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(CMA) and is targeted for lysosomal degradation.
Conclusion: CMA targets HIF-1a for lysosomal degradation.
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(Bacl(ground: Regulation of hypoxia-inducible factor-1 (HIF-1) is focused on proteasomal degradation of the HIF-1la

Results: Pharmacological and genetic approaches establish that HIF-1« binds to effectors of chaperone-mediated autophagy

Significance: Lysosomal degradation of HIF-1a represents a novel mechanism of HIF-1 regulation and a potential therapeutic
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Hypoxia-inducible factor-1 (HIF-1) is a heterodimeric tran-
scription factor that mediates adaptive responses to hypoxia.
We demonstrate that lysosomal degradation of the HIF-1a sub-
unit by chaperone-mediated autophagy (CMA) is a major regu-
lator of HIF-1 activity. Pharmacological inhibitors of lysosomal
degradation, such as bafilomycin and chloroquine, increased
HIF-1a levels and HIF-1 activity, whereas activators of chaper-
one-mediated autophagy, including 6-aminonicotinamide and
nutrient starvation, decreased HIF-1a levels and HIF-1 activity.
In contrast, macroautophagy inhibitors did not increase HIF-1
activity. Transcription factor EB, a master regulator of lyso-
somal biogenesis, also negatively regulated HIF-1 activity.
HIF-1« interacts with HSC70 and LAMP2A, which are core
components of the CMA machinery. Overexpression of HSC70
or LAMP2A decreased HIF-1« protein levels, whereas knock-
down had the opposite effect. Finally, hypoxia increased the
transcription of genes involved in CMA and lysosomal biogene-
sis in cancer cells. Thus, pharmacological and genetic
approaches identify CMA as a major regulator of HIF-1 activity
and identify interplay between autophagy and the response to
hypoxia.

Hypoxia-inducible factor-1 (HIF-1)* is a transcription factor
that is essential for mediating a broad repertoire of adaptive
responses to reduced O, availability. First identified in studies
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of erythropoietin gene transcriptional regulation (1), HIF-1 was
subsequently shown to coordinate adaptive responses to
hypoxia at both the cellular and systemic levels (2—4). To date,
HIF-1 has been shown to regulate the expression of hundreds of
target genes involved in angiogenesis, erythropoiesis, metabo-
lism, autophagy, and other adaptive responses to hypoxia (5).
Among these are GLUT1, encoding glucose transporter 1 (3, 6);
PDK1, encoding pyruvate dehydrogenase kinase 1 (7, 8); VEGF,
encoding vascular endothelial growth factor (9); LDHA, encod-
ing lactate dehydrogenase A (10); and BNIP3, encoding Bcl-2/
adenovirus E1B 19-kDa protein-interacting protein 3 (11). In
addition, recent data indicate that HIF-1« has functions that
are independent of gene transcription (12). The HIF-2a protein
shares sequence similarity and functional overlap with HIF-1a,
but its expression is restricted to certain cell types, and in some
cases, it appears to mediate distinct biological functions (13).
In recent years, the mechanisms by which HIF-1 activity is
regulated have been intensively studied. HIF-1 is a heterodimer
composed of HIF-1a and HIF-18 subunits (2). O,-dependent
proline hydroxylation marks HIF-1a for ubiquitination and
proteasomal degradation (14-17), whereas asparagine hy-
droxylation blocks interaction of HIF-1« with the p300 coacti-
vator (18, 19). During hypoxia, both proline and asparagine
hydroxylation are inhibited, which provides a molecular basis
for the observed increase in HIF-1a protein stability and HIF-1
transcriptional activity (20). Hydroxylase activity can be inhib-
ited by iron chelators, such as desferrioxamine (DFX), and by
competitive antagonists of a-ketoglutarate, such as dimethyl-
oxalylglycine, because the hydroxylases contain Fe(II) in their
catalytic centers and use a-ketoglutarate as a co-substrate (14).
In recent years, proteins that regulate proteasomal degradation
of HIF-1a in an O,-independent fashion have also been identi-
fied, including RACK1 (21), calcineurin (22), hypoxia-associ-
ated factor (23), CHIP/HSP70 (24), and SHARP1 (25).
Autophagy is a process by which proteins are degraded in
lysosomes rather than proteasomes. Macroautophagy seques-
ters organelles and proteins in an autophagosome, which is
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then delivered to lysosomes, whereas chaperone-mediated
autophagy (CMA) is a pathway for selective degradation of
individual proteins (26) that is mediated by binding to HSC70
(heat shock cognate 70-kDa protein) (27), followed by unfold-
ing and translocation of proteins through the lysosomal mem-
brane by LAMP2A (lysosome-associated membrane protein
type 2A) (28). The LAMP?2 gene encodes two other splice vari-
ants, LAMP2B and LAMP2C, which have limited tissue distri-
bution and unclear roles in lysosomal degradation (29, 30).
Transcription factor EB (TFEB) coordinates lysosomal biogen-
esis and autophagy (31, 32). Lysosomes contain proteases in an
acidic environment (pH ~5.0 versus pH ~7.2 in the cytosol)
that is essential for their activity (33). The acidity of lysosomes
is maintained by V-ATPase proton pumps. Various drugs,
such as bafilomycin and chloroquine, have been used to
block lysosomal degradation. Bafilomycin inhibits the activity
of the V-ATPase proton pumps, whereas chloroquine is a weak
alkaline compound that accumulates in and neutralizes the
acidity of lysosomes (34).

Here, we report that HIF-1a is degraded in lysosomes via
CMA. HIF-1a binds to key CMA effectors, including HSC70
and LAMP2A. Overexpression of either HSC70 or LAMP2A
decreased HIF-1a protein levels and HIF-1 activity, whereas
knockdown of HSC70 or LAMP2A had the opposite effect.
Blocking lysosomal degradation using bafilomycin or chloro-
quine increased HIF-1 activity and HIF-1a protein levels, and
the magnitude of this effect was comparable to the effect of
hypoxia itself. Stimulation of lysosomal biogenesis by TFEB
overexpression decreased HIF-la protein levels and HIF-1
activity, and pharmacological agents that increase CMA,
including digoxin, had a similar effect. Thus, we have identified
a novel mechanism by which HIF-1«a is degraded and that is
independent of proteasome activity. In addition, we show that
exposure to hypoxia leads to up-regulation of genes involved in
CMA and lysosomal biogenesis.

EXPERIMENTAL PROCEDURES

Tissue Culture—293T, HeLa, Hep3B, mouse embryonic
fibroblast (MEF), and human foreskin fibroblast cells were cul-
tured in DMEM supplemented with 10% FBS and penicillin/
streptomycin. Cells were maintained at 37 °C in a 5% CO,, and
95% air incubator. Cells were subjected to hypoxia by exposure
to 1% O,, 5% CO,, and balance N, at 37 °C in a modulator
incubator chamber (Billups-Rothenberg).

Immunoprecipitation and Immunoblot Assays—Cells were
lysed in PBS with 0.1% Tween 20, 1 mm DTT, protease inhibitor
mixture, 1 mMm Na;VO,, and 10 mm NaF, followed by gentle
sonication. For immunoprecipitation assays, 30 ul of V5-aga-
rose beads (Sigma) were incubated overnight with 2.5 mg of cell
lysate at 4 °C. Beads were washed four times with lysis buffer.
Proteins were eluted in SDS sample buffer and separated by
SDS-PAGE. The following antibodies were used in immuno-
blot and immunoprecipitation assays: anti-LAMP2A and anti-
lysosomal HSC70 (Abcam), anti-LAMP2A and anti-B-actin
(Santa Cruz Biotechnology), anti-HIF-1a (BD Biosciences),
anti-FLAG (Sigma), anti-HSC70 and anti-TFEB (Novus Biolog-
icals), and anti-V5 (Invitrogen).
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Immunofluorescence Assay—Cells were processed as de-
scribed previously (35). Cells were plated on gelatin-coated
glass-bottomed plates (Live Assay). For immunocytochemistry,
samples were washed with ice-cold PBS, fixed with 4% parafor-
maldehyde for 20 min at room temperature, permeabilized
with 0.05% Triton X-100 for 15 min, washed twice with PBS,
and blocked with 10% goat serum and 1% AlbuMAX (Invitro-
gen) for 1 h. Samples were incubated with primary antibody for
1 h, washed, and incubated with Alexa Fluor-conjugated sec-
ondary antibody (Invitrogen) for 1 h. Samples were washed and
mounted on microscope slides with a drop of SlowFade (Invit-
rogen) and sealed with medical adhesive (Hollister).

Luciferase Reporter Assay—HeLa or Hep3B cells were seeded
onto 24-well plates at 20,000 cells/well, and 48 h after seeding,
the cells were transfected with plasmid DNA using PolyJet
(SignaGen). Reporters pSV-RL (10 ng) and p2.1 (120 ng) were
cotransfected with expression vectors. Cells were lysed, and
luciferase activities were determined with a multiwell lumines-
cence reader (PerkinElmer Life Sciences) using the Dual-
Luciferase reporter assay system (Promega).

Real-time Quantitative RT-PCR (RT-qPCR) Assay—Total
RNA was extracted from 293T cells using TRIzol (Invitrogen)
and treated with DNase I (Ambion). Total RNA (1 ug) was used
for first-strand synthesis with the iScript cDNA synthesis sys-
tem (Bio-Rad). qPCR was performed using iQ SYBR Green
Supermix and the iCycler real-time PCR detection system (Bio-
Rad). Expression of target mRNA relative to 18 S rRNA was
calculated based on the threshold cycle (C,) for amplification as
27 (A where AC, = Ciargety — Cias ) The primer sequences
used were as follows: 18 S rRNA, CGG CGA CGA CCC ATT
CGA ACand GAATCGAACCCTGATTCCCCGTC;ATG6
(mouse), AAT CTA AGG AGT TGC CGT TAT AC and CCA
GTG TCT TCA ATC TTG CC; ATP6VOE1 (V-type proton
ATPase subunit E1), CAT TGT GAT GAG CGT GTT CTG G
and AAC TCC CCG GTT AGG ACC CTT A; ATP6V1H
(V-type proton ATPase subunit H), GGA AGT GTCAGA TGA
TCC CCA and CCG TTT GCC TCG TGG ATA AT; BNIP3,
CTTCCATCT CTGCTG CTCTCand GTAATC CACTAA
CGA ACC AAG TG; cathepsin A, CAG GCT TTG GTC TTC
TCT CCA and TCA CGC ATT CCA GGT CTT TG; cathepsin
B, AGT GGA GAATGG CACACCCTA and AAG AAG CCA
TTG TCA CCC CA; GLUT1 (human), CGG GCC AAG AGT
GTG CTA AA and TGA CGA TAC CGG AGC CAA TG;
GLUT1 (mouse), GCT CTA CGT GGA GCC CTA and CAC
ATC GGC TGT CCC TCG A; HIF-1a, CCA CAG GAC AGT
ACA GGA TG and TCA AGT CGT GCT GAA TAA TACC;
LAMP1, GCG AGC TCC AAA GAA ATC AA and TGG ACC
TGG GTG CCA CTA A; LAMP2, CTC TGC GGG GTC ATG
GTG and CGC ACA GCT CCC AGG ACT; LDHA,ATCTTG
ACCTACGTG GCT TGG A and CCA TAC AGG CACACT
GGA ATC TGC; PDK1, ACC AGG ACA GCC AAT ACA AG
and CCT CGG TCA CTC ATC TTC AC; and VEGF (human),
CTT GCC TTG CTG CTC TAC and TGG CTT GAA GAT
GTACTGG.

ShRNA Expression—The vector pLKO-TET was used for
shRNA expression. Sequences used were as follows: ATG6,
CAGTTT GGCACA ATC AAT A; HSC70-A, GCCCGATTT
GAA GAA CTG AAT; HSC70-B, GCA ACT GTT GAA GAT
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FIGURE 1. CMA inhibitors increase HIF-1« protein levels. A, Hela cells were left untreated or treated with bafilomycin (10 nm) for 24 h, after which RNA was
isolated, and RT-gPCR of the indicated HIF target genes was performed. B, Hela cells were transfected with the HIF-1 reporter plasmid p2.1 and the Renilla
luciferase reporter pSV-RL, exposed to 1% O,, and left untreated or treated with bafilomycin (10 nm) for 48 h. Afterward, cells were lysed, and reporter activity
was measured. C, Hep3B cells were transfected with FLAG-HIF-1a expression vector that was either unmutated (WT) or harbored P402A/P564A mutations
(double mutant (DM)). 24 h post-transfection, the cells were left untreated or treated with bafilomycin (Baf; 10 nm) or chloroquine (CQ; 50 um) for an additional
8 h, after which cells were lysed, and lysates were probed with the indicated antibodies. WB, Western blot. D, Hep3B cells were left untreated or treated with the
proteasomal inhibitor MG132 (10 um) either alone or in combination with bafilomycin (10 nm) or chloroquine (50 um) for 8 h. Afterward, cells were lysed, and
lysates were probed with the indicated antibodies. Hep3B (E) and Hela (F) cells were left untreated at 20% O, (normoxia); treated with bafilomycin (10 nwm),
chloroquine (50 um), or NH,CI (10 mm); or left untreated and exposed to 1% O, (hypoxia) for 8 h. Afterward, cells were lysed, and lysates were probed with the
indicated antibodies. RNA was also isolated, and RT-qPCR of HIF-1a mRNA was performed. Normal human foreskin fibroblasts (NuFF; G) and MEFs (H) were left
untreated at 20% O,; treated with bafilomycin (10 nm), chloroquine (50 um), or NH,CI (10 mm); or left untreated and exposed to 1% O, (hypoxia (H)) for 8 h.
Afterward, cells were lysed, and lysates were probed with the indicated antibodies. I, Hep3B cells were left untreated; treated with bafilomycin (10 nm),
chloroquine (50 um), or NH,CI (10 mm); or exposed to 1% O, for 24 h. Afterward, RNA was isolated, and RT-qPCR of the indicated HIF target genes was
performed.J, Hep3B cells stably infected with empty shRNA vector or vectors against both HIF-1a and HIF-2a (shHIF-1a/2a) were left untreated or treated with
bafilomycin (10 nm) or chloroquine (50 um) for 24 h. Afterward, RNA was isolated, and RT-gPCR of the indicated HIF target genes was performed. K, Hep3B cells
were treated with various combinations of bafilomycin (10 nm), chloroquine (50 um), and the HIF-1 inhibitor acriflavine (ACF; 5 um) for 24 h. Afterward, RNA was
isolated, and RT-qPCR of the indicated HIF target genes was performed. Results are shown as means + S.E.*, p < 0.01; #, p < 0.05.
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FIGURE 2. Macroautophagy does not contribute to HIF-1« degradation. A, Hela cells were left untreated or treated with 3-MA (5 mm) at either 20% or 1%
0,. 8 h later, cells were lysed, and lysates were probed with the indicated antibodies. WB, Western blot. B, HeLa cells were left untreated or treated with 3-MA
(5 mw) at either 20% or 1% O, for 24 h. Afterward, RNA was isolated and subjected to RT-gPCR against GLUT1, PDK1, and VEGF. C, HeLa cells were left untreated
or treated with erythro-9-(2-hydroxy-3-nonyl)adenine (EHNA; 10 um) at either 20% or 1% O,. 8 h later, cells were lysed, and lysates were probed with the
indicated antibodies. D, HelLa cells were left untreated or treated with EHNA at 20% or 1% O, for 24 h. Afterward, RNA was isolated and subjected to RT-qPCR
against GLUT1, PDK1, and VEGF. E, MEFs stably transfected with empty shRNA vector or shRNA vector targeting ATG6 (shATG6) were exposed to either 20% or
1% O, for 8 h. Afterward, cells were lysed, and lysates were probed with the indicated antibodies. F, MEFs stably transfected with empty shRNA vector or shRNA
vector targeting ATG6 were exposed to 20% or 1% O, for 24 h. Afterward, RNA was isolated and subjected to RT-qPCR against ATG6, GLUT1, and VEGF. Results

are shown as means = S.E. *, p < 0.01.

GAG AAA; LAMP2A-A, GCC ATC AGA ATT CCA TTG
AAT; LAMP2A-B, GAA GTG AAC ATC AGC ATG TAT;
TEFEB-A, CCC ACT TTG GTG CTA ATA GCT; and TFEB-B,
GAA CAA GTT TGC TGC CCA CAT.

Statistical Analysis—All data are presented as means = S.E.,
except where indicated otherwise. Differences between two
conditions were analyzed using Student’s ¢ test.

RESULTS

Inhibition of Lysosomal Degradation Increases HIF-1c Levels—
We determined the effect of bafilomycin on the expression of
several HIF-1 target genes, including GLUT1, VEGF, PDKI,
LDHA, and BNIP3. Bafilomycin treatment of HeLa human cer-
vical carcinoma cells led to a significant increase in the expres-
sion of all HIF-1 target genes analyzed under non-hypoxic con-
ditions (Fig. 1A). We further analyzed the effect of bafilomycin
using a previously described HIF reporter assay (10). HeLa cells
were cotransfected with p2.1, a reporter plasmid that contains a
68-bp hypoxia response element from the human ENOI gene
upstream of the SV40 promoter and firefly luciferase coding
sequences, and pSV-RL, a control reporter that contains
Renilla luciferase coding sequences downstream of the SV40
promoter only. The ratio of firefly to Renilla luciferase activity
served as a measure of HIF-1 transcriptional activity. Bafilomy-
cin increased HIF-1 activity under both hypoxic and non-hy-
poxic conditions (Fig. 1B). Bafilomycin, as well as another
inhibitor of lysosomal degradation (chloroquine), led to an
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increase in FLAG-HIF-1a protein levels and had a similar effect
on a double mutant HIF-la construct with both proline
hydroxylation sites (Pro-402 and Pro-564) mutated (Fig. 1C).
To determine whether the effect of these drugs is independent
of the proteasome, we analyzed the effect of bafilomycin and
chloroquine in the presence of the proteasomal inhibitor
MG132. Treatment with bafilomycin or chloroquine increased
HIF-1a levels in the presence of MG132 (Fig. 1D), confirming
that they operate through a proteasome-independent pathway.

We examined the effect on endogenous HIF-1a levels of
inhibiting lysosomal degradation with bafilomycin, chloro-
quine, or ammonium chloride (NH,Cl). In Hep3B human hep-
atocellular carcinoma cells (Fig. 1E), HeLa cells (Fig. 1F), nor-
mal human foreskin fibroblasts (Fig. 1G), and MEFs (Fig. 1H),
blocking lysosomal degradation led to an increase in HIF-1a
levels that was comparable to the effect of hypoxia. However,
we found no increase in HIF-1ae mRNA levels upon treatment
with these drugs in either Hep3B (Fig. 1E) or HelLa (Fig. 1F)
cells, indicating that changes in transcription do not account
for the increased HIF-1a levels.

We analyzed the effect of inhibiting lysosomal degradation
on the expression of three HIF-1 target genes, GLUTI, PDKI,
and VEGF, in Hep3B cells. Treatment with bafilomycin, chlo-
roquine, or NH,Cl significantly increased the expression of all
three HIF target genes (Fig. 1/). To demonstrate that the
increased expression of these genes was HIF-dependent, we
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FIGURE 3. CMA activators decrease HIF-1« protein levels and HIF-1 activity. Hela (A) and Hep3B (B) cells were transfected with the HIF reporter plasmid
p2.1 and the control Renilla luciferase reporter pSV-RL, exposed to 1% O, and left untreated or treated with 6-AN (50 mm) for 24 h. Afterward, cells were lysed,
and reporter activity was measured. C, HelLa cells were left untreated or treated with 6-AN (50 mwm) at either 20% or 1% O.,. 8 h later, cells were lysed, and lysates
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RNA was isolated, and RT-qPCR was performed. Fold induction of expression under hypoxic versus non-hypoxic conditions is shown for both treated and
untreated cells. £, Hep3B cells were left untreated or treated with digoxin (200 nw) for 8 h, after which cells were fixed, stained with anti-LAMP2A antibody, and
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immunoblot assays with the indicated antibodies. G, HeLa and Hep3B cells were either serum-starved or cultured in regular medium for 24 h in the presence
of MG132 (10 um). Afterward, cells were lysed, and lysates were probed with the indicated antibodies. H, HeLa and Hep3B cells were exposed to regular medium
(containing 4.5 g/liter glucose) or low glucose medium (1.0 g/liter glucose) for 24 h in the presence of MG132 (10 um). Afterward, cells were lysed, and lysates
were probed with the indicated antibodies. Results are shown as means = S.E. *, p < 0.01.

compared the effect of lysosomal inhibitors in Hep3B cells sta-
bly transfected with shRNAs targeting both HIF-la and
HIF-2« or with an empty shRNA vector. Whereas bafilomycin
and chloroquine increased HIF target gene expression in the
empty shRNA vector-transfected cells, there was no increase in
the HIF-1a/2a shRNA-transfected cells treated with bafilomy-
cin, and gene expression was even more severely inhibited in
chloroquine-treated HIF-1a/2a shRNA-transfected cells (Fig.
1)). Similarly, we examined HIF target gene expression in the
presence of acriflavine, which is an inhibitor of HIF subunit
dimerization (36). Lysosomal inhibitors had no effect on HIF
target gene expression in the presence of acriflavine (Fig. 1K).
Taken together, the data presented in Fig. 1 indicate that the
inhibition of lysosomal protein degradation leads to an increase
in HIF-1a protein levels and HIF target gene expression that is
independent of prolyl hydroxylation.

APRIL 12,2013 +VOLUME 288-NUMBER 15

Inhibition of Macroautophagy Has No Effect on HIF-1o Levels—
The inhibitors of lysosomal degradation utilized above block
both CMA and macroautophagy. To determine whether mac-
roautophagy contributes to HIF-1 regulation, we analyzed
HIF-1a levels in HeLa cells treated with 3-methyladenine
(3-MA), a well characterized and selective inhibitor of mac-
roautophagy (37). 3-MA had no effect on HIF-1« levels (Fig.
2A).3-MA treatment led to decreased expression of several HIF
target genes, including GLUT1, PDK1, and VEGF (Fig. 2B). We
determined HIF-1a levels upon treatment with a second mac-
roautophagy inhibitor, erythro-9-(2-hydroxy-3-nonyl)adenine,
which has a distinct mechanism of action (38). erythro-9-(2-
Hydroxy-3-nonyl)adenine treatment did not increase HIF-1«a
levels (Fig. 2C) or HIF target gene expression (Fig. 2D).

We also analyzed HIF-la levels in previously described
ATG6 knockdown MEFs (39). Atg6 encodes a protein that is
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essential for formation of the autophagosome during macroau-
tophagy. Surprisingly, ATG6 knockdown led to a dramatic
decrease in HIF-la levels (Fig. 2E) and a corresponding
decrease in HIF target gene expression (Fig. 2F). Taken
together, the results from pharmacological and genetic
approaches indicate that macroautophagy does not contribute
to HIF-1a degradation.

Activators of CMA Inhibit HIF-1 Activity—W e analyzed the
effect of 6-aminonicotinamide (6-AN), a commonly used acti-
vator of CMA (40). In both HeLa (Fig. 34) and Hep3B (Fig. 3B)
cells, 6-AN treatment blocked the induction of HIF-1 reporter
activity by hypoxia. 6-AN treatment also decreased endoge-
nous HIF-1« levels in hypoxic HeLa cells (Fig. 3C). Finally, cells
treated with 6-AN had lower levels of GLUT1, PDK1, VEGF,
BNIP3, and LDHA mRNAs compared with untreated cells (Fig.
3D).

Cardiac glycosides, such as digoxin, inhibit HIF-1 activity by
decreasing HIF-1a protein levels (41). Recently, cardiac glyco-
sides were also identified as activators of protein flux through
the lysosomal degradation pathway (42). The mechanisms by
which this occurs are unclear, but consistent with this report,
treatment of Hep3B cells with digoxin led to an increase in
LAMP2-positive lysosomes compared with untreated cells (Fig.
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3E). Concurrent treatment with bafilomycin abolished the
effect of digoxin on HIF-1a protein levels in Hep3B cells (Fig.
3F), suggesting that digoxin enhances lysosomal degradation of
HIF-1a.

CMA is increased under conditions of glucose or serum dep-
rivation. To determine whether CMA promotes HIF-1a degra-
dation in response to a physiological stimulus, we analyzed
HIF-1alevels after serum starvation. Cells were pretreated with
MG132 to exclude effects mediated through the proteasomal
pathway. Both HeLa and Hep3B cells had reduced HIF-1a lev-
els when serum-starved (Fig. 3G). Similarly, both cell types had
decreased HIF-1a levels when exposed to low glucose culture
medium (Fig. 3H).

TFEB Negatively Regulates HIF-1o Levels and HIF-1 Activity—
TFEB was recently identified as a master regulator of lysosomal
biogenesis (28) that is required for autophagy (29). Overexpres-
sion of TFEB led to increased expression of several genes that
are involved in lysosomal biogenesis (Fig. 44). TFEB overex-
pression inhibited HIF-1 reporter activity in hypoxic HeLa cells
(Fig. 4B). TFEB had a similar effect on HIF-1 reporter activity
induced by HIF-1a overexpression, even in the presence of the
hydroxylase inhibitor DFX (Fig. 4C). TFEB overexpression led
to decreased HIF-1a protein levels in both HeLa and Hep3B
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cells while having no effect on HIF-18 levels (Fig. 4, D and E).
This effect was maintained in the presence of MG132 (Fig. 4F),
indicating that the effect of TFEB is independent of the protea-
somal degradation pathway. In both Hep3B (Fig. 4G) and HeLa
(Fig. 4H) cells, TFEB knockdown led to an increase in HIF-1
activity. To exclude an off-target effect of the TFEB shRNA, we
constructed a second shRNA vector targeting a different
sequence within TFEB. TFEB knockdown with either shRNA
led to an increase in HIF-1a protein levels (Fig. 47) and HIF-1
reporter activity (Fig. 4/).

HIF-1a Interacts with Key CMA Effectors—CMA requires the
activity of the cytosolic chaperone HSC70, which binds to tar-
get proteins and mediates their interaction with LAMP2A,
which then translocates target proteins to the lysosome for deg-
radation. Co-immunoprecipitation assays in 293T cells treated
with bafilomycin revealed interaction between endogenous
HIF-1a and HSC70 (Fig. 5A). Using a series of HSC70 deletion
mutants, we found that HIF-1a bound to amino acid residues
386 —646 of HSC70 (Fig. 5B). To localize the binding site on
HIF-1a, we used a series of HIF-1a deletion constructs and
found that HSC70 bound to the amino acid residues 1-329 of
HIF-1a (Fig. 5C). This result is consistent with other validated
CMA substrates, which usually contain an HSC70-binding site
within their N terminus (25).

Co-immunoprecipitation assays also demonstrated an inter-
action between endogenous LAMP2A and HIF-1« in bafilomy-
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cin-treated cells (Fig. 5D), as well as between exogenous
V5-tagged LAMP2A and FLAG-tagged HIF-1a in untreated
cells (Fig. 5E). Finally, immunoprecipitation of endogenous
HIF-1a in hypoxic 293T cells demonstrated an interaction
between endogenous HSC70 and LAMP2A (Fig. 5F).

Because HIF-1a has not previously been shown to localize
inside the lysosome or on the lysosomal membrane, we ana-
lyzed whether HIF-1a translocates inside lysosomes in whole
cells. Two-photon microscopy demonstrated that HIF-1a and
lysosomal HSC70, a marker of CMA-competent lysosomes, co-
localized in HeLa cells when lysosomal degradation was
blocked by bafilomycin or chloroquine treatment (Fig. 5G). In
contrast, lysosomal localization of HIF-1a was not observed when
expression was induced by treatment with dimethyloxalylglycine,
which is a hydroxylase inhibitor that blocks proteasomal degrada-
tion of HIF-1a. Inhibitors of lysosomal degradation also increased
the co-localization of HIF-1a with LAMP2A. Taken together, the
data in Fig. 5 indicate that HIF-1a and key CMA effectors interact
and co-localize in lysosomes.

HSC70 and LAMP2A Negatively Regulate HIF-1a Levels and
HIF-1 Activity—To determine the effect of HSC70 on HIF-1
transcriptional activity, we analyzed hypoxic induction of the
HIF target genes GLUT1, PDK1, and VEGF upon HSC70 over-
expression. RT-qPCR results demonstrated increased expres-
sion of HIF target genes upon exposure to hypoxia, which was
abolished by LAMP2A overexpression (Fig. 6A4), whereas there
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with empty vector or V5-HSC70 vector. 24 h post-transfection, cells were exposed to 20% or 1% O, for an additional 24 h, after which RNA was isolated, and
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was no effect under non-hypoxic conditions. Hypoxia-induced
HIF reporter activity was significantly decreased by LAMP2A

ever, bafilomycin treatment completely abolished the inhibi-
tory effect of LAMP2A overexpression on HIF activity (Fig. 6K).

overexpression (Fig. 6B). HSC70 overexpression also decreased
HIF target gene expression (Fig. 6C) and HIF reporter activity
(Fig. 6D).

Overexpression of HSC70 in HeLa (Fig. 6E) or Hep3B (Fig.
6F) cells led to a decrease in HIF-1« protein levels that was not
blocked by the proteasomal inhibitor MG132 (Fig. 6E). Similar
results were obtained upon overexpression of LAMP2A (Fig. 6,
G and H). Similarly, overexpression of either HSC70 or
LAMP2A led to a decrease in HIF reporter activity induced by
HIF-1a overexpression, which was resistant to the effects of the
hydroxylase inhibitor DFX (Fig. 6, I and /). Importantly, how-
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To confirm that HSC70 inhibits HIF-1 activity at endoge-
nous levels, we constructed two shRNA vectors targeting dis-
tinct sequences in HSC70 (Fig. 7A). In Hep3B cells, knockdown
of HSC70 with either vector led to an increase in HIF-1 reporter
activity induced by exposure to hypoxia (Fig. 7B) or by overex-
pression of HIF-1a under non-hypoxic conditions (Fig. 7C).
HSC70 knockdown also increased FLAG-HIF-1« protein levels
(Fig. 7D). These results confirm that HSC70 regulates HIF-1«
protein abundance because the FLAG-HIF-1a expression vec-
tor lacked the transcriptional and translational regulatory sig-
nals that are present in the endogenous gene.
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We also constructed two shRNA vectors targeting different autophagy, led to decreased HIF-1a levels. Thus, a variety of
sequences in LAMP2 (Fig. 7E). Knockdown of LAMP2 with  pharmacological and genetic approaches demonstrate that
either shRNA vector led to an increase in HIF-1 reporter activ-  HIF-1a is regulated by lysosomal degradation mediated by
ity induced by hypoxia (Fig. 7F) or FLAG-HIF-1a overexpres- CMA. We obtained evidence supporting a role for lysosomal
sion (Fig. 7G) and increased FLAG-HIF-1a protein levels (Fig. degradation of HIF-1a in HeLa cervical carcinoma cells, Hep3B
7H). We conclude that, at endogenous levels, the CMA effec-  hepatocellular carcinoma cells, human foreskin fibroblasts, and
tors HSC70 and LAMP2A regulate HIF-1 transcriptional activ-  MEFs, suggesting that this is a widespread mechanism by which
ity by promoting HIF-1« degradation. HIF-1a is regulated.

Hypoxia Increases the Expression of Genes Involved in CMA We also demonstrated that hypoxia increased LAMP2A
and Lysosomal Biogenesis—To determine whether CMA was
induced by hypoxia as part of a negative feedback loop, we ana-
lyzed LAMP2 mRNA levels. Hypoxia increased LAMP2 mRNA
levels in HeLa and Hep3B cells (Fig. 8, A and B), and we detected
a corresponding increase in LAMP2A protein levels (Fig. 8C).
Hypoxia also increased the expression of five other genes
involved in lysosomal biogenesis in both Hep3B (Fig. 8D) and
HelLa (Fig. 8E) cells.

expression in two cancer cell lines, which is consistent with a
previous report that hypoxia increases LAMP2A expression in
neural tissue (43). Another recent report demonstrated in-
creased expression of several genes encoding lysosomal com-
ponents in hypoxic mouse fibroblasts (44). Although the
mechanism is unclear, the effects of hypoxia may partially
explain recent findings that CMA is increased in several can-
cers (45) because hypoxia is a common feature of the tumor

DISCUSSION microenvironment.

In this study, we have delineated a novel pathway for HIF-1a Previous work from our group identified HSP70, a protein

degradation that is independent of the proteasome. We dem- with a high degree of sequence similarity to HSC7O{ asaregu-
onstrated that HIF-1a interacted at endogenous levels with !ator of HIF-1a degradat}on (24). However, HSP70 is involved
HSC70 and LAMP2A, which are key CMA effectors, and co-lo- i1 proteasomal degradation of HIF-1a rather than lysosomal
calized with lysosomal HSC70 and LAMP2A using two-photon degradation. Binding assays demonstrated that whereas HSC70
microscopy. Overexpression of HSC70 or LAMP2A led to a bound the N-terminal portion of HIF-la (Fig. 5C), HSP70
marked decrease in HIF-1a levels, whereas knockdown of bound the C-terminal region. In addition, HIF-1a bound the C
HSC70 or LAMP2A had the opposite effect. Inhibition of lyso- ~ terminus of HSC70 but the N-terminal end of HSP70 (Fig. 5B).
somal degradation with bafilomycin or chloroquine increased ~ Taken together, these two studies indicate that despite the high
HIF-1a levels and HIF target gene expression. Activation of ~degree of sequence similarity, HSC70 and HSP70 enhance the
CMA by pharmacological treatment with 6-AN or digoxin or ~ degradation of HIF-1a by distinct molecular mechanisms. This
by a physiological stimulus, such as serum starvation or glucose ~ duality has also been observed for several other protein families.
deprivation, decreased HIF-1« levels. Overexpression of TFEB, LIMD1 enhances proteasomal degradation of HIF-la (46),
a transcription factor that promotes lysosomal biogenesis and ~ whereas the related FHL (four-and-a-half LIM domain) family
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members utilize distinct mechanisms to inhibit HIF-1« trans-
activation domain function (47, 48). Members of the MCM
(minichromosome maintenance) family modulate O,-depen-
dent regulation of HIF-1« stability or transactivation domain
function (49). Finally, the homologs SSAT1 (spermidine/
spermine N'-acetyltransferase) (50) and SSAT2 (51) stimulate
O,-independent and O,-dependent HIF-la degradation,
respectively.

Recent work has shown that PKM2 (pyruvate kinase M2)
undergoes degradation via CMA in cells cultured under high
glucose concentrations (52). PKM2 acts as a coactivator for
HIF-1 transcriptional activity by increasing HIF-1 binding and
p300 recruitment to HIF-1 target genes (53). Degradation of
PKM2 may act as an indirect mechanism by which CMA
reduces HIF-1 activity, in combination with the direct degrada-
tion of HIF-1ae by CMA.

The regulation of HIF-1«a levels by lysosomal degradation
may help explain previous results regarding the role of TFEB in
cancer. TFEB mutations have been identified in renal carcino-
mas (54), which often have activation of HIF-1 due to loss of
function of VHL, which is required for proteasomal degrada-
tion of HIF-la. Because increased TFEB levels lead to
decreased HIF-1« levels and HIF-1 activity, TFEB loss of func-
tion may contribute to the increased HIF-1a levels that are
observed in many human cancers (55).

We have previously reported that digoxin decreases HIF-1a
levels and inhibits tumor growth and metastasis in mouse mod-
els (41, 56 -59), and epidemiological studies suggest an antican-
cer effect of digoxin in humans as well (60). Although the mech-
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anism is unclear, a recent screen identified cardiac glycosides as
drugs that enhance flux through the lysosomal pathway (36).
Our results suggest that this effect of digoxin may contribute to
its inhibition of HIF-1a protein levels and raise the possibility
that other agents that modulate lysosomal degradation of
HIF-1a may have therapeutic potential.
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