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Abstract
Hypoxia-inducible factors (HIFs) mediate metabolic reprogramming in response to hypoxia. However, the role of HIFs in 
branched-chain amino acid (BCAA) metabolism remains unknown. Here we show that hypoxia upregulates mRNA and 
protein levels of the BCAA transporter LAT1 and the BCAA metabolic enzyme BCAT1, but not their paralogs LAT2-4 and 
BCAT2, in human glioblastoma (GBM) cell lines as well as primary GBM cells. Hypoxia-induced LAT1 protein upregula-
tion is mediated by both HIF-1 and HIF-2 in GBM cells. Although both HIF-1α and HIF-2α directly bind to the hypoxia 
response element at the first intron of the human BCAT1 gene, HIF-1α is exclusively responsible for hypoxia-induced BCAT1 
expression in GBM cells. Knockout of HIF-1α and HIF-2α significantly reduces glutamate labeling from BCAAs in GBM 
cells under hypoxia, which provides functional evidence for HIF-mediated reprogramming of BCAA metabolism. Genetic 
or pharmacological inhibition of BCAT1 inhibits GBM cell growth under hypoxia. Together, these findings uncover a previ-
ously unrecognized HIF-dependent metabolic pathway that increases GBM cell growth under conditions of hypoxic stress.
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Introduction

Metabolism is frequently reprogrammed in cancer cells to 
meet rapid cell growth under stress conditions. Aerobic gly-
colysis (also named as the Warburg effect) is the best known 
altered metabolic phenotype in cancer cells, which is cru-
cial for high demands of macromolecular building blocks 
(nucleotides, amino acids, and acetyl-CoA) for cancer cell 
proliferation [1]. Glutamine is also an important carbon and 
nitrogen source for cancer cell growth by breakdown through 
glutaminolysis to glutamate [2], and the latter contributes to 
energy metabolism, nucleotide and protein synthesis, and 
redox homeostasis in cancer cells [3]. It has been shown that 
glutamate is released from glioma and has an autocrine effect 
on glioma growth [4]. In the brain, about one-third of gluta-
mate is de novo synthesized from the branched-chain amino 
acids (BCAAs: leucine, isoleucine, valine) [5]. BCAAs are 
transported into the cytosol via a family of L-type amino acid 
transporters (LAT1-4), and catabolized to branched-chain 
α-ketoacids (BCKAs) by cytosolic branched-chain ami-
notransferase (BCAT) 1 and mitochondrial BCAT2 with a 
transfer of an α-amino group from BCAAs to α-ketoglutarate 
to synthesize glutamate [5]. BCKAs are further metabolized 
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by the branched-chain α-ketoacid dehydrogenase complex into 
isovaleryl-CoA, isobutyryl-CoA, and α-methylbutyryl-CoA, 
followed by multi-step biochemical reactions to generate their 
end products acetyl-CoA, succinyl-CoA, and acetoacetate [5]. 
While BCAT2 is ubiquitously expressed, BCAT1 expression 
is limited to certain tissues, including brain. Recent studies 
showed that BCAT1 is exclusively expressed in glioblastoma 
(GBM) with wild-type (WT) isocitrate dehydrogenase (IDH) 1 
and promotes GBM cell proliferation by increasing glutamate 
production [6]. High levels of LAT1 are also found in GBM 
tissues, and pharmacological inhibition of LAT1 decreases 
rat glioma growth [7]. However, the molecular mechanism 
of reprogramming of BCAA metabolism in GBM remains 
elusive.

The tumor microenvironment of GBM is often hypoxic 
and hypoxia is a key driver of tumor malignancy. Hypoxia-
inducible factor (HIF) is a family of transcription factors 
that primarily mediate cellular responses to hypoxia to drive 
GBM progression. Three family members (HIF-1–3) have 
been identified in mammals [8–10]. Under hypoxia, HIF is 
formed by dimerization of α(HIF-1α, HIF-2α, or HIF-3α) 
and β(HIF-1β or ARNT2) subunits and the heterodimeric 
HIF binds to the hypoxia response element (HRE, 5′-A/
GCGTG-3′) to enhance transcription of the downstream 
target genes [11]. It is well known that HIF-1 and HIF-2 
upregulate many metabolic enzymes to reprogram cellu-
lar metabolism in cancer cells. They induce the expression 
of glucose transporters, glycolytic enzymes, and pyruvate 
dehydrogenase kinases to enhance glucose metabolism and 
cause pyruvate shunt away from the oxidative phospho-
rylation pathway towards lactate production in cancer cells 
[11–13]. HIF-1 and HIF-2 also control reductive glutamine 
metabolism for proliferation of GBM cells and renal cancer 
cells [14, 15]. A recent report showed that HIF-2 binds to 
the HRE of SLC7A5 gene (encoding LAT1) to upregulate 
LAT1 protein, leading to increased leucine uptake and sub-
sequent mTORC1 activation in renal carcinoma cells [16]. 
Yet, whether or not HIF regulates BCAA metabolism is 
unknown.

In the present study, we discovered a new HIF-dependent 
metabolic pathway in GBM cells. HIF-1 and HIF-2 upregu-
lated LAT1 protein in GBM cells, whereas HIF-1 bound to 
the HRE of the BCAT1 gene to induce its gene transcription, 
leading to reprogramming of BCAA metabolism and GBM 
cell growth under hypoxia.

Materials and methods

Plasmid constructs

DNA oligonucleotides containing WT or mutant BCAT1 
HRE were annealed and ligated into MluI/BglII-linearized 

pGL2-promoter vector (Promega). DNA oligonucleo-
tides of the single guide RNA (sgRNA) targeting human 
BCAT1 (Supplementary Table 1) were annealed and ligated 
into BsmBI-linearized lentiCRISPRv2 vector (Addgene, 
#52961). Other constructs have been described previously 
[17–20]. All recombinant plasmids were verified by Sanger 
sequencing.

Cell culture, transfection, and hypoxia

HeLa, HEK293T, U251MG, and U87MG cells were cul-
tured in DMEM supplemented with 10% heat-inactivated 
fetal bovine serum (FBS) at 37 °C in a 5% CO2/95% air incu-
bator. Cells were transfected using PolyJet (SignaGen) or 
FuGENE6 (Promega) transfection reagent according to the 
manufacturer’s protocol. Hypoxia was conducted by placing 
cells in a modular incubator chamber (Billups-Rothenberg) 
flushed with a gas mixture of 1% O2, 5% CO2, and balanced 
N2. Lentivirus was produced by transfection of HEK293T 
cells with sgRNA vector and packaging vectors (psPAX2 
and pMD2.G). All cell lines are mycoplasma-free and have 
been authenticated by STR DNA profiling analysis.

Primary GBM culture

The study was approved by the Institutional Review Board 
at UT Southwestern Medical Center with informed consent. 
The deidentified fresh human GBM specimens were dissoci-
ated into single cells using collagenase D (1 mg/ml, Sigma) 
and DNase I (0.1 mg/ml, Sigma) and filtered with a sterile 
70-μm cell strainer. A single-cell suspension was plated on 
a 6-well ultra-low attachment culture plate and cultured in 
DMEM/F-12 supplemented with B27 supplements (Thermo 
Fisher), basic fibroblast growth factor (10 ng/ml, Sigma), 
epidermal growth factor (20 ng/ml, Sigma), and penicillin 
(50 U/ml)/streptomycin (50 μg/ml)/neomycin (100 μg/ml, 
Sigma).

Generation of CRISPR/Cas9‑based knockout (KO) cell 
lines

BCAT1 KO, HIF-1α KO, HIF-2α KO, and HIF-1/2α double 
KO (DKO) cell lines were generated using the CRISPR/
Cas9 technique. Cells were transiently transfected with 
sgRNA vector using PolyJet (SignaGen). A single KO cell 
was selected after treatment with puromycin. KO cells were 
verified by genotyping and/or immunoblot assays.

Colony formation assay

Cells were seeded on a 48-well plate and cultured for 7 days. 
Gabapentin (5 mM) or vehicle (H2O) was added into media 
immediately after seeding. Colonies were washed with PBS, 
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fixed with 4% paraformaldehyde, and stained with 0.01% 
crystal violet. The crystal violet dye was dissolved in 10% 
acetic acid and measured by a plate reader at OD 570 nm.

Quantitative reverse transcription‑polymerase 
chain reaction (RT‑qPCR) assay

Total RNA was isolated from cultured cells using Trizol 
reagent (Thermo Fisher), treated with DNase I (Ambion), 
and reverse transcribed using an iScript cDNA Synthe-
sis Kit (Bio-Rad) as described previously [17, 19]. Real-
time qPCR was performed with primers listed in Sup-
plementary Table 2 in a CFX96 cycler (Bio-Rad) using 
iTaq Universal SYBR Green Supermix (Bio-Rad). Tar-
get mRNA expression was normalized to 18S rRNA 
and its fold change was calculated based on the thresh-
old cycle as 2−Δ(ΔCt) , where ΔCt = Cttarget − Ct18S rRNA 
andΔ(ΔCt) = ΔCt1%O2

− ΔCt20%O2
.

Immunoblot assay

Cells were lysed in modified lysis buffer (50 mM Tris–HCl, 
pH 7.5, 150 mM NaCl, 1 mM β-mercaptoethanol, 1% Igepal, 
and protease inhibitor cocktail) for 30 min on ice, followed 
by sonication and centrifugation at 13,000g for 15 min. 
Equal amounts of lysates were fractionated by SDS-PAGE 
and subject to immunoblot assay with the following antibod-
ies: LAT1 (Proteintech, Cat.#: 13752-1-AP), BCAT1 (Pro-
teintech, Cat.#: 13640-1-AP), BCAT2 (Proteintech, Cat.#: 
16417-1-AP), HIF-1α (BD Biosciences, Cat.#: 610959), 
HIF-2α (Bethyl Laboratories, Cat.#: A700-003), or actin 
(Proteintech, Cat.#: 66009-1-Ig).

Luciferase reporter assay

HeLa, HIF-1α or HIF-2α KO HeLa, or HEK293T cells were 
plated on 48-well plates or poly-l-lysine-coated 48-well 
plates (for HEK293T cells), and transiently transfected 
with WT or mutant BCAT1 HRE reporter plasmid; control 
reporter plasmid pSV40-Renilla; and p3XFLAG-HIF-1α, 
p3XFLAG-HIF-2α, or empty vector. Twenty-four hours 
later, cells were exposed to 20% or 1% O2 for 24 h. Fire-
fly and Renilla luciferase activities were measured using 
the Dual Luciferase Reporter Assay System (Promega) as 
described previously [17, 19].

Chromatin immunoprecipitation (ChIP)‑qPCR assay

U251MG cells were exposed to 20% or 1% O2 for 24 h, 
crosslinked with 1% formaldehyde for 20 min at room tem-
perature, and quenched in 0.125 M glycine. Cells were lysed 
in lysis buffer (50 mM Tris–HCl, 10 mM EDTA, 1% SDS, 
protease inhibitor cocktail), sonicated, and subjected to 

immunoprecipitation in the presence of salmon sperm DNA/
protein A beads with antibodies against HIF-1α, HIF-2 α, 
HIF-1β, or IgG overnight at 4 °C. Precipitated chromatin DNA 
was extensively washed, eluted with freshly prepared elution 
buffer (0.1 M NaHCO3, 1% SDS), decrosslinked at 65 °C for 
4 h, incubated with proteinase K at 45 °C for 45 min, purified 
using phenol/chloroform/isoamyl alcohol (25:24:1, v/v), and 
quantified by real-time qPCR as described previously [17, 19]. 
The primers used for ChIP-qPCR are listed in Supplementary 
Table 3.

Isotope tracing assay

Cells were seeded on 6-cm dishes and exposed to 20% or 1% 
O2 for 48 h. After rinsing with warm PBS, cells were incu-
bated for 1 h with freshly prepared DMEM containing 10% 
FBS, 0.105 g/L L[15N]leucine, 0.105 g/L L[15N]isoleucine, 
and 0.094 g/L L[15N]valine, which achieved about 50% of 
BCAAs labeling in the total pool. For hypoxia group, labeled 
media were preequilibrated with 1% O2 for 30–60 min. At 
the end of incubation, cells were rinsed with ice-cold saline. 
To measure metabolites in media, cells were replaced with 
fresh DMEM and media were collected after 8 h-culture. To 
measure intracellular metabolites, 0.5 ml of cold methanol/
water (1:1, v/v) was added to the dishes. Cells were scraped 
off the dishes and lysed by repeated freeze–thaw cycles, fol-
lowed by centrifugation at 13,000g for 10 min. The cell pellets 
were collected and dissolved in 0.1 N NaOH. Proteins were 
quantified by Bradford assay. The supernatant containing the 
intracellular metabolites was analyzed by gas chromatography-
tandem mass spectrometry (GC–MS). To prepare samples for 
GC–MS analysis, myristic acid was added to the supernatant 
as an internal standard. Samples were then evaporated and 
derivatized by tert-butyldimethylsilylation. The methodology 
of GC–MS analysis was described previously [21]. The total 
pool size of each isotopomer was calculated by summing up 
area under their curve and then normalized to both protein 
concentration and internal standard. The relative pool size of 
each isotopomer was further calculated by their total pool size 
x their enrichment.

Statistical analysis

Data were repeated for at least three times and expressed as 
mean ± SEM. Statistical analysis was performed by Student’s 
t test between two groups, and one-way or two-way ANOVA 
within multiple groups. p < 0.05 is considered significant.
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Results

Hypoxia upregulates LAT1 and BCAT1 in GBM cells

To determine whether hypoxia regulates the expression 
of the metabolic proteins that control BCAA metabolism 
in GBM cells, human GBM U251MG cells were exposed 
to 20% or 1% O2 for 24 or 48 h. RT-qPCR assay showed 
that hypoxia significantly increased LAT1 mRNA levels 
in U251MG cells (Fig. 1a), which is consistent with a pre-
vious study in renal carcinoma cells [16]. LAT2 mRNA 
expression was not affected by hypoxia in U251MG cells 
(Supplementary Fig. 1), while LAT3 and LAT4 mRNAs 
were downregulated by hypoxia in U251MG cells (Sup-
plementary Fig.  1). BCAT1 mRNA was significantly 
induced at 24 or 48 h after hypoxia exposure in U251MG 
cells (Fig. 1a). In contrast, BCAT2 mRNA was modestly 
downregulated by hypoxia in U251MG cells (Fig. 1a). 
Hypoxia-induced LAT1 and BCAT1 mRNA upregulation 
was similarly observed in another human GBM U87MG 
cell line (Fig. 1b). In line with their mRNA expression, the 
protein levels of LAT1 and BCAT1, but not BCAT2, were 
increased in U251MG and U87MG cells under hypoxia 
in a time-dependent manner (Fig. 1c–e). We further con-
firmed hypoxia-induced expression of LAT1 and BCAT1 
in primary human GBM cells (Fig. 1f). Primary GBM 
cells were validated by CD133 immunostaining (Fig. 1g). 
These data indicate that hypoxia specifically induces the 
expression of LAT1 and BCAT1, but not LAT2-4 and 
BCAT2, in human GBM cells.

Distinct role of HIFs in hypoxia‑induced LAT1 
and BCAT1 expression in GBM cells

To study whether HIFs are required for hypoxia-induced 
BCAT1 and LAT1 expression in GBM cells, we gen-
erated HIF-1α KO, HIF-2α KO, and HIF-1/2α DKO 
U251MG cells by the CRISPR/Cas9 technique [20]. KO 
of HIF-1α and HIF-2α proteins was confirmed in these 
cells (Fig. 2b–d). Expression of PHD3, a known HIF-1 
and HIF-2 target protein [22], was downregulated in both 
HIF-1α KO and HIF-2α KO cells, and further reduced 
in HIF-1/2α DKO cells under hypoxia (Fig. 2b, e), func-
tionally validating HIF-1α KO, HIF-2α KO, and HIF-1/2α 
DKO U251MG cells. Both HIF-1α KO and HIF-1/2α DKO 
abolished hypoxia-induced BCAT1 mRNA expression in 
U251MG cells (Fig.  2a). However, HIF-2α KO failed 
to affect BCAT1 mRNA expression in U251MG cells 
(Fig. 2a). Consistently, hypoxia-induced BCAT1 protein 
levels were inhibited in HIF-1α KO or HIF-1/2α DKO, but 
not HIF-2α KO, U251MG cells (Fig. 2b, f). It was reported 

that LAT1 is induced by HIF-2 in kidney cancer cells [16]. 
As expected, HIF-2α KO inhibited hypoxia-induced LAT1 
protein expression in U251MG cells (Fig. 2b, g). In addi-
tion, we found that HIF-1α KO or HIF-1/2α DKO com-
pletely abolished hypoxia-induced LAT1 protein upregu-
lation in U251MG cells (Fig. 2b, g). Together, these data 
indicate that both HIF-1 and HIF-2 are required for LAT1 
expression in human GBM cells, and that hypoxia upregu-
lates BCAT1 expression in human GBM cells in a HIF-
1-dependent manner.

BCAT1 is a direct HIF‑1 target gene

The HRE has been found at the promoter of the SLC7A5 
gene [16]. Thus, we decided to identify the HRE on the 
BCAT1 gene to determine whether BCAT1 is a direct HIF-1 
target gene. To this end, we analyzed HIF-1α ChIP-sequenc-
ing data [19] and found a strong HIF-1α ChIP peak in the 
first intron of BCAT1 gene (Fig. 3a). This HIF-1α binding 
peak was conserved in multiple types of human and mouse 
cells (Fig. 3a). The putative core HIF-1 binding sequence 
5′-ACGTG-3′ (on the antisense strand) was found at this 
ChIP peak (Fig. 3a). To validate, we performed ChIP-qPCR 
assay in U251MG cells exposed to 20% or 1% O2 for 24 h. 
HIF-1α was enriched at the BCAT1 HRE in nonhypoxic 
U251MG cells, which was significantly increased > twofold 
by hypoxia (Fig. 3b). Conversely, hypoxia did not affect IgG 
enrichment at this HRE, suggesting the specificity of the 
assay (Fig. 3b). Interestingly, although HIF-2α KO did not 
alter BCAT1 mRNA and protein levels (Fig. 2), HIF-2α was 
also enriched at this HRE in U251MG cells under hypoxia 
(Fig. 3b). As expected, increased HIF-1β occupancy at 
this HRE was similarly detected in hypoxic U251MG cells 
(Fig. 3c). These data indicate that both HIF-1 and HIF-2 
directly bind to the HRE of the BCAT1 gene in GBM cells.

To further determine whether the BCAT1 HRE is 
functional, we performed a dual-luciferase reporter assay. 
HEK293T and HeLa cells were used for this assay because 
of high transfection efficiency in these cell lines. A 53-bp 
oligonucleotide sequence containing the BCAT1 HRE 
was inserted upstream of the firefly luciferase coding 
sequence in a pGL2-promoter reporter plasmid. Another 
firefly luciferase reporter plasmid containing mutant 
BCAT1 HRE, in which 5′-CGT-3′ within the HIF binding 
site was mutated into 5′-AAA-3′, was similarly generated. 
HEK293T cells were co-transfected with WT or mutant 
BCAT1 HRE reporter plasmid or empty vector (EV) and a 
constitutively expressed Renilla luciferase control reporter 
pSV40-Renilla, and exposed to 20% or 1% O2 for 24 h. WT 
BCAT1 HRE significantly increased the expression of the 
firefly luciferase gene, but not the Renilla luciferase gene, 
in hypoxic HEK293T cells (Fig. 3d), which was abolished 
by mutation of the HIF binding site (Fig. 3d). Ectopic 
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expression of FLAG-HIF-1α or FLAG-HIF-2α signifi-
cantly increased BCAT1 HRE-driven firefly luciferase 
gene expression in HeLa cells (Fig. 3e). Less BCAT1 HRE 
activity by FLAG-HIF-1α is possibly due to less FLAG-
HIF-1α protein levels as compared to FLAG-HIF-2α (Sup-
plementary Fig. 2a). In contrast, CRISPR/Cas9-based KO 

of HIF-1α or HIF-2α significantly decreased hypoxia-
induced BCAT1 HRE activity in HeLa cells (Fig. 3f and 
Supplementary Fig. 2b). Together, these data indicate 
that HIF-1 directly binds to the HRE at the first intron 
of BCAT1 gene to activate its gene transcription and that 
HIF-2 has the binding ability to the BCAT1 HRE but is 

Fig. 1   Hypoxia upregulates LAT1 and BCAT1, but not BCAT2, in 
human GBM cells. a, b RT-qPCR analysis of LAT1, BCAT1, and 
BCAT2 mRNAs in U251MG (a) and U87MG (b) cells exposed 
to 20% or 1% O2 for 24 or 48  h. Data are shown in mean ± SEM, 
n = 3–6. *p < 0.05; ****p < 0.0001 (One-way ANOVA). c–e Immu-
noblot analysis of indicated protein levels in U251MG (left) and 
U87MG (right) exposed to 20% or 1% O2 for 24 or 48  h. Repre-
sentative blots from 3–6 independent experiments are shown in c. 
LAT1 (d), BCAT1 (e) and actin western blot bands were quantified 
by densitometry and the ratio of LAT1 and BCAT1 to actin was nor-

malized to 20% O2 (mean ± SEM, n = 3–6). *p < 0.05; **p < 0.01; 
****p < 0.0001 (One-way ANOVA). f Immunoblot analysis of indi-
cated protein levels in primary human GBM cells exposed to 20% or 
1% O2 for 48  h. Representative blots from two independent experi-
ments are shown. Intensity of BCAT1 and BCAT2 western blots is 
quantified and normalized to 20% O2. g Primary GBM cells were 
stained with a mouse monoclonal anti-CD133 antibody followed by 
a donkey anti-mouse Cy2 antibody, fixed with 4% paraformaldehyde, 
and visualized by a Zeiss microscopy. Scale bar, 100  μm (left) and 
10 μm (right)
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Fig. 2   HIFs are required for hypoxia-induced LAT1 and BCAT1 
expression in GBM cells. a RT-qPCR analysis of BCAT1 
mRNA in parental, HIF-1α KO, HIF-2α KO, and HIF-1/2α DKO 
U251MG cells exposed to 20% or 1% O2 for 24 h. Data are shown 
in mean ± SEM, n = 3. ***p < 0.001; ****p < 0.0001 (Two-way 
ANOVA). b–g Immunoblot analysis of indicated protein levels in 

parental, HIF-1α KO, HIF-2α KO, and HIF-1/2α DKO U251MG 
cells exposed to 20% or 1% O2 for 24 or 48 h. Representative blots 
from three independent experiments are shown in b. Intensity of 
HIF-1α (c), HIF-2α (d), PHD3 (e), BCAT1 (f), LAT1 (g) and actin 
western blot bands was quantified by densitometry and their ratio to 
actin was normalized to U251MG cells at 0 h (mean ± SEM, n = 3)
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not sufficient to activate BCAT1 mRNA transcription in 
GBM cells.

HIF‑1 and HIF‑2 mediate reprogramming of BCAA 
metabolism in GBM cells

To determine whether hypoxia regulates reprogramming of 
BCAA metabolism, we performed isotope tracing assays 
using three BCAA tracers L[15N]leucine, L[15N]isoleu-
cine, and L[15N]valine to measure the relative changes of 

intracellular levels of BCAAs and transamination of BCAAs 
in nonhypoxic and hypoxic GBM cells. As shown in Fig. 4a, 
the fractional amount of intracellular glutamate m + 1 was 
significantly increased by hypoxia. In contrast, hypoxia 
had no effect on levels of extracellular glutamate m + 1 in 
U87MG cells (Supplementary Fig. 3). These data indicate 
elevated transamination between BCAAs and glutamate 
in hypoxic U87MG cells. The fractions of leucine, isole-
ucine, and valine were modestly decreased by hypoxia in 
U87MG cells (Fig. 4b–d). We further studied whether HIF 

Fig. 3   BCAT1 is a direct HIF-1 
target gene. a The genome 
browser snapshots of the 
HIF-1α ChIP peak at the BCAT1 
locus in human and mouse cells. 
The nucleotide sequence of 
the HRE (shown in red) within 
the first intron of the human 
BCAT1 gene is shown. b, c 
ChIP-qPCR analysis of enrich-
ment of HIF-1α (b), HIF-2α 
(b), HIF-1β (c), and IgG at the 
BCAT1 HRE in U251MG cells 
exposed to 20% or 1% O2 for 
24 h. *p < 0.05; ****p < 0.0001 
(Student’s t test). d HEK293T 
cells were cotransfected with 
empty pGL2p vector (EV), 
pGL2p-WT BCAT1 HRE, or 
pGL2p-mutant (Mut) BCAT1 
HRE, and pSV40-Renilla, and 
exposed to 20% or 1% O2 for 
24 h. The ratio of firefly/Renilla 
activities was normalized to 
EV at 20% O2 (mean ± SEM, 
n = 3). **p < 0.01; ***p < 0.001 
(Two-way ANOVA). e HeLa 
cells were cotransfected with 
pGL2p-WT BCAT1 HRE, 
pSV40-Renilla, and vec-
tor encoding FLAG-HIF-1α 
or FLAG-HIF-2α, or FLAG 
EV, and exposed to 20% or 
1% O2 for 24 h. The ratio of 
firefly/Renilla activities was 
normalized to EV at 20% O2 
(mean ± SEM, n = 3). *p < 0.05; 
****p < 0.0001 (Two-way 
ANOVA). f Parental, HIF-1α 
KO, or HIF-2α KO HeLa 
cells were cotransfected with 
pGL2p-WT BCAT1 HRE and 
pSV40-Renilla, and exposed 
to 20% or 1% O2 for 24 h. The 
ratio of firefly/Renilla activities 
was normalized to parental at 
20% O2 (mean ± SEM, n = 3). 
****p < 0.0001 (Two-way 
ANOVA)
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is required for hypoxia-induced reprogramming of BCAA 
metabolism. Because HIF-1 and HIF-2 differentially con-
trolled the expression of LAT1 and BCAT1 (Fig. 2), HIF-
1/2α DKO U251MG cells were used in this study. Hypoxia 
also similarly increased BCAAs-derived glutamate labeling 
in U251MG cells, which was attenuated by HIF-1/2α DKO 
(Fig. 4e). Conversely, m + 0 and m + 1 fractions of leucine, 
isoleucine, and valine were enhanced in HIF-1/2α DKO 
U251MG cells under 20% O2 and 1% O2 (Fig. 4f–h), indi-
cating reduced BCAA metabolism by HIF-1/2α DKO. Of 
note, U251MG cells expressed HIF-1α and HIF-2α under 
20% O2 (Fig. 1c). Together, these data indicate that HIF-1 
and HIF-2 enhance reprogramming of BCAA metabolism 
in GBM cells.

BCAT1 promotes GBM cell growth under hypoxia

To determine the functional significance of BCAT1 upregu-
lation by hypoxia in GBM cells, we generated three inde-
pendent BCAT1 KO U251MG cell lines by the CRISPR/
Cas9 technique (Fig. 5a) and studied the effect of BCAT1 
on cell growth by colony formation assay. Hypoxia signifi-
cantly increased colony growth of U251MG cells, which 
was reduced by BCAT1 KO#1 (Fig. 5b, c). Similar results 
were also observed in BCAT1 KO#2 and KO#3 U251MG 
cells (Supplementary Fig. 4a–d). To determine if the enzy-
matic activity of BCAT1 is required for GBM cell growth, 
we applied a BCAT1 inhibitor Gabapentin in the colony for-
mation assay. Treatment of Gabapentin (5 mM) significantly 

reduced U251MG colony formation under both 20% and 1% 
O2 (Fig. 5d, e). These data indicate that BCAT1 increases 
GBM cell growth under hypoxia and that its enzymatic 
activity is required for GBM cell growth.

Discussion

In the present study, we for the first time uncover a criti-
cal role of HIFs in reprogramming of BCAA metabolism 
in GBM cells under hypoxia. GBM cells adapt to increased 
malignant phenotypes under conditions of hypoxic stress 
through elevating BCAA metabolism. Our biochemical 
studies of gene regulation clearly reveal that LAT1 pro-
tein is upregulated by both HIF-1 and HIF-2 in GBM cells, 
whereas BCAT1 expression is regulated by HIF-1 only, but 
not HIF-2, in hypoxic GBM cells. Upregulation of LAT1 
expression by hypoxia in GBM cells has been supported by 
a previous study in renal carcinoma cells [16]. Distinct to an 
exclusive role of HIF-2 in LAT1 upregulation in renal carci-
noma cells, both HIF-1 and HIF-2 are required for hypoxia-
induced LAT1 protein expression in GBM cells. Moreover, 
HIF-1 plays a more dominant role in LAT1 induction than 
HIF-2, indicating that LAT1 is regulated by HIFs in a cell 
type-specific manner. LAT1 is a primary transporter for 
BCAAs and highly expressed in brain as a specific LAT1 
inhibitor JPH203 can completely block leucine uptake in 
cancer cells [23, 24]. LAT3 and LAT4 are downregulated 
by hypoxia in GBM cells, different from LAT1. Previous 

Fig. 4   HIF-1 and HIF-2 enhance BCAA metabolism in GBM cells. 
a–d Enrichment of glutamate (a), leucine (b), isoleucine (c), valine 
(d) fractions in nonhypoxic and hypoxic U87MG cells cultured in 
L[15N]leucine, L[15N]isoleucine, and L[15N]valine. Data are shown 
in mean ± SEM, n = 4. **p < 0.01 (Student’s t test). e–h Enrichment 

of glutamate (e), leucine (f), isoleucine (g), valine (h) fractions in 
nonhypoxic and hypoxic parental (Con) or HIF-1/2α DKO U251MG 
cells cultured in L[15N]leucine, L[15N]isoleucine, and L[15N]
valine. Data are shown in mean ± SEM, n = 4. *p < 0.05; **p < 0.01; 
***p < 0.001 (Two-way ANOVA)
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studies implicated the role of LAT3 and LAT4 in the efflux 
of intracellular BCAAs into the bloodstream [25]. Thus, 
hypoxia not only increases BCAA uptake, but also inhib-
its BCAA efflux, leading to elevated levels of intracellular 
BCAAs in GBM cells.

Similar to differential regulation of LATs by hypoxia, 
HIF-1 upregulates BCAT1 but has no effect on BCAT2 
protein expression in GBM cells. Interestingly, our ChIP-
qPCR and luciferase reporter assays showed that HIF-2α is 
able to bind to the BCAT1 HRE to enhance its activity, but 
HIF-2α KO has no effect on the mRNA and protein levels 
of BCAT1, suggesting that HIF-2α alone is not sufficient 
to activate BCAT1 gene transcription in GBM cells. Epi-
genetic regulators play a crucial role in HIF transactivation 
[26]. Whether or not an epigenetic regulator differentially 
controls the transcriptional activity of HIF-1 and HIF-2 to 
regulate BCAT1 transcription requires further investigation 
in the future.

A previous report showed that BCAT1, but not BCAT2, 
is induced by the T cell receptor in CD4+ T cells [27]. 
These findings and ours suggest that BCAT1 expression 
is more prone to be altered in response to stimuli, which 
may compensate its limited distribution in certain tissues. 
In addition to differential regulation of BCAT1 and BCAT2 
by stimuli, redox plays an important role in BCAT activity. 
The conserved CXXC motif was identified in mammalian 
BCAT1 and BCAT2 and functions as a redox sensor [28]. 
Oxidation of this motif by redox inhibits the activity of both 

BCAT1 and BCAT2, although BCAT2 is more oxidized than 
BCAT1 [29–32], as well as reduces BCAT2 binding to pro-
tein disulfide isomerase in the brain [33]. Nitric oxide also 
acts on thiol groups of BCAT1 and BCAT2 and inactivates 
these enzymes [34]. It has been shown that the nitric oxide 
reactive agent S-nitrosoglutathione inhibits BCAT1 in vitro 
through S-nitrosation at the Cysteine residue 335, but may 
exert a different mechanism of BCAT2 inhibition [34]. 
Chronic hypoxia is known to increase the redox production 
in the mammalian cells [35], but it remains unknown to what 
extent BCAT1 and BCAT2 are regulated by redox under 
chronic hypoxia.

Our GC–MS studies showed that transamination of 
BCAAs is enhanced by HIFs in GBM cells under hypoxia. 
Several outstanding questions remain to be answered in the 
future. It remains unclear whether HIF-1 increases BCAT1 
activity to enhance BCAA transamination in GBM cells. The 
BCAT activity assay is needed in the future to address this 
question. BCAT1 catalyzes the reversible transamination of 
BCAAs, and whether or not HIFs increase reductive metabo-
lism of BCAAs in GBM cells remains to be investigated. 
Although cancer cells express both BCAT1 and BCAT2, 
BCAT1 is expressed in limited normal tissues. It would be 
interesting to investigate in the future how hypoxia regulates 
BCAA metabolism in tissues expressing BCAT2 alone. Nev-
ertheless, our findings provide functional evidence for HIF-
mediated reprogramming of BCAA metabolism in GBM 
cells. Importantly, we showed that BCAT1 is required for 

Fig. 5   BCAT1 increases GBM cell growth under hypoxia. a Immuno-
blot analysis of BCAT1 and actin proteins in parental and BCAT1 KO 
U251MG cells. Representative blots from three independent experi-
ments are shown. b, c Colony growth of parental and BCAT1 KO#1 
U251MG cells cultured under 20% or 1% O2 for 7 days. Representa-
tive images from three independent experiments are shown in b. The 
crystal violet dye is measured by a plate reader and data are normal-

ized to U251MG cells at 20% O2 (mean ± SEM, n = 3, c). **p < 0.01; 
***p < 0.001 (Two-way ANOVA). d, e Colony growth of U251MG 
cells exposed to 20% or 1% O2 for 7 days in the presence or absence 
of Gabapentin (5 mM). Representative images from three independ-
ent experiments are shown in d. The crystal violet dye is meas-
ured by a plate reader and data are normalized to vehicle at 20% O2 
(mean ± SEM, n = 3, e). **p < 0.01; ***p < 0.001 (Two-way ANOVA)
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GBM cell growth under hypoxia through its transaminase 
activity. Cancer cells are addicted to altered metabolism for 
survival. Hypoxia causes a shift from glucose oxidation to 
lactate production and increases reductive glutamine metab-
olism in cancer cells [12, 14, 15, 17], indicating a critical 
role of glutamine → glutamate → the TCA cycle in cell 
growth under hypoxia. Metabolomics studies showed that 
the concentration of glutamine is significantly lower in the 
hypoxic regions than the peripheral nonhypoxic areas of 
solid tumors [36]. In contrast, the levels of glutamate are not 
reduced in the hypoxic regions [36]. Likewise, BCAA levels 
are comparable in both hypoxic and nonhypoxic regions of 
tumors [36]. Thus, HIF-mediated BCAA reprogramming 
may be an important mechanism that maintains the level 
of glutamate in the hypoxic regions of tumors to support 
reductive metabolism and subsequent cancer cell survival. 
Recent studies showed a critical role of BCAT1 in malig-
nancy of human cancers, including wild-type IDH1 GBM, 
lung cancer, breast cancer, leukemia, and ovarian cancer [6, 
37–41]. Our findings here suggest that BCAT1, like other 
HIF-induced metabolic genes [42, 43], may reprogram cellu-
lar metabolism and contribute to HIF-mediated malignancy 
of a wide range of solid tumors.
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