigma-Aldrich, St. Louis, MO,
USA). HMVECs were obtained from Lonza (Tokyo, Japan)
and used between the 4th and 8th passages. MS1 (MILE
SVEN 1) murine endothelial cells were cultured in Dulbec-
co’s Minimum Essential Medium (DMEM; Gibco, Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with
10% heat-inactivated FBS and 1% penicillin/streptomycin
antibiotics. All cells were free of mycoplasma contamin-
ation. The pH of the extracellular culture medium was
measured using a pH electrode (Mettler Toledo).

Human tissue samples

Tumor tissues were surgically excised from clinically diag-
nosed renal cell carcinoma (RCC) patients. Each patient’s
healthy renal tissues were separated from the tumor tis-
sues for comparison. All protocols were approved by the
Institutional Ethics Committee of Hokkaido University,
and all patients provided written informed consent before
surgery. The study was performed according to the ethical
guidelines of the Declaration of Helsinki.

Isolation of TECs and NECs

A375-SM tumor cells were subcutaneously injected into
the right flanks of female nude mice. TECs and NECs were
isolated from the tumor xenografts and the dermis of
tumor-free counterparts, respectively. ECs were isolated
using CD31 microbeads and a magnetic cell sorting device
(Miltenyi Biotec, Bergisch Gladbach, Germany), followed by
flow cytometry (FACS, Aria II; BD Biosciences, San Jose,
CA, USA) with CD31 and CD45 antibodies. CD31" cells
were cultured in EGM-2 MV (Lonza) containing 15% FBS
at 37°C in a humidified atmosphere with 5% CO,. The
remaining human tumor cells carrying the DT receptor
were eliminated using diphtheria toxin (DT, 500 ng/mL;
Calbiochem, San Diego, CA, USA). Isolated ECs were fur-
ther purified using FITC-BS1-B4 lectin (Vector Laborator-
ies, Burlingame, CA, USA). TECs and NECs were
determined to be positive for EC markers (Pecaml, Eng,
Cdh5, Icam1, Flt1, and Kdr) and negative for hematopoietic
markers (Itgam and Ptprc). cDNA from MSI cells was used
as a control for EC markers, and the cDNA from CD31-
negative cells as a control for non-EC markers. All anti-
bodies used are listed in Additional file 1: Table S1.
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Metabolomic analysis

TECs and NECs were seeded at 1 x 10° cells density and
cultured overnight. The old medium was aspirated, and
the cells were washed with 5% mannitol (Wako, Osaka,
Japan). Metabolites were extracted with methanol con-
taining 25 pM each of L-methionine sulfone (Alfa Aesar,
Heysham, UK), MES (Dojindo, Kumamoto, Japan), and
CSA (Wako) at 10,000 g for 3 min at 4°C. The aqueous
layer was collected and concentrated at 9100 g for 2 h at
20°C. The centrifugal concentrate was stored at — 80 °C
until analysis. The concentrates were diluted with water
containing 3-aminopyrrolidine (Sigma-Aldrich) and tri-
mesate (Wako). The metabolite analyses were performed
by capillary electrophoresis time-of-flight mass spec-
trometry (CE-TOFMS) as previously described [21].

Lactate measurement

Lactate levels in cell culture supernatants and mouse tis-
sues were enzymatically determined using an L-Lactate
Assay Kit (Abcam, Cambridge, UK), according to the
manufacturer’s instructions.

In vitro cell proliferation assays with sodium lactate and
lactic acid

NECs and TECs were cultured in nutrient-free DMEM
(Sigma-Aldrich), supplemented with 10% FBS and
100 pg/mL endothelial cell growth supplement (ECGS,
Corning, Discovery Lab Ware Inc., Bedford, MA, USA),
containing sodium lactate or lactic acid (Sigma-Aldrich).
Cell proliferation was measured using the MTS assay.
All pH measurements were performed immediately be-
fore the media was added to the cells. All experiments
were performed in triplicate.

Lactic acidosis and lactosis

Lactic acidosis/lactosis conditions were created by adding
sodium lactate (Sigma-Aldrich) to DMEM (Sigma-Aldrich)
containing 10% FBS, 20 mM HEPES (Sigma-Aldrich), and
100 pg/mL ECGS (Corning) to a final concentration of 20
mM. The medium’s pH was adjusted to 6.9 and 7.3 for lac-
tic acidosis and lactosis, respectively, using NaOH (Sigma-
Aldrich).

In vitro cell proliferation assay (post-small interfering RNA
(siRNA) transfection)
Cells were treated with 20 nM siRNA and seeded at 2 x
10° cells density in transfection medium directly into
96-well plates. After 6h, the medium was changed to
complete medium, ECGM-MV2 (PromoCell), which is
fully supplemented with glucose and glutamine, thus
creating a nutrient-replete environment. The cell prolif-
eration was measured after 72 h, using the MTS assay.
In some cases, after 24 h, the medium was changed to
either lactic acidosis or lactosis.
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Isolation of RNA and real-time quantitative reverse-
transcription PCR (RT-qPCR)

Total RNA was isolated using the ReliaPrep™ RNA Cell
Miniprep System (Promega Corporation, Madison, WI,
USA), according to the manufacturer’s instructions. The
c¢DNA was synthesized using ReverTra-Plus (Toyobo Co.,
Japan). Real-time RT-qPCR was performed using the
KAPA SYBR® Fast qPCR Kit (KAPA Biosystems Pty (Ltd.),
Cape Town, South Africa). The cycling conditions were
set according to the CFX manager (Bio-Rad, Hercules,
VA, USA). The expression of all messenger RNAs
(mRNAs) was normalized to those of Rpsl3 for murine
cells and RSP13 for human cells. The PCR products were
observed on 2% agarose gels (Promega) and DNA stained
with MIDORI “™ Xtra nucleic acid gel stain (Nippon
Genetics Europe GmbH, Diiren, Germany). The primers
used are listed in Additional file 2: Table S2.

Knockdown by siRNA

Specific siRNAs targeting MCT1, and CAIl mRNAs
were introduced into TECs using Lipofectamine RNAi-
MAX Transfection Reagent (Invitrogen, Carlsbad, CA,
USA). A nontargeting control siRNA (Invitrogen, Carls-
bad, CA, USA) was used as a negative control. The siR-
NAs targeted the following sequences:

Mctl si 5'-GGCUUGAUCGCAGCUUCUUUCUGUA-3’,
5"-UACAGAAAGAAGCUGCGAUCAAGCC-3';

Car2 si 5'-CCAUUACUGUCAGCAGCGAGCAGAU-3’
5"-AUCUGCUCGCUGCUGACAGUAAUGG-3’

Immunohistochemistry (IHC)
Frozen sections of A375-SM tumors were prepared as pre-
viously described [3]. Immunofluorescence analysis was
performed by double staining with anti-CAIl and anti-
CD31 antibodies. Secondary antibodies conjugated to Alexa
fluor 488 and 647 fluorochromes were used for detection
followed by counterstaining with DAPI. The images were
obtained with the FV10i 2.1 Viewer Software at room
temperature, with a camera coupled to an objective lens
with x 2.0 confocal aperture (Olympus). The Olympus
FluoView ver.4.2. b software was used for image processing.
Serial sections were obtained from FFPE blocks of human
RCC tumor and its normal counterparts. The sections were
individually stained with anti-CAIl and anti-CD31 anti-
bodies. Immunoreactivity was visualized with HRP-linked
secondary antibody (Dako) and counterstained with
hematoxylin (Wako). For vessel maturity analysis, deter-
mined by the microvessel pericyte coverage index (MPI),
mouse tumor FFPE sections were systematically co-stained
with both anti-CD31 and anti-a-SMA antibodies in the
same tissue. The anti-glutl antibody was used to identify
hypoxic tumor areas. Images were captured using a Nano-
Zoomer 2.0-HT Slide Scanner (NanoZoomer 2.0 HT,
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version 2.3.27, Hamamatsu, Japan) and observed with the
NanoZoomer Digital Pathology software. The antibodies
used are listed in Additional file 1: Table S1.

Evaluation of microvessel density (MVD) and microvessel
pericyte coverage index (MPI)

Microvessel density was determined by selecting five hot-
spots (blood vessel-rich areas) and measuring the CD31-
positive area. The MPI was calculated as the percentage of
CD31-positive vessels associated with a-SMA-positive
cells to the total number of microvessels in each hotspot.

Western blotting

Cells were lysed using RIPA buffer (Cell Signaling Tech-
nology) alone for total protein collection and RIPA buf-
fer with 10% SDS for membrane protein. The total
protein concentration was determined using the BCA
Protein Assay Kit (Pierce, Rockford, IL, USA). The west-
ern blotting procedure was performed according to a
standard protocol with an antibody against MCT1, as
previously described [22].

Determination of CAIl by enzyme-linked immunosorbent
assay (ELISA)

CAII protein levels in NECs and TECs were determined
using an ELISA kit (Novus Biologicals, USA), according
to the manufacturer’s instructions. The concentration
was normalized to the cell number.

Tumor-conditioned medium (CM) preparation and heat
inactivation
A375-SM tumor cells were seeded at a 1x10° cells
density in 10% FBS MEM for 48 h. Tumor-CM was col-
lected from A375-SM cultures and filtered with a
0.22 pm filter (Millipore). The CM was mixed with equal
portions of 5% FBS EBM2. The CM from the HMVEC
culture was similarly prepared and used as control.
Conditioned media (CM) heat inactivation was per-
formed at 95°C for 60 min. After cooling down, the
hNECs were treated with CM for 24 h. RNA was iso-
lated, and CAII expression was determined by RT-qPCR.

VEGF stimulation and VEGFR kinase inhibitor assay
hNECs were seeded and serum-starved for 24h. The
cells were stimulated with 20 ng/mL recombinant hu-
man VEGF45 (PeproTech, Rocky Hill, NJ, USA) for 24
h. VEGF signaling was inhibited using either bevacizu-
mab (VEGF neutralizing antibody; Chugai Pharmaceut-
ical Co., Japan) or the VEGFR2 kinase inhibitor Ki8751
(Calbiochem, UK). For Ki8751 treatment, cells were pre-
treated with 10 pM Ki8751 for 2h, followed by treat-
ment with Ki8751-containing medium for 24 h. CAII
mRNA and protein expressions were determined by RT-
qPCR and western blotting, respectively.
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In vivo pharmacological inhibition of angiogenesis with
acetazolamide and bevacizumab

TdTomato Luc-2-expressing A375-SM tumor cells (1 x
10°% were subcutaneously implanted into the right flanks
of female nude mice. After 9 days, when the tumors were
visible, the mice were divided into control, acetazolamide,
and bevacizumab groups of five mice each. Acetazolamide
and bevacizumab were intraperitoneally administered at
40 mg/kg/daily and 5 mg/kg/every third day, respectively.
Tumor volumes were measured periodically. After 27 days
of treatment, the tumors were excised, and lung metasta-
ses were observed by bioluminescence imaging using an
IVIS Spectrum (Caliper Life Sciences).

Statistical analysis

Unless otherwise stated, all data are presented as mean +
standard deviation. A two-way Student’s t-test was used
for comparison between two groups. A P-value <0.05
was considered significant, and a P-value <0.0001 was
considered very significant.

Results
Glycolysis activation is higher in TECs than in NECs
We isolated TECs and NECs from xenografted tumors and
the dermis of tumor-free mice, respectively. Prior to experi-
ments, cells were characterized. Both TECs and NECs
expressed known endothelial cell markers, such as BS1-B4
(Fig. 1a), Pecaml, Eng, Cdh5, Icaml, Fltl, and Kdr (Fig.
1b). All ECs were negative for the hematopoietic markers
Itgam and Ptprc (Fig. 1b). Compared with NECs, TECs ex-
hibited upregulated Kdr expression (Fig. 1c). The expres-
sion of EC markers indicated high purity of isolated ECs.
During the culture of NECs and TECs in media con-
taining a pH indicator, the TEC culture medium turns
pale at an earlier time point than the NEC medium. Cul-
tures were prepared for each cell type with twice the
number of TECs for NECs to compensate for the higher
proliferative rates of TECs. The pH values of the culture
supernatants were measured and found to be within the
ranges of 6.6—7.1 and 7.02-7.16 for TECs and NECs, re-
spectively (Fig. 1d), indicating that TECs released pro-
tons into the media and were exposed to an acidic
environment. Interestingly, however, their proliferation
was uninhibited by the media’s pH decrease. Consider-
ing the relationship between extracellular acidification
and metabolism, we measured the metabolomes of ECs
to verify the contribution of cellular metabolism to this
rapid change in the media’s pH. The results revealed
that TECs had a more glycolytic metabolome than
NECs, which was characterized by higher levels of glyco-
lytic metabolites and lactate (Fig. 1e). We confirmed that
TECs released more lactate into culture medium than
NECs (Fig. 1f). Consistently, whole-tumor lactate level
was comparatively higher than in normal skin and
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Fig. 1 Glycolysis activation is higher in TECs than in NECs. a ECs' flow cytometry analysis showing BSI-B4 lectin’s expression in stained (white) and
unstained cells (gray). b Positive expression of EC markers (Pecam1, Cdh5, Eng, Icam1, Flt1, and Kdr). The murine endothelial MS1 cells cDNA was
used as a positive control sample for EC markers. All ECs were negative for non-EC markers ltgam and Ptprc. Gene expression was analyzed by
RT-gPCR, and PCR products were visualized by gel electrophoresis. ¢ Kdr/VEGFR2 mRNA expression in TECs and NECs was evaluated by RT-gPCR.
All results presented as mean + SD; n =3, **P < 0.001, ***P < 0.0001, by two-tailed unpaired Student's t-test. d Images of the media with no cells
and of the spent medium of TEC and NEC cultures after cells reached confluence; the extracellular pH of media was measured with a pH probe.
e Comparison of the metabolomes of NECs and TECs cultured in complete medium (i.e, containing glucose, glutamine, and growth factors). f
Lactate levels determined enzymatically in the media of cells cultured for 48 h. The lactate concentration was normalized to cell number. g
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kidney tissues (Fig. 1g), further confirming that TECs
are exposed to a lactate-rich environment in vivo. These
results indicate the ability of TECs to survive in a high
lactate environment, which may also be acidic, due to
tumor or TEC glycolytic activity.

TECs proliferate in lactic acidosis

Previous studies involving endothelial cells focused on
either the effect of lactate [13] or acidity [12, 23] on
angiogenesis. First, we demonstrated that lactate could
support endothelial cell growth, evidenced by a dose-
dependent increase in proliferation by both TECs and
NECs with sodium lactate (Fig. 2a). This increase was
higher in TECs than in the NECs. Secondly, we investi-
gated the cumulative effect of high lactate and low pH
on endothelial cell proliferation by exposing ECs to in-
creasing doses of lactic acid. TECs proliferated in a
dose-dependent manner, whereas NEC proliferation was
inhibited (Fig. 2b). Upon noting that the medium’s start-
ing pH increased with the lactic acid concentration, we
investigated the effect of exposing NECs to a low pH
medium as opposed to a higher pH at cell culture onset.
After increasing cell culture onset pH to approximately
8, NEC proliferation in 20 mM lactic acid increased (Fig.
2¢), which was not previously observed (Fig. 2b). TECs
can withstand slight decreases in extracellular pH and
are therefore better adapted to proliferate under low pH
conditions in the presence of lactate.

Upregulated cytosolic carbonic anhydrases in TECs

Monocarboxylate transporters (MCTs) are known for
their unique lactate shuttling role in normal [24] and
transformed [25] cells, which facilitates the adaptation of
tumor cells to variations in metabolic substrate availabil-
ity [25]. Here, we analyzed the expression of MCTI,
which is the main MCT involved in lactate-induced
angiogenesis in ECs [13]. Consistent with this report,
MCT1 expression was comparable in both NECs and
TECs at the mRNA and protein levels (Fig. 3a and b).
Since the association of MCTs with certain pH regulat-
ing CAs promotes MCT transport activity [26, 27], we
analyzed CAs in the ECs. mRNA expression analysis
showed comparable expression of extracellular CAIX
(Fig. 3c) and membrane-bound CAIV (Fig. 3d) in NECs
and TECs. However, unlike NECs, TECs exhibited up-
regulated expression of cytosolic CAII (Fig. 3e) and
CAIII (Fig. 3f). NECs and TECs had similar expression
levels for other cancer-associated pH regulators analyzed
(Additional file 3: Figure S1). Further work has focused
on the role of CAII in TECs, due to its high catalytic ac-
tivity [24] and its role in tumor malignancy [28, 29].
Subsequently, TECs showed a higher CAII protein level
than NECs (Fig. 3g). CAII expression was confirmed
in vivo, and normal murine kidney tissues were stained

Page 6 of 15

to validate the CAII antibody reactivity. As expected,
CAII was stained in the kidney tubules, and absent in
the glomeruli [17] (Fig. 3h). In A375-SM tumors, distinct
CAII expression was observed in the cytoplasm of both
blood endothelial cells and tumor cells (Fig. 3h). Fur-
thermore, CAIIl was uniquely expressed in human renal
cancer endothelium, but not in the blood vessels of the
normal kidney (Fig. 3i). These observations are consist-
ent with those of previous reports [17, 18] associating
CAII with the tumor endothelium, which we have now
shown to be the case in isolated TECs.

TECs are more sensitive to carbonic anhydrase |l
inhibition

Considering that MCT1 inhibition can decrease tumor
angiogenesis in vivo [20] and the upregulated CAII
expression in TECs, we addressed the functional roles of
MCT1 and CAII in TECs. Using siRNA to successfully
knock down MCT1 and CAII (Fig. 4a, b), we observed
that, in fully supplemented culture media (complete
medium), MCT1 knockdown expectedly decreased TEC
proliferation. Moreover, inhibiting CAII led to a more
pronounced decrease in TEC proliferation than inhibiting
MCT1 (Fig. 4c). When the media was changed to lactic
acidosis and lactosis, MCT1 inhibition decreased TEC
proliferation only in lactic acidosis (Fig. 4d), whereas CAII
knockdown decreased TEC proliferation in both lactic
acidosis and lactosis (Fig. 4e). These results suggest that
CAIl is generally involved in EC proliferation regardless of
nutrient availability or the metabolic substrate in play.

Tumor-derived factors induce CAIl upregulation in
endothelial cells

Knowing that tumor-derived factors modulate the func-
tion of resident stromal cells in the tumor microenviron-
ment, we used normal human NECs (hNECs) to
investigate the contribution of tumor-derived substances
released into the tumor-conditioned medium (tumor-
CM) on CAII upregulation in TECs. Treating hNECs
with tumor-CM for 24 h led to a significant upregulation
of CAII mRNA expression, which was canceled upon
tumor-CM heat inactivation (Fig. 5a). CAII expression
was also slightly increased by hNEC conditioned-
medium (control-CM) (Fig. 5a). The above results indi-
cated that CAII upregulation in TECs might be induced
by the proteins released from tumor cells, which may
also be present in the EGM-2MV medium. Since our
previous reports showed that A375-SM-CM contains
significant amounts of vascular endothelial growth factor
(VEGF) [6], we investigated the contribution of VEGF to
CAIl expression. VEGFA treatment increased CAII
mRNA (Fig. 5b) and protein expressions in hNECs.
VEGF acts through VEGF receptor tyrosine kinases, as
indicated by VEGFR1, VEGFR2, and VEGFR3 [30]. Due
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was independently repeated at least three times; *P < 0.05, **P < 0.001, ***P < 0.0001, by two-tailed unpaired Student’s t-test; N.S,, not significant
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to the high expression of VEGFR2/Kdr in TECs (Fig. 1c), hNECs (Fig. 5¢) and subsequently canceled the VEGFA-
we targeted the VEGFR2 in hNECs. The kinase inhibitor, induced CAII protein expression (Fig. 5d). The VEGFA
Ki8751, selectively inhibited VEGFR?2, and its introduction  neutralizing antibody bevacizumab also reduced CAII pro-
into tumor-CM decreased CAII mRNA expression in tein expression in VEGFA-stimulated hNECs (Fig. 5d).
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Taken together, a new role for VEGFA and VEGFR2 in
CAII upregulation in endothelial cells was shown in this
study. This observation may explain the upregulated CAII
expression in ECs obtained from tumor blood vessels.

CAs’ pharmacological inhibition increased vessel maturity
and decreased lung metastasis

Tumor-bearing mice were treated with acetazolamide, a
carbonic anhydrase inhibitor, and bevacizumab, and
their antiangiogenic effects were assessed comparatively.
Bevacizumab significantly inhibited microvessel density

(MVD) in the tumors more than acetazolamide (Fig. 6a).
Since MVD is not the sole measure of vascular develop-
ment and perivascular cells also play a role in vessel sta-
bility and maturation [31], we examined the perivascular
cell coverage on the tumors’ blood vessels by calculating
MPI. Surprisingly, we found that acetazolamide-treated
tumors had a significantly higher MPI than non-treated
tumors, which reached a comparable level to
bevacizumab-treated tumors (Fig. 6b). The observed de-
crease in tumor angiogenesis was also evident through
the pale coloration of the tumors in the bevacizumab-
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was collected for analysis by western blotting. All data presented as mean + SD, *P < 0.01, **P < 0.001, by two-tailed unpaired Student's

J

treatment group as compared to tumors in the control
and acetazolamide-treatment groups (Fig. 6¢). Further-
more, angiogenesis inhibition by bevacizumab led to a
significant decrease in tumor size, whereas in the
acetazolamide-treated group, the difference was not sig-
nificant (Fig. 6d). Compared with the control group,
lung metastasis was decreased in the treatment groups
(Fig. 6e).

Similar to other antiangiogenic drugs, bevacizumab re-
portedly induces tumor hypoxia [32] through a decrease
in blood vessel density, which can lead to epithelial-to-
mesenchymal transition [33], tumor aggressiveness, and
metastasis. We compared the tumors’ hypoxic area

among the three groups by staining Glutl. In
bevacizumab-treated tumors, the Glutl-positive area was
significantly higher than in the control group but com-
parable to acetazolamide-treated tumors (Fig. 6f). Col-
lectively, our findings show that CA inhibition by
acetazolamide favors tumor blood vessel maturation via
enhanced perivascular cell coverage and reduction in
lung metastasis, with a nonsignificant decrease in tumor
angiogenesis.

Discussion
TECs support tumoral growth, contributing to cancer pro-
gression, without succumbing to harsh microenvironmental
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conditions, such as low pH/acidity, and excessive lactate
released from tumor cells. We have demonstrated that
TECs are well equipped to proliferate and survive in either
lactic acidosis or nutrient-replete conditions, due to the up-
regulated expression of the pH regulator CAIl. Our data
shows that CAII expression in the tumor endothelium oc-
curs partially as a consequence of tumor-derived VEGF and
its signaling via VEGFR2. Additionally, CA inhibition exerts
significant positive effects on blood vessel maturity in vivo.

Recent studies have demonstrated that, apart from
tumor cells, cancer-associated fibroblasts undergo in-
creased aerobic glycolysis and lactate production [34].
Similarly, the TECs used in this study were found to
be highly glycolytic and to produce more lactate than
NECs. Our findings are consistent with those of pre-
vious reports, which described that TECs isolated
from B16-F10 melanoma and mouse ovarian epithelial
papillary serous adenocarcinoma tumors developed in
the liver were hyperglycolytic [14, 35]. Although in
those studies the analyzed TECs had non-tumor
NECs obtained from livers in the isolated TEC frac-
tion, as opposed to our TECs, which were isolated
from tumor tissue free from NEC contaminations,
their results and ours show that TECs have altered
their glucose metabolism.

Lactic acid sustains tumor cell survival under lactic
acidosis [36], and Xie et al. showed that lactic acidosis
supports the efficient use of glycolytic products to main-
tain 4 T1 proliferation [37]. In the present study, expos-
ure of TECs to lactic acid may have driven the use of
the glycolytic metabolite stores already present in TECs,
thereby sustaining their proliferation. On the other hand,
both the absence of abundant glycolytic metabolite
stores and the acidity effects on NECs may explain the
lack of significant increase in NEC numbers when ex-
posed to lactic acid. Additionally, TECs may potentially
possess the ability to use lactate as a metabolic substrate
to support anabolism in a low pH environment, given
their progressive growth with increasing concentrations
of lactic acid. However, further studies are required to
confirm this ability of TECs since this has not been pre-
viously observed in normal human ECs [20].

Vegran et al. demonstrated that siRNA silencing of
endothelial cell MCT1 greatly impeded tumor micro-
vascular network development in vivo [13]. This report
may partly explain the effect of MCT1 siRNA on TECs
observed in our study since TECs originated from tu-
mors and may, therefore, require MCT1 expression to
function well, which makes them more susceptible to
MCT1 inhibition.

MCT transport activity within cells is supported by the
CO, hydrating CAs through non-catalytic interactions.
The CAs function as proton antennae to facilitate the co-
transport of proton/monocarboxylate by MCTs [26, 27].
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In the present study, the upregulated expression of CAII
and CAIII may imply that these cytosolic enzymes are sig-
nificant for the function of TECs, unlike extracellular or
membrane-bound CAs. CAII expression in the endothe-
lium of our xenograft tumors and human renal cell carcin-
oma supports the upregulated expression of CAIl mRNA
and protein in the isolated TECs. Furthermore, the ex-
pression of CAII in tumor rather than normal blood ves-
sels, as analyzed by IHC [17], further supports the present
findings.

Among the CAs known to support MCT function, it
was recently shown by Ames et al. (2018) that interfer-
ing with the proteoglycan domain of CAIX reduced not
only proton-coupled lactate transport but also hypoxic
breast cancer cell proliferation and migration [27]. This
observation suggested that the contribution of CAIX to
MCT activity subsequently affected cell survival. In the
present study, CAII inhibition by siRNA led to a similar
phenotypic outcome in TECs, regardless of the meta-
bolic substrate or acidity. The inhibitory effects of CAIL
knockdown on TEC proliferation indicate that CAII is
essential for TEC proangiogenic functions, such as pro-
liferation. Moreover, identification of the CAIIl subunit
responsible for regulating endothelial cell proliferation
will shed light on its role in angiogenesis.

MCT and CA inhibition strategies have individually
yielded promising results in cancer treatment [38, 39].
Although in the present study we did not inhibit MCT1
in vivo, targeting MCT1 and CAII together may syner-
gistically increase the therapeutic benefits of their inhibi-
tors through decreasing cancer cell proliferation and
inhibiting tumor angiogenesis, which supports tumor
growth and metastasis.

Apart from CAII and MCT interactions, CAII can also
enhance the proton extrusion activity of other pH regu-
lating proteins, such as NHE1 [40]. CAII was postulated
to be involved in endothelial cell proliferation via its pH
regulatory role in proliferating and differentiating endo-
thelial cells in the microvessels of the developing human
brain [41]. Similarly, CAII may perform a pH regulatory
role in lactic acidosis, by activating NHE1 to increase H*
extrusion.

Furthermore, CAIl may contribute to cellular me-
tabolism by working together with mitochondrial and
extracellular CAs to produce HCO;™ required for bio-
synthetic pathways such as gluconeogenesis or lipo-
genesis [42]. Wei et al. showed that lactate induces
the expression of the gluconeogenesis enzyme phos-
phoenolpyruvate carboxykinase in THP-1 monocytes
to produce glucose which enhanced tumor growth
[43]; similarly the higher levels of lactate that TECs
are exposed to in the tumor microenvironment, and
the scarcity of glucose intratumorally, could lead to
such changes in TECs. A report indicating that co-
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culturing lymphatic endothelial cells with breast can-
cer cell lines enriched the gluconeogenesis pathway in
the co-cultured endothelial cells as compared to the
controls, further supports this suggestion [44]. Add-
itionally, in both NECs and TECs, HCO3;~ will com-
bine with acetyl-CoA in the carboxylation reaction
catalyzed by acetyl CoA carboxylase to form malonyl
Co-A, as the initial step of lipogenesis. EC lipogenesis
is necessary for EC migration and filopodia formation
[45] and in TECs may enhance tumor angiogenesis.
However, more studies are required to prove the con-
tribution of CAII to these biosynthetic processes in
the ECs.

To the best of our knowledge, no previous reports
have investigated the role of VEGF/VEGFR?2 signaling in
CAII expression or function. However, using bevacizu-
mab and VEGFR2 kinase inhibitor, we have demon-
strated that VEGF and its activation via VEGFR2 are
essential for CAII expression in endothelial cells. A pre-
vious study showed that CAIl mRNA expression in
HUVECs was upregulated by acidity and hypoxia [17].
Even though the mechanism was not elucidated, VEGF
may be involved since both acidity [46, 47] and hypoxia
[48] induce VEGF production. Collectively, we can sug-
gest that various tumor microenvironmental conditions,
including VEGF, may contribute to CAII induction in
TECs, and this will make TECs well equipped for the
harsh conditions in the tumor microenvironment.

Current targets of tumor angiogenesis have not suc-
cessfully eliminated cancer or effectively decreased
angiogenesis due to various mechanisms of acquired
resistance or side effects caused by nonspecific effects
on NECs [49, 50]. Developing novel drugs is, there-
fore required. In the present study, although in vivo
treatment with acetazolamide showed an antimeta-
static effect, its antiangiogenic effect was not signifi-
cant. Considering these results and as previously
observed for adenocarcinoma tumors [23], acetazol-
amide alone is not enough for use as an antiangio-
genic drug to a similar extent as bevacizumab.
However, it can be used in combination with conven-
tional antiangiogenic drugs to improve antiangiogenic
therapy by enhancing the normalization of tumor
blood vessels through improved pericyte coverage.
Perivascular cells, such as pericytes, support the es-
tablishment of matured blood vessels by physically
nteracting with the newly formed tumor vessels or by
secreting growth factors to support the ECs [51, 52].
Upon pericyte attachment, blood vessels become more
mature and stabilized. The vessel maturation may fur-
ther prevent the invasion of tumor cells into the
blood vessels and subsequent escape through the vas-
culature to metastatic organs [53] or even improve
drug delivery to the tumor cells [54].
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Conclusion

We have shown that TEC proliferation is not inhibited
by tumor metabolic end-products like lactic acid due to
the expression of CAII in TEC, unlike normal endothe-
lial cells. Furthermore, VEGF/VEGFR2 signaling path-
way is involved in the upregulation of CAII in TECs.
Therefore, pH regulators like CAII may be good thera-
peutic targets to enhance the efficacy of antiangiogenic
drugs that target VEGF or its receptor.
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