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LAT1 expression in colorectal
cancer cells is unresponsive
to HIF-1/2a accumulation
under experimental hypoxia

Ryuichi Ohgaki%?*, Yuma Hirase, Minhui Xu?, Hiroki Okanishi® & Yoshikatsu Kanai®%3*

L-type amino acid transporter 1 (LAT1) is upregulated in various cancer types and contributes to
disease progression. Previous studies have demonstrated or suggested that hypoxia-inducible factors
(HIFs), the key transcription factors in hypoxic responses, control the expression of LAT1 gene in
several types of cancer cells. However, this regulatory relationship has not been investigated yet

in colorectal cancer (CRC), one of the cancer types in which the increased LAT1 expression holds
prognostic significance. In this study, we found that neither LAT1 mRNA nor protein is induced

under hypoxic condition (1% O,) in CRC HT-29 cells in vitro, regardless of the prominent HIF-1/2«
accumulation and HIFs-dependent upregulation of glucose transporter 1. The hypoxic treatment
generally did not increase either the mRNA or protein expression of LAT1 in eight CRC cell lines tested,
in contrast to the pronounced upregulation by amino acid restriction. Interestingly, knockdown

of von Hippel-Lindau ubiquitin ligase to inhibit the proteasomal degradation of HIFs caused an
accumulation of HIF-2a and increased the LAT1 expression in certain CRC cell lines. This study
contributes to delineating the molecular mechanisms responsible for the pathological expression of
LAT1 in CRC cells, emphasizing the ambiguity of HIFs-dependent transcriptional upregulation of LAT1
across cancer cells.

Keywords Hypoxia, Colorectal cancer, Amino acid transporter, LAT1, Hypoxia-inducible factor,
Transcriptional regulation

Due to increased metabolic demand for oxygen and typically disorganized intratumoral vascularization, solid
tumors often develop hypoxic subregions, where the oxygen tension falls below physiological levels'?. Adaptation
to poorly oxygenized environments manifests malignant features of cancers that lead to poor clinical outcomes,
including metastasis, chemo/radio-resistance, and immune evasion®=°. Master regulators of cellular responses to
the decreased oxygen availability are hypoxia-inducible factors (HIFs). HIFs function as heterodimeric transcrip-
tion factors of an a-subunit (HIF-1a, HIF-2a, or HIF-3a) and a common {-subunit (HIF-1f), namely HIF-1,
HIF-2, or HIF-3%°. Among the three a-subunits, HIF-1a and -2a play predominant and partly redundant roles
in determining transcriptional responses to hypoxia. HIF-3a lacks the transactivation domain and is supposed
to mainly function as a competitive negative regulator of HIF-1/2-dependent gene expression''%. HIFs in can-
cer cells coordinate the expression of hundreds to thousands of target genes involved in angiogenesis, glucose
metabolism, redox homeostasis, cancer stemness, and so on>~.

L-type amino acid transporter 1 (LAT1; SLC7A5)" that preferentially uptakes extracellular large neutral
amino acids, including most of the essential amino acids'>', is overexpressed in a wide variety of cancers'>'S.
Amino acids transported by LAT1 are used as substrates for biosynthetic and bioenergetic reactions to support
the rapid proliferation and growth of cancer cells. Moreover, one of the LAT1 substrates, leucine, activates the
mechanistic target of rapamycin complex 1 (mTORC1), a nutrient-sensing kinase complex that plays pivotal roles
in the regulation of cellular metabolism and is often aberrantly activated in cancers'”'8. High LAT1 expression
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correlates with poor prognosis of multiple cancer types, indicating its pathological functions in disease pro-
gression and malignancy'>!*?°. LAT1 thus has been recognized as an attractive molecular target for cancer
therapeutics and diagnostics'®. Anti-cancer effects of LAT1 inhibition have been proven well in various studies,
especially with a LAT1-selective inhibitor, nanvuranlat (JPH203 or KYT-0353)'>?!. The first randomized phase
II clinical trial of nanvuranlat monotherapy was recently performed against pretreated, advanced, and refractory
biliary tract cancers and resulted in a significantly improved progression-free survival of patients, supporting
the rationale of targeting LAT1 for cancer therapy?’. However, our understanding of the molecular mechanisms
responsible for the pathological upregulation of LAT1 in cancer cells is still limited.

Previous studies have demonstrated or suggested links between HIFs and the LAT1 expression in cancer.
Hypoxic treatment increases the amount of LAT1 mRNA in vitro in differentiated murine neuroblastoma Neu-
ro2A cells via a HIF-2a-dependent manner®. In glioblastoma cell lines and primary glioblastoma multiforme
cells, HIF-1/2a enhance the LAT1 expression under hypoxia both at mRNA and protein levels?. LAT1 mRNA
expression is also reported to elevate under hypoxic conditions in multiple breast cancer cell lines, even though
the contributions of HIFs have not been clarified®. Besides hypoxia, other experimental or genetic conditions
that cause the accumulation of HIFs also promote the LAT1 expression. Acidosis induces the expression of LAT1
mRNA and protein in cervical carcinoma SiHa cells via a HIF-2a-dependent manner®. Direct transcriptional
regulation of the LAT1 gene expression by HIF-2 was reported in von Hippel-Lindau (VHL) ubiquitin ligase-
deficient clear cell renal cell carcinoma (ccRCC) 786-0 cells, in which HIF-2a accumulates due to the lack of
its VHL-dependent proteasomal degradation?. In the same study, authors have demonstrated by chromatin
immunoprecipitation that HIF-2a binds to the proximal promoter region of the LAT1 gene that contains two
potential HIF-binding motifs”’. An immunohistochemical study on malignant pleural mesothelioma showed
that the abundance of LAT1 significantly correlates with that of HIF-1a, as well as with multiple proteins encoded
by HIFs target genes, including glucose transporters GLUT1 (SLC2A1) and GLUT3 (SLC2A3), hexokinase 1,
and vascular endothelial growth factor?®. Moreover, HIF-1a and/or -2a also positively regulate the expression of
several other amino acid transporters®?*-3!, implying that they play fundamental roles in controlling amino
acid utilization of cancer cells in response to hypoxia.

These observations raise a tempting hypothesis that the accumulation of HIFs induced by intratumoral
hypoxia generally contributes to the pathological upregulation of LAT1 across various types of cancer cells.
Colorectal cancer (CRC) is one of the cancer types, in which the pathological importance of LAT1 expression
has been recognized. A previous study reported that the high LAT1 protein expression correlates with tumor
cell proliferation, aggressiveness, metastasis, and poor prognosis of patients in CRC*. Prognostic significance of
LAT1 protein expression was also shown in sporadic CRC patients®* and CRC patients treated with oxaliplatin-
based adjuvant chemotherapy*. Notably, analyses of the Cancer Genome Atlas (TCGA) and the Clinical Pro-
teomic Tumor Analysis Consortium (CPTAC) cohorts show significantly higher expressions of LAT1 mRNA
and protein in colon adenocarcinoma tumor tissues than normal tissues, suggesting that dysregulation at the
transcriptional level is at least partly involved in the elevated expression of LAT1 (Supplementary Fig. S1). In
the present study, we assessed the possibility of the HIF-1/2 -dependent regulation of the LAT1 gene expression
in CRC cells under hypoxia.

Results

VHL knockdown induces accumulation of HIF-2a and LATa expression in specific CRC cell lines
In normoxic conditions, HIF-a subunits accept oxygen-dependent hydroxylation at two proline residues by
prolyl hydroxylase domain-containing proteins (PHDs). This hydroxylation recruits VHL ubiquitin ligase for
poly-ubiquitination and subsequent proteasomal degradation of HIF-a subunits®**. In contrast, under hypoxia,
non-hydroxylated HIF-a subunits are stabilized, translocated to the nucleus, and assembled with HIF-1f to
drive the expression of various target genes. The direct regulation of LAT1 transcription by HIFs has been most
extensively demonstrated in ccRCC 786-O cells, in which the mutagenic inactivation of VHL genes causes the
HIF-2a accumulation®”. As the VHL deficiency is not common in CRC cell lines, we first examined whether
the siRNA-mediated knockdown of VHL increases HIF-1a and/or -2a, resulting in the subsequent expres-
sion of LAT1. Transfection of siRNA reduced the expression of VHL mRNA by ~50-65% in HCT116, SW480,
COLO205, and HT-29 cells (Fig. 1a). Analysis by western blotting revealed that the VHL knockdown did not
affect the amount of HIF-1a in any of the tested cell lines (Fig. 1b). HIF-1a was detected in two bands between
100 and 150 KDa. The upper stronger and lower weaker bands most likely represent phosphorylated and non-
phosphorylated forms of HIF-1a, respectively®’. Interestingly, HIF-2a was modestly increased in VHL-reduced
HCT116 and HT-29 cells, whereas not in SW480 and COLO205 cells. The expression of LAT1 mRNA was also
elevated selectively in HCT116 (2.0-fold) and HT-29 cells (1.6-fold) by VHL knockdown, in contrast to a trend
of slight decrease in SW480 (1.1-fold) and COLO205 cells (1.2-fold) (Fig. 1c). The mRNA expression of GLUT1,
a well-established HIFs target®>~, exhibited similar tendencies of an increase in HCT116 (1.4-fold) and HT-29
cells (1.3-fold) and a decrease in SW480 (1.2-fold) and COLO205 cells (1.1-fold) by VHL knockdown. Consist-
ently, the LAT1 and GLUT1 proteins were selectively increased in VHL-reduced HCT116 and HT-29 cells, but
not in SW480 and COLO205 cells (Fig. 1b). The smear bands of GLUT1 at ~40-70 KDa probably represent the
heterogenous modification by N-glycosylation®.

We then investigated whether the upregulation of LAT1 and GLUT1 under the VHL-reduced condition is
dependent on HIF-2, by simultaneously knocking down VHL and HIF-2a in HT-29 cells (Fig. 1d). Under this
experimental condition, the VHL knockdown efficiency at mRNA level was lower (reduction by 40.2 + 11.2%,
data not shown) compared to that was observed by single knockdown experiments in Fig. 1a-c (reduction by
65.0+10.3%), presumably because the reduced concentration of VHL-targeted siRNA from 60 to 30 nM for
double knockdown. Still, the suppression of VHL caused an increase in the mRNA expression of LAT1 (1.4-fold)
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Fig. 1. Effects of VHL knockdown on the accumulation of HIFs and LAT1 expression in CRC cell lines. (a)
Cells transfected with siRNA targeting VHL (siVHL) were cultured for 48 h and analyzed for VHL expression
by quantitative real-time PCR. Knockdown efficiency was evaluated compared to cells transfected with negative
control siRNA (siNC). (b, ¢) Cells treated as in (a) were analyzed by western blotting for HIF-1a, HIF-2a, LAT1,
GLUT1, and B-actin (loading control) (b) or quantitative real-time PCR for LAT1 and GLUT1 (c). Bar graphs
in (b) show densitometric quantification of the detected bands. Y-axis in (c) represents the log2FC (siVHL/
siNC) values of mRNA expression. Data are shown as mean + SEM from three independent experiments (n=3).
*p<0.05, **p<0.01, unlabeled: not significant (p>0.05) (one-sample -test versus hypothetical mean of 1 of each
gene in control sample of each cell line treated with siNC). (d) Cells knocked down for VHL alone (siVHL) or
with HIF-2a (siVHL/siHIF-2a) were cultured for 48 h and analyzed by quantitative real-time PCR for LAT1 and
GLUT1. Data are shown as mean + SEM from six independent experiments (n=6). *p <0.05, ns not significant
(p>0.05) (one-way ANOVA followed by Holm-Sidak’s multiple comparison test).

and GLUT]1 (1.2-fold). Co-transfection of HIF-2a-targeted siRNA reverted the upregulation of LAT1 expression.
A similar tendency was also observed with the expression of GLUT1 mRNA, although statistical significance
was not reached. These results indicate that the VHL knockdown causes a HIF-2-dependent upregulation of
LAT1 in certain CRC cell lines, partially mimicking their regulatory relationships previously reported in VHL-
deficient ccRCC cells?.

Accumulation of HIF-1/2a under hypoxia does not induce LAT1 expression in HT-29 cells

We next examined the possibility of HIFs-dependent regulation of LAT1 expression under actual hypoxic culture
conditions in HT-29 cells. The median tumor oxygen tensions in many cancer types are reported to be generally
1-2%. Even though the data on direct oxygen measurement in CRC are limited, a previous study using polaro-
graphic needle electrodes showed the median oxygen tension in 15 rectal cancer patients to be 2.5%*°. Also, an
immunohistochemical study using a hypoxia probe pimonidazole and a PET imaging study have suggested that
CRC develops intertumoral hypoxia at a comparable level with other cancer types*"*2. We therefore adopted 1%
O, for the hypoxic condition in the present study, which has been commonly used in in vitro studies of cancer
hypoxia. As shown in Fig. 2a, treatment of HT-29 cells with hypoxia caused a pronounced accumulation of HIF-
1/2a. During 48 h of the hypoxic treatment, HIF-1a became most abundant at 12 h, followed by a considerable
decrease between 24 and 48 h. HIF-2a showed a gradual increase to the highest accumulation at 24 h, followed
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Fig. 2. Effects of hypoxic treatment on the accumulation of HIFs and LAT1 expression in HT-29 cells. (a)
Cells incubated with normoxic 21% O, ((-) Hypoxia) or hypoxic 1% O, ((+) Hypoxia) for 0, 12, 24 and 48 h
were analyzed by western blotting for HIF-1a, HIF-2a, LAT1, GLUT1, and ATF4. Cells treated with 100 uM
CoCl, ((+) CoCl,) were analyzed for comparison. (b,c) Cells transfected with siRNA for HIF-1a (siHIF-1a)

or HIF-2a (siHIF-2a), or both (siHIF-1a/2a), were treated with hypoxia for 12 h, and analyzed by western
blotting for HIF-1a and HIF-2a (b) or quantitative real-time PCR for LAT1 and GLUT]1 (c). Data are presented
in (c) as mean + SEM from four independent experiments (n=4). **p <0.01, ****p <0.0001, #s not significant
(p>0.05) (two-way ANOVA followed by Tukey’s multiple comparison test). (d) siRNA-transfected cells treated
with hypoxia for 24 h were analyzed by western blotting for LAT1 and GLUT1. Cells transfected with negative
control siRNA (siNC) treated with normoxia (—) or hypoxia (+) were used as control samples in (c,d). B-actin
was detected as a reference for equal protein loading in (a,b,d). Bar graphs in (a,b,d) show densitometric
quantification of the detected bands.

by a moderate reduction at 48 h. The amount of GLUT1 protein was also drastically increased during the 48 h of
incubation with 1% O,. In contrast, LAT1 protein was not obviously increased by the hypoxic treatment (Fig. 2a).
We also tested the effects of a chemical hypoxia-mimicking agent CoCl,, which suppresses the VHL-dependent
proteasomal degradation of HIF-a subunits by inhibiting PHDs****. Although less pronounced than actual
hypoxia, the treatment with 100 uM CoCl, also induced a transient increase in the protein amount of HIFs and
GLUT1, but not of LAT1, in HT-29 cells (Fig. 2a).

Interestingly, LAT1 protein became even more abundant in untreated control and CoCl,-treated cells than in
hypoxia-treated cells at 48 h. Activating transcription factor 4 (ATF4), a stress-induced transcription factor, is
known to regulate the expression of several amino acid biosynthetic enzymes and transporters, including LAT1,
in response to amino acid deficiency**. During a long-time culture under the conditions that allow active pro-
liferation of cells, a substantial amount of amino acids in the medium would be consumed and might promote
ATF4-dependent LAT1 expression. As shown in Supplementary Fig. S2a, hypoxia clearly inhibited the prolifera-
tion of HT-29 cells compared to the normoxia and CoCl, treatment. In other CRC cell lines, HCT116, SW480,
and COLO205 cells, the proliferation was also suppressed by hypoxia and, unlike HT-29 cells, by CoCl, treat-
ment as well. Consistently, we detected an increase in the amount of ATF4 and LAT1 protein in normoxia- and
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CoCl,-treated HT-29 cells (Fig. 2a) as well as in normoxia-treated HCT116, SW480, and COLO205 cells at 48 h
compared to at 0 h (Supplementary Fig. S2b). The increase of both LAT1 and ATF4 in the normoxia-treated
CRC cells was suppressed by replenishing the culture medium at 24 h, suggesting that the limited amino acid
availability causes the induction of LAT1 expression via ATF4 under the experimental conditions (Supplemen-
tary Fig. S2b). It is also noteworthy that we made an apparently contradictory observation that the hypoxia
even induced a more prompt and pronounced accumulation of ATF4 than normoxia and CoCl, treatment in
HT-29 cells (Fig. 2a). This increase in ATF4, however, is thought not to be attributed to an amino acid deficiency,
considering the attenuated proliferation of HT-29 cells under hypoxia (Supplementary Fig. S2a). Consistently, the
upregulation of ATF4 in HT-29 cells under hypoxia was not suppressed by replenishing the culture medium at
24 h (Supplementary Fig. S2b). These results suggest a possibility that hypoxia perturbates the ATF4-dependent
transcription of LAT1, as discussed later.

We then knocked down HIF-1a and/or -2a to confirm the transcriptional response mediated by their accumu-
lation under hypoxia (Fig. 2b). As shown in Fig. 2¢, in the cells transfected with negative control siRNA (siNC),
the 12 h of hypoxic treatment resulted in a 5.5-fold increase of GLUT1 mRNA. Individual knockdown of HIF-1a
and -2a did not significantly reduce the amount of GLUT1 mRNA in hypoxia-treated cells, although there tends
to be a slight decrease by suppressing HIF-1a. However, simultaneous knockdown of HIFs significantly reverted
the hypoxia-dependent upregulation of GLUT1 mRNA expression. Consistently, the GLUT1 protein was mark-
edly increased by the 24 h of hypoxic treatment and was suppressed by the double knockdown of HIFs (Fig. 2d).
These results indicate the redundant function of HIF-1a and -2a in the regulation of GLUT1 gene expression
under hypoxia. Evidently, however, exposure of HT-29 cells to 1% O, did not alter the expression of LAT1 either
at mRNA or protein levels under the tested conditions (Fig. 2c and d), indicating that the accumulation of HIF-1a
and -2a under hypoxia does not promote the upregulation of LAT1.

Accumulation of HIF-1/2a under hypoxia does not induce LAT1 expression in multiple CRC
cells

We further examined the effects of hypoxia-induced accumulation of HIFs on the expression of LAT1 in seven
more CRC cell lines (HCT116, LoVo, DLD-1, SW480, COLO205, WiDr, and SW620 cells). As the accumulation
of HIF-1/2a under hypoxia was confirmed to be transient in HT-29 cells and the LAT1 expression exhibited
an increase under the normoxic conditions in multiple cells after 48 h of culture (Fig. 2a and Supplementary
Fig. S2b), we adopted the hypoxic treatment of 24 h to reveal general trends in multiple cell lines in all the fol-
lowing assays.

The CRC cell lines exhibited a considerable variation in the abundance of HIF-1a and -2a under normoxic
conditions (Fig. 3a). Treatment with 1% O, for 24 h generally increased the amounts of HIFs in all the cell lines.
This accumulation of HIFs was accompanied by an apparent increase of GLUT1 mRNA in HCT116 (2.6-fold),
LoVo (2.2-fold), DLD-1 (2.2-fold), COLO205 (5.1-fold), HT-29 (5.3-fold), and WiDr cells (7.5-fold), with statis-
tical significance except in LoVo cells (Fig. 3b). GLUT1 mRNA was also slightly increased in SW480 (1.3-fold)
and SW620 cells (1.2-fold). Consistently, the hypoxic treatment increased the amount of GLUT1 protein in all
the tested cell lines (Fig. 3a). In contrast, LAT1 mRNA was even decreased with statistical significance markedly
in SW480 (3.4-fold), COLO205 (5.3-fold), and SW620 cells (3.2-fold), and slightly in HCT116 cells (1.3-fold)
(Fig. 3b). The expression of LAT1 mRNA also tended to slightly decrease in LoVo (1.3-fold) and HT-29 cells
(1.2-fold). No apparent change in the abundance of LAT1 mRNA was observed in DLD-1 cells. A slight but
insignificant increase of LAT1 mRNA (1.5-fold) was detected only in WiDr cells. As shown in Fig. 3a, LAT1
protein expression was not upregulated by the low oxygen tension in any of the tested CRC cell lines. Rather,
there was a noticeable decrease of LAT1 protein in hypoxia-treated COLO205 cells. These results indicate that the
hypoxia-dependent accumulation of HIF-1a and -2a generally does not induce the LAT1 expression in CRC cells.

As demonstrated in HT-29 cells (Fig. 2a), we found that the amount of ATF4 was also substantially increased
by hypoxia in LoVo and WiDr cells, in spite of the mostly unaltered LAT1 expression at both mRNA and protein
levels in these cell lines (Fig. 3a and b). Hypoxia did not apparently alter the amount of ATF4 in HCT116 and
DLD-1 cells, or even decreased ATF4 in SW480, COLO205, and SW620 cells, demonstrating that the effects of
hypoxia on the ATF4 expression are considerably different between cell lines.

Amino acid restriction does not confer hypoxia-dependence to the LAT1 expression in CRC
cells

The HIF-2-dependent transcriptional activation of LAT1 previously reported in VHL-deficient ccRCC cells was
solely investigated in a low amino acid culture medium (RPMI-1640 medium with 5% of the standard amino acid
concentration) with a specific aim to conduct experiments under the conditions where the mMTORC1-dependent
contributions of LAT1 to the cell proliferation are apparent®’. We therefore tested the possibility that the limited
amino acid availability confers the hypoxia-dependence to the LAT1 expression in CRC cell lines. Incubation
with the low amino acid medium for 24 h under normoxia did not induce the accumulation of HIFs in CRC
cells (Fig. 4a). HIF-1a and -2a even tended to decrease in multiple cell lines, such as HIF-1a in HCT116, LoVo,
DLD-1, SW480, COLO205, and HT-29 cells and HIF-2a in HCT116, LoVo, DLD-1, SW480, COLO205, HT-29,
and SW620 cells. In contrast, LAT1 mRNA was significantly increased in HCT116 (3.9-fold), SW480 (5.4-fold),
HT-29 (2.2-fold), WiDr (4.1-fold), and SW620 cells (3.7-fold) (Fig. 4b). A slight and not significant increase
was also observed in DLD-1 (1.3-fold) and COLO205 cells (1.4-fold). Only in LoVo cells, no apparent change
was detected in the amount of LAT1 mRNA. LAT1 protein was consistently generally increased in the CRC cell
lines by the amino acid restriction, except in LoVo cells (Fig. 4a). We confirmed an increase in the ATF4 pro-
tein in all cell lines incubated with the low amino acid medium, implying its contribution to upregulating the
LAT1 expression (Fig. 4a). The expression of GLUT1 was less responsive to the limited amino acid availability
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Fig. 3. Effects of hypoxic treatment on the accumulation of HIFs and LAT1 expression in CRC cell lines. (a,b)
Cells incubated with normoxic 21% O, (—) or hypoxic 1% O, (+) for 24 h were analyzed by western blotting for
HIF-1a, HIF-2a, LAT1, GLUT1, and ATF4 (a) or quantitative real-time PCR for LAT1 and GLUT1 (b). -actin
was detected as a reference for equal protein loading in (a). Bar graphs in (a) show densitometric quantification
of the detected bands. Y-axis in (b) represents the log2FC (hypoxia/normoxia) values of mRNA expression.
Data are shown as mean + SEM from three independent experiments (n=3). *p <0.05, **p <0.01, ***p <0.001,
unlabeled: not significant (p>0.05) (one-sample t-test versus hypothetical mean of 1 of each gene in control
sample of each cell line treated with normoxia).

compared to hypoxia. GLUT1 mRNA was significantly increased only in SW480 (2.2-fold) and COLO205 cells
(1.4-fold), while tended to slightly increase in HT-29 (1.2-fold), WiDr (1.6-fold), and SW620 cells (1.4-fold)
(Fig. 4b). A slight but insignificant decrease of GLUT1 mRNA was detected in HCT116 (1.1-fold), LoVo (1.1-
fold), and DLD-1 cells (1.3-fold). At the protein level, GLUT1 was decreased in HCT116, DLD-1, and SW480
cells, whereas increased in LoVo cells (Fig. 4a).

We then tested the effects of hypoxia under amino acid restriction (Fig. 5). Even in this experimental condi-
tion, HIF-1a and -2a showed an accumulation by the treatment with 1% O, in all cell lines (Fig. 5a). GLUT1
mRNA was generally increased by hypoxia except in SW620 cells, with statistical significance in HCT116 (2.6-
fold), DLD-1 (2.1-fold), COLO205 (7.2-fold), and WiDr (5.2-fold) cells. A tendency of increase was also observed
in LoVo (1.8-fold), SW480 (1.1-fold), and HT-29 (2.5-fold) cells (Fig. 5b). GLUT1 was also increased at the
protein level in all the tested cell lines (Fig. 5a). In contrast, however, the hypoxic treatment in the low amino
acid medium even generally reduced LAT1 mRNA. The decrease was significant in LoVo (1.6-fold), DLD-1 (1.4-
fold), SW480 (2.8-fold), and SW620 (4.5-fold) cells, while not in HCT116 (2.5-fold), COLO205 (2.5-fold), HT-29
(2.0-fold), and WiDr (1.1-fold) cells (Fig. 5b). A decrease of LAT1 protein was observed in SW480, COLO205,
HT-29, and SW620 cells (Fig. 5a). These results indicate that, even under the amino acid restriction, the hypoxia-
dependent accumulation of HIF-1a and -2a does not induce the LAT1 expression in CRC cells.

Discussion

Elucidating molecular mechanisms responsible for the elevated LAT1 expression in cancer cells will improve
our understanding of the disease pathology. It may pave the way to propose more effective diagnostic and thera-
peutic strategies. Although previous studies have reported the HIF-1/2-dependent transcriptional upregulation
of LAT1 in several types of cancer cells*>?**>%, it has not been investigated yet in CRC cells. The present study
explored the relationships between the LAT1 expression and hypoxia-dependent accumulation of HIFs in CRC
cells in vitro. As a technical limitation in analyzing multiple CRC cell lines, we collected data from a single
time point of hypoxic treatment (24 h) with a single oxygen tension (1% O,). Therefore, we do not exclude the
possibility that the results would be different under distinct hypoxic treatments (e.g., longer-term hypoxia or
lower oxygen tension). Nevertheless, the LAT1 expression was not significantly upregulated in response to the
accumulation of HIF-1/2a under hypoxia in all tested eight CRC cell lines, strongly suggesting that the observed
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Fig. 4. Effects of amino acid restriction on the accumulation of HIFs and LAT1 expression in CRC cell lines.
(a,b) Cells incubated with low amino acid RPMI-1640 medium (+) or normal RPMI-1640 medium (-) for

24 h were analyzed by western blotting for HIF-1a, HIF-2a, LAT1, GLUT1, and ATF4 (a) or quantitative real-
time PCR for LAT1 and GLUT1 (b). B-actin was detected as a reference for equal protein loading in (a). Bar
graphs in (a) show densitometric quantification of the detected bands. Y-axis in (b) represents the log2FC (low
amino acid medium/normal medium) values of mRNA expression. Data are shown as mean + SEM from three
independent experiments (1 =3). *p <0.05, **p <0.01, unlabeled: not significant (p>0.05) (one-sample t-test
versus hypothetical mean of 1 of each gene in control sample of each cell line incubated with normal RPMI-
1640 medium).

HIFs independence of LAT1 expression represents the general properties of CRC cells. It is also noteworthy that
the transcriptional response of LAT1 expression to hypoxia was evidently different from that of a well-established
HIFs target, GLUT1.

In contrast to the low oxygen tension, amino acid availability influenced the LAT1 expression in our experi-
mental settings. Amino acid restriction (5% of the normal condition) significantly increased the expression of
LAT1 in CRC cells with a concomitant increase of ATF4, a well-known regulator of amino acid metabolism
(Fig. 4). Our data suggested that such amino acid dependence of the LAT1 expression accounts for its increase
observed in HT-29 cells exposed to normoxia or CoCl, for 48 h (Fig. 2a and Supplementary Fig. S2). Moreover,
we obtained data indicating a complex relationship between hypoxia and ATF4 in the transcriptional regulation
of LAT1. Amino acid restriction and hypoxia have been reported to induce ATF4 by the phosphorylation of
translation initiation factor eIF2q, albeit mainly via distinct upstream Ser/Thr kinases. Amino acid starvation
activates an elF2a kinase GCN2 (general control nonderepressible 2) by increasing uncharged tRNAs*®, whereas
hypoxia activates another eIF2a kinase PERK (PKR-like ER kinase) through an ER stress-induced unfolded
protein response?’. Even though hypoxia significantly induced ATF4 in HT-29, WiDr, and LoVo cells, the LAT1
expression was not upregulated (Fig. 2a and Fig. 3). These results suggest that hypoxia may interfere with the
transcriptional function of ATF4 on LAT1, although it is unclear at present whether HIFs are directly involved in
this phenomenon or not. It is also of note that hypoxia did not apparently alter the amount of ATF4 in HCT116
and DLD-1 cells, or even decreased ATF4 in SW480, COLO205, and SW620 cells, demonstrating that there are
considerable variations between CRC cell lines in the influence of hypoxia on the ATF4 expression.

Pivotal roles of HIFs in the metabolic reprogramming of glycolysis in cancer cells, known as the Warburg
effects, have been of great medical and biological interest’. Likewise, although much less is known, an analogous
HIFs-mediated reprogramming may also exist for amino acid metabolism. Several studies have reported that
HIF-1a and/or -2a regulate the expression of multiple amino acid transporters such as glutamate/aspartate
transporters EAAT1 (SLC1A3) and EAAT3 (SLC1A1) in hepatocellular carcinoma cells?, ASCT2 (SLC1A5) in
cervix and pancreatic cancer cells*>*!, and a cystine/glutamic acid transporter xCT (SLC7A11) in breast cancer
cells®®. Notably, a study in breast cancer cells showed a hypoxia-dependent upregulation of EAAT3 and neutral
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Fig. 5. Effects of hypoxic treatment under amino acid restriction on the accumulation of HIFs and LAT1
expression in CRC cell lines. (a,b) Cells cultured in low amino acid RPMI-1640 medium were incubated with
normoxic 21% O, (—) or hypoxic 1% O, (+) for 24 h and analyzed by western blotting for HIF-1a, HIF-2a,
LAT1, and GLUT1 (a) or quantitative real-time PCR for LAT1 and GLUT1 (b). f-actin was detected as a
reference for equal protein loading in (a). Bar graphs in (a) show densitometric quantification of the detected
bands. Y-axis in (b) represents the log2FC (hypoxia/normoxia) values of mRNA expression. Data are shown
as mean + SEM from three independent experiments (n=3). *p <0.05, **p <0.01, unlabeled: not significant
(p>0.05) (one-sample t-test versus hypothetical mean of 1 of each gene in control sample of each cell line
treated with normoxia).

amino acid transporter SNAT2 (SLC38A2), in addition to LAT1?. The authors have pointed out that amino
acids transported by the three upregulated transporters can potentially provide all the amino acid precursors
for TCA cycle metabolites, i.e., glutamate and aspartate by EAAT3, gluconeogenic amino acids by SNAT2, and
ketogenic amino acids by LAT1. Moreover, HIF-1a and/or HIF-2a control the expression of several amino acid
metabolizing enzymes such as a glutaminase GLS1, which promotes glutaminolysis by converting glutamine
to glutamate, and a glutamate-cysteine ligase regulatory subunit GCLM, which contributes to oxidative stress
resistance through the production of glutathione from glutamate?**%45,

These previous findings led us to propose the HIFs-mediated upregulation of LAT1 as a part of the generally
reprogrammed amino acid utilization in cancer cells under hypoxia. However, our findings in CRC cells were
not in line with this possibility, where the expression of LAT1 was not upregulated by hypoxia in a clear contrast
to GLUT1. The molecular mechanisms underlying the unresponsiveness of LAT1 to hypoxia in CRC cells are
currently unclear. The colon is physiologically highly hypoxic, with the oxygen tensions of ~2% and ~0.4% in
the lumen of ascending and sigmoid colon of mice, respectively®. Accordingly, immunohistochemistry with
hypoxia probes visualized the hypoxia in normal murine colon epithelium®*!. A previous clinicopathological
study on colorectal cancer, however, did not detect the LAT1 expression in normal colonic epithelium, suggesting
that hypoxia alone does not trigger the LAT1 expression in physiological conditions®. CRC cells derived from
adenocarcinoma used in this study might retain such characteristics of the normal colorectal epithelial cells.
A possibility worth assessing in future studies is the contribution of methylation because the LAT1 promoter
region has been reported to be methylated®>>’. We analyzed the methylation of LAT1 promoter region (within
1 kb upstream of transcription start site) in CCLE (Cancer Cell Line Encyclopedia) cell lines and revealed that
CRC cell lines (shown as “Bowel” cancer cell lines) exhibit the lowest methylation level among cell lines derived
from 23 cancer types and non-cancerous fibroblastic cell lines (Supplementary Fig. S3). “Breast” and “CNS/Brain”
cancer cell lines, including those reported to exhibit the hypoxia-dependent upregulation of LAT1 previously**?°,
tended to show even higher methylation levels of the LAT1 promoter region compared to the CRC cell lines
tested in this study. We therefore currently speculate that the involvement of other mechanisms is more likely,
although the methylation status of LAT1 promoter may be distinct under normoxic and hypoxic conditions.

Unresponsiveness of the LAT1 expression to hypoxia in CRC cells we found in this study was somewhat
unexpected, especially when considering the direct regulatory relationship between HIF-2a and LAT1 demon-
strated in VHL-deficient ccRCC cells?’. VHL is a ubiquitin ligase that controls the degradation of various targets
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besides HIFs, and there possibly could be more unidentified targets®***. Deficiency of VHL thus may indirectly
confer HIF-2-dependence to the LAT1 expression by disrupting the proteostasis of multiple target proteins. We
conducted siRNA-mediated knockdown of VHL in selected CRC cell lines (HCT116, SW480, COL0O205, and
HT-29) to briefly assess this possibility (Fig. 1). As a result, we found an accumulation of HIF-2q, but not HIF-1a,
in HCT116 and HT-29 cells. Intriguingly, LAT1 as well as GLUT1 expression was increased at mRNA and protein
levels in these two cell lines by knocking down VHL. The increase of LAT1 mRNA in VHL knockdown cells was
even more prominent than that of GLUT1. Elucidating the detailed molecular mechanisms, by which the LAT1
expression responds differently to HIF-2a accumulation between hypoxia and VHL deficiency in these specific
cell lines, remains as an issue for future research. However, this observation at least raises a possibility that the
genetic background of VHL deficiency may account for the HIF-2-dependence of LAT1 expression in specific
cancer types such as ccRCC, which is not recapitulated by hypoxia.

Finally, it is also worth noting that few previous studies reported the controversial effects of hypoxia on the
expression of LAT1 in cancer cells. Hypoxic treatment of 10% or 1% O, for 72 h drastically reduced the LAT1
mRNA in glioblastoma T98G and A172 cells®. The same research group demonstrated that hypoxic treatment
of 1% O, for 24 h as well as the treatment with a hypoxia-mimetic deferoxamine significantly reduces the LAT1
mRNA expression in T98G cells, oral squamous cell carcinoma HSC-3 cells, and breast adenocarcinoma MCF-7
cells”. The hypoxia-dependent suppression of LAT1 expression was shown to be reverted by knockdown or
inhibition of HIF-1a®’. However, as already mentioned above, both mRNA and protein expression of LAT1
were reported to be upregulated HIFs-dependently in distinct glioblastoma U251MG and U87MG cells by
hypoxic treatment of 1% O, for 48 h?*. The expression of LAT1 was also shown to be increased in MCF-7 cells
by more severe hypoxic treatment of 0.1% O, for 24 h*. Our findings and these observations in earlier studies
emphasize the context-dependent influence of HIFs accumulation on the LAT1 expression in cancer cells. We
would like to warn that multiple factors, such as the tissue/organ origin and genetic background of cancer cells,
as well as the culture conditions for hypoxic treatments, should be carefully taken into consideration to reveal
the relationships between hypoxia and LAT1. Last but not least, the results of our and previous in vitro studies
require further verification in vivo to delineate pathologically relevant HIFs-mediated mechanisms underlying
the expression of LAT1 in cancer cells.

Methods

Cell culture and hypoxic treatments

Human colorectal cancer cell cells (COLO205 [CCL-222], DLD-1 [CCL-221], HCT116 [CCL-247], HT-29
[HTB-38], LoVo [CCL-229], SW480 [CCL-228], SW620 [CCL-227], and WiDr [CCL-218]; from American
Type Culture Collection) were routinely maintained in RPMI-1640 medium (Nacalai tesque) supplemented
with 10% FBS (SIGMA) and 100 units/mL penicillin—100 pg/mL streptomycin (Nacalai Tesque), at 37 °C in
a humidified CO, incubator at 21% O, (95% air supplied with 5% CO,). All experiments were repeated for the
indicated times using the same batch of cells.

For all experiments, cells were seeded at either 7.0 x 10° (for LoVo cells) or 3.5 x 10° cells/dish (for other cells)
in 60 mm dish containing 4 mL of the culture medium. After two days of culture, the medium was replaced
with fresh medium, and cells were treated either with 100 uM CoCl, or low oxygen tension (1% O,). CoCl, was
dissolved in water to make a stock solution (10 mM) and added to the medium. For the treatment with low
oxygen tension, cells were transferred to a multi-gas incubator balanced at 94% N,, 1% O, and 5% CO,. Control
cells were continuously maintained in the CO, incubator at normoxic culture condition (21% O,). Cells were
incubated for the indicated periods and subjected to the analyses by real-time qPCR or western blotting. When
described, the amino acid concentrations in the medium were reduced to 5% of the normal condition, by dilut-
ing RPMI-1640 medium for 20-fold with amino acid-free RPMI-1640 medium (US Biological) supplemented
with 10% dialyzed FBS (Gibco).

Gene knockdown by siRNA

Cells were seeded as described above and immediately transfected with siRNA by using Lipofectamine
RNAiIMAX (Invitrogen). The following siRNAs were used in this study: HIF-1a (MISSION Predesigned siRNA,
SASI_Hs01_00019152), HIF-2a (SASI_Hs02_00332063), VHL (SASI_Hs02_00302782), and MISSION Universal
Negative Control #2 (SIC002). siRNA was transfected at the final concentration of 60 nM in all experiments.
For double knockdown experiments, co-transfection of two siRNAs was performed at 30 nM each, where the
samples knocked down for HIF-1a, HIF-2a, or VHL alone were complemented with 30 nM of the negative con-
trol siRNA. Cells knocked down for VHL were cultured for two days and subjected to the analyses by real-time
qPCR or western blotting. In other experiments, the transfected cells were cultured for two days and subjected
to the treatments with CoCl, or with low oxygen tension.

Real-time qPCR

Total RNA was extracted from cells by using Isogen II (Nippon Gene, Tokyo, Japan). Quantitative real-time PCR
was performed by TB Green Premix Ex Taq (Tli RNase H Plus) (TaKaRa, Shiga, Japan) and QuantStudio 7 Flex
real-time PCR system (Thermo Fisher Scientific). Among 32 candidate housekeeping genes on TaqgMan Array
Human Endogenous Control Plate (Thermo Fisher Scientific), 2-microglobulin (B2M) was used as a control
for normalization because its mRNA expression was the least affected by 24 h of hypoxic treatment (1% O,) and/
or amino acid restriction (5% of the normal amount in RPMI-1640 medium) in HT-29 cells. Following primer
sets were used in this study: LAT1 (forward, 5-CCGTGAACTGCTACAGCGT-3’; reverse, 5-CTTCCCGAT
CTGGACGAAGC-3’), GLUTI1 (forward, 5-GGTTGTGCCATACTCATGACC-3’; reverse, 5-CAGATAGGA
CATCCAGGGTAGC-3’), VHL (forward, 5-GACACACGATGGGCTTCTGGTT-3’; reverse, 5-ACAACCTGG
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AGGCATCGCTCTT-3’), and B2M (forward, 5- CCACTGAAAAAGATGAGTATGCCT -3’; reverse, 5- CCA
ATCCAAATGCGGCATCTTCA -3°). All the experiments were performed in quadruplicate for each sample and
independently repeated for 3-5 times (n=3-5).

Western blotting

Cells were lysed on ice by a brief sonication in lysis buffer containing 50 mM Tris-HCI (pH 7.4) 150 mM NaCl,
1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, a protease inhibitor cocktail (complete EDTA-free; Roche
Diagnostics) and 1% NP-40, followed by solubilization for 30 min on ice. After centrifugation at 21,000 x g
for 15 min at 4 °C, the supernatants were collected and mixed with Laemmli buffer. Proteins were resolved by
SDS-PAGE and transferred to PVDF Blotting Membrane (GE Healthcare). Then, the PVDF membranes were
blocked at room temperature for 1 h with 5% skim milk/TBST and incubated with primary antibodies over-
night at 4 °C, followed by incubation with horseradish peroxidase-conjugated secondary antibodies for 1 h at
room temperature. Signals were developed with ECL Prime Western Blotting Detection System and imaged
by Amersham Imager 680 (GE Healthcare). Antibodies used are as follows: anti-LAT1 (KE026, TransGenic),
anti-GLUT1 (sc-377228, Santa Cruz Biotechnology), anti-HIF-1a (NB100-479, Novus), anti-HIF-2a (NB100-
122, Novus), anti-ATF4 (11,815, Cell Signaling Technology), anti-B-actin (66009-1-Ig, Proteintech), horserad-
ish peroxidase-conjugated goat anti-rabbit IgG (111-035-003, Jackson ImmunoResearch), and horseradish
peroxidase-conjugated mouse anti-goat IgG (205-035-108, Jackson ImmunoResearch). All the experiments
were independently repeated for 2-3 times to confirm the reproducibility. Densitometric quantification of the
detected bands was performed using Image]J software (National Institutes of Health). Uncropped blot images
are presented in Supplementary Figs. S4-S9.

Data availability
All the data analyzed and presented in this study are available from the authors upon reasonable request.
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