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Hypoxia-inducible factor 1 (HIF-1) transcriptionally promotes production of adenosine triphosphate (ATP) whereas
AMPK senses and regulates cellular energy homeostasis. A histone deacetylase (HDAC) activity has been proven to be
critical for HIF-1 activation but the underlying mechanism and its role in energy homesostasis remain unclear. Here, we
demonstrate that HIF-1 activation depends on a cytosolic, enzymatically active HDAC5. HDAC5 knockdown impairs
hypoxia-induced HIF-1a accumulation and HIF-1 transactivation, whereas HDAC5 overexpression enhances HIF-1a
stabilization and nuclear translocation. Mechanistically, we show that Hsp70 is a cytosolic substrate of HDAC5; and
hyperacetylation renders Hsp70 higher affinity for HIF-1a binding, which correlates with accelerated degradation and
attenuated nuclear accumulation of HIF-1a. Physiologically, AMPK-triggered cytosolic shuttling of HDAC5 is critical;
inhibition of either AMPK or HDAC5 impairs HIF-1a nuclear accumulation under hypoxia or low glucose conditions.
Finally, we show specifically suppressing HDAC5 is sufficient to inhibit tumor cell proliferation under hypoxic
conditions. Our data delineate a novel link between AMPK, the energy sensor, and HIF-1, the major driver of ATP
production, indicating that specifically inhibiting HDAC5 may selectively suppress the survival and proliferation of
hypoxic tumor cells.

Introduction

Hypoxia-inducible factor-1 (HIF-1) is the master transcrip-
tion factor that promotes tissue angiogenesis and cellular energy
homeostasis in response to hypoxia.1-3 HIF-1 activation has been
associated with normal development, ischemic disorders, tumori-
genesis, infectious diseases and neurodegenerative disorders.4-8

While HIF-1 activation alters multiple cellular processes, at cellu-
lar level, a major direct biological effect of HIF-1 activation is
enhanced glycolysis which provides rapid supply of ATP.

AMP-activated protein kinase (AMPK), a conserved serine/
threonine kinase, is an energy sensor of cells.9,10 AMPK is a het-
erotrimeric enzyme consisting of a, b, and g subunits; binding
of AMP to AMPK-g subunit exposes the catalytic domain on
AMPK-a, thus activating AMPK. A cascade of AMPK-triggered
phosphorylation events eventually inhibits ATP-consuming ana-
bolic processes, stimulates ATP-producing catabolic processes
and initiates autophagy.11 The activation of AMPK under

hypoxic or low glucose conditions has been reported.12-14 How-
ever, a mechanistic link and functional interaction between
AMPK activation and HIF-1 activation remain elusive.

HIF-1 is found in all metazoan as a heterodimeric transcrip-
tion factor whose activity is functionally determined by the HIF-
1a subunit15 and association with coactivator p300/CBP. Both
the protein level and the activity of HIF-1a are regulated by O2

-dependent pathways.16-18 Mature HIF-1a protein is hydroxyl-
ated by a family of prolyl hydroxylases in the presence of O2, and
the hydroxylated HIF-1a is ubiquitinated by an E3 ubiquitin-
ligase complex containing the von Hippel-Lindau protein
(VHL)19-22 and subsequently degraded by the proteasome.23
24,25 In addition, HIF-1a transactivation activity is interrupted
by another O2-dependent hydroxylase FIH-1,26 which hydroxy-
lates HIF-1a at an asparagine residue (N803), thus suppressing
HIF-1a interaction with coactivator p300/CBP.27,28

The observation that inhibition of HDAC activity triggers
HIF-1a degradation and represses HIF-1 function 29,30 suggests
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that HIF-1 activation is subject to additional regulation. Previ-
ously, we reported that HDACI (histone deacetylase inhibitor)
triggered O2-independent destabilization of HIF-1a.29,31 Since
Hsp70 and Hsp90 interact with HIF-1a,32,33 and Hsp90 inhibi-
tors also induce proteasomal degradation of HIF-1a in the
absence of O2, it is suggested that posttranslational processing of
nascent HIF-1a to its mature conformation requires the actions
of molecular chaperones.29,33,34 However, the functional interplay
between HDACs and molecular chaperones is unclear; and the
biological significance of this layer of regulation remains elusive.

The HDACIs that suppress HIF-1 include trichostatin A
(TSA), SAHA (vorinostat) and LAQ824.29,30 These HDACIs
non-selectively inhibit all classes I and II HDACs, including
HDAC1–9.35,36 HDAC1 and HDAC2 are nuclear deacetylases
that deacetylate histones. HDAC3 can be located in both the
nucleus and the cytosol, forming complexes with other
HDACs.37,38 HDAC4 and 5 are closely related homologues,
both shuttling between the nucleus and the cytosol.39,40 HDAC6
deacetylates tubulin and binds misfolded proteins and dynein
motors,41,42 which may regulate the intracellular trafficking of
misfolded proteins. While a consensus is that an HDAC activity
is required for HIF-1a stabilization and HIF-1 activation,29,30 the
precise member of the HDAC involved, the underlying molecular
mechanisms, and the biological significance remain unclear. As
HDAC family members have diverse characteristics and function,
identifying the specific HDAC required for HIF-1 is the critical
step for the understanding of the underlying mechanisms and the
biological significance of the deacetylase-dependent regulation.

In this report, we start with the identification of HDAC5, a
member of Class IIa HDACs, as the specific HDAC member
that facilitates the stabilization and nuclear accumulation of
HIF-1a. We demonstrate that deacetylation of the cytosolic
molecular chaperone Hsp70 by HDAC5 promotes HIF-1a
interaction with Hsp90 and facilitates the rapid nuclear accumu-
lation of HIF-1a, and show that AMPK-mediated cytosolic
translocation of HDAC5 is an active cellular response to hypoxia
and low glucose stresses, which facilitates HIF-1 activation.

Results

HDAC5 knockdown induces proteasome-dependent HIF-1a
degradation

To address which HDAC is needed for HIF-1a stability, we
used siRNA-based screening. We examined the effect of individ-
ually knockdown of HDAC1 (Class Ia), HDAC3 (Class Ib),
HDAC5 (Class IIa) and HDAC6 (Class IIb) on hypoxic accu-
mulation of HIF-1a. We validated the efficiency of siRNA
knockdown, showing that HDAC siRNA specifically and signifi-
cantly decreased the targeted mRNA (Fig. 1A) and proteins
(Fig. 1B). However, only HDAC5 knockdown remarkably
impaired hypoxic accumulation of HIF-1a (Fig. 1B), suggesting
that hypoxic accumulation of HIF-1a requires HDAC5.

Previously we reported that SAHA and TSA trigger protea-
some-dependent degradation of HIF-1a but do not block de
novo translation of HIF-1a.29 If TSA destabilizes HIF-1a

through inhibiting HDAC5, overexpression of HDAC5 should
be able to protect HIF-1a from TSA-induced degradation. To
test this hypothesis, we treated cells overexpressing Flag-HDAC5
with TSA, and found that HDAC5 prevented TSA-induced
decrease of HIF-1a levels in a dose-dependent manner (Fig. 1C).
As TSA induces proteasome-dependent HIF-1a degradation,29

we next asked if the reduction of HIF-1a levels caused by
HDAC5 knockdown requires the proteasome activity. We per-
formed HDAC5 knockdown and examined HIF-1a levels in the
presence of MG132, a proteasome inhibitor. We observed that
in the presence of MG132, HDAC5 knockdown failed to reduce
HIF-1a protein levels (Fig. 1D). Thus, impaired hypoxic accu-
mulation of HIF-1a in HDAC5 knockdown cells involves an
accelerated proteasome degradation, recapitulating the HDACI
effects on HIF-1a stability. These data indicate that HDAC5
knockdown impairs hypoxic stabilization of HIF-1a.

To further investigate whether the role of HDAC5 on HIF-
1a accumulation is cell-type specific, we performed HDAC
knockdown in HeLa and MCF7 cells. The efficiency of knock-
down of each individual HDAC in HeLa and MCF7 was con-
firmed (Fig. 1E and G); only HDAC5 knockdown effectively
suppressed HIF-1a levels (Fig. 1F and H). These data indicate
that HDAC5-facilitated HIF-1a stabilization is a general mecha-
nism existing in different cell types.

HDAC5 specific inhibitor LMK235 impairs hypoxic
accumulation of HIF-1a by ubiquitination-independent
pathway

A small molecule HDAC5 specific inhibitor LMK235 (IC50

for HDAC5: 4.22 nM; IC50 of TSA for HDAC5: 520 nM) has
been recently developed.43 We treated Hep3B with increasing
concentrations of LMK235, and found that 25 nM LMK235
was sufficient to reduce the steady-state HIF-1a levels in hypoxic
cells (Fig. 2A). Moreover, in the presence of LMK235, the time-
dependent hypoxic accumulation of HIF-1a was impaired
(Fig. 2B). Similar effects were observed within HeLa and MCF7
cells (not shown). MG132 blocked LMK235-induced reduction
of HIF-1a (Fig. 2C), indicating HDAC5 activity protects HIF-
1a from proteasome degradation. In addition, LMK235 was
able to reduce HIF-1a accumulated by desferrioxamine (DFX), a
hydroxylase inhibitor which inhibits HIF-1a hydroxylation
(Fig. 2D), suggesting LMK235-mediated HIF-1a degradation is
hydroxylation-independent. To determine whether LMK235-
triggered HIF-1a degradation is a ubiquitination-independent
process as observed with other HDACIs,29 we cultured TS20
cells, which carry a temperature sensitive ubiquitin activating
enzyme (E1) caused by 2 mutations.44 The restrictive tempera-
ture (39�C) inactivates E1, causing HIF-1a accumulation:
LMK235 effectively induced HIF-1a degradation even E1 was
inactivated, and this degradation was blocked by MG132
(Fig. 2E). To determine if HDAC5 facilitates hypoxic accumula-
tion of HIF-1a in non-tumor cells, we treated H9c2, immortal-
ized cardiomyocytes generated from normal rat heart, with TSA
and LMK235. We found that both effectively blocked HIF-1a
accumulation (Fig. 2F, G), suggesting that HDAC5 also facili-
tates HIF-1a accumulation in non-tumor cells. Taken together,
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these data indicate that specifically
inhibiting HDAC5 causes ubiquitina-
tion-independent, proteasome-medi-
ated degradation of HIF-1a. These
data corroborate that lack of HDAC5
activity induces ubiquitination-inde-
pendent, proteasome-dependent degra-
dation of HIF-1a.

HDAC5 knockdown inhibits
hypoxic stimulation of HIF-1-
dependent transactivation

Since HDAC5 knockdown slowed
down hypoxic accumulation of HIF-
1a (Fig. 3A, B), we examined if
HDAC5 knockdown impairs HIF-1-
dependent transcription. Carbonic
anhydrase 9 (CA-IX) and glucose trans-
porter 1 (GLUT1) are 2 well-known
metabolic enzymes mainly regulated by
HIF-1 transactivation activity. We
sought to examine the mRNA levels of
CA-IX and GLUT1 in each HDAC-
specific knockdown cells (Fig. 3C, D).
6 h of hypoxia overtly increased their
expression levels. However, only
HDAC5 knockdown significantly
blunted the hypoxic upregulation of
CA-IX (p D 0.0035, Fig. 3C) and
GLUT1 (p D 0.0014, Fig. 3D).
Increased glycolysis and lactate forma-
tion best demonstrate the physiological
function of HIF-1 activation. To test
whether HDAC5 knockdown affects
glycolysis, we measured the lactate yield
of cells cultured in 21% or 1% O2.
Hypoxia stimulated glycolysis and lac-
tate production (Fig. 3E), however,
HDAC5 knockdown cells showed
approximately 30% reduction in hyp-
oxia-stimulated lactate production
(Fig. 3E). We generated HDAC5
knockdown HeLa cells with lentiviral-
shRNA and confirmed the knockdown
effects (Fig. 3F). Since the Seahorse
metabolic analyzer is not compatible
with true hypoxia, we used DFX to
stimulate HIF-1. HDAC5 knockdown
suppressed DFX-triggered accumula-
tion of HIF-1a (Fig. 3G) and lactate
production, which is indicated by the
extracellular acidification rate (ECAR)
(Fig. 3H, I). Taken together, these data indicate that HDAC5 is
required for optimal hypoxic activation of HIF-1 target genes.

Cytosolic deacetylase activity of HDAC5 is required for
HIF-1a stabilization

HDAC5 dynamically shuttles between the nucleus and the
cytosol.40 HDAC5 performs its transcriptional repressive

Figure 1. HDAC5 knockdown induces HIF-1a degradation. (A) Confirmation of HDAC knockdown in
Hep3B. 42 h after siRNAs transfection, total RNA were collected and qRT-PCR was performed to deter-
mine the mRNA levels of HDACs. siR: siRNA.(B) HDAC5 knockdown attenuates hypoxia-triggered HIF-
1a accumulation. Hep3B transfected with siRNA were exposed to 1% O2 for 6 h. Protein levels of HIF-
1a, HDACs and a-tubulin (loading control) were determined by Western. (C) HDAC5 overexpression
rescues TSA-induced HIF-1a degradation. Hep3B cells were transfected with 0.25, 0.5, 2 mg of Flag-
HDAC5 and cultured in 1% O2 with TSA (300 nM) or DMSO (control) for 6 h. HIF-1a and Flag-HDAC5
were detected by Western blotting. (D) MG132 blocks HDAC5 knockdown-caused decrease of HIF-1a.
Hep3B were transfected with HDAC5 or control siRNA, exposed to 1% O2 in the presence or absence
of MG132 (5 mM) for 6 h. (E-H) HDAC5 knockdown blocks HIF-1a accumulation in HeLa (E-F) and
MCF7 (G-H) cells. Procedures are the same as in (A) and (B). The mRNA levels of target genes were
examined by qRT-PCR, and HIF-1a levels determined by Western blotting.
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function by interacting with other nuclear partners independent
of its intrinsic deacetylase activity.45 To investigate whether the
intrinsic deacetylase activity is required for HDAC5 to stabilize
HIF-1a, we constructed a Flag-HDAC5 mutant deficient for
deacetylase activity. Two mutations in the catalytic domain of
HDAC4 (C669/H675A) were reported to completely abolish its
deacetylase activity.46 Since the catalytic domains of HDAC4
and HDAC5 are highly conserved (Fig. 4A), mutating the con-
served residues C698/H704 of HDAC5 to alanine was expected
to abolish HDAC5 deacetylase activity. We confirmed that the
HDAC5-C698/H704A mutant was unable to deacetylate
a-tubulin compared with WT HDAC5 (Fig. 4B). We next used
the C698/H704A mutant and tested its ability to facilitate HIF-
1a stabilization. Western blotting revealed that the HDAC5-
C698/H704A mutant was unable to stabilize HIF-1a (Fig. 4C),
indicating that the deacetylase activity is required for HDAC5 to
stabilize HIF-1a.

HDAC5 contains both a nuclear localization signal (NLS)
and a nuclear export signal (NES), which regulate HDAC5 shut-
tling between the nucleus and the cytosol.40 Mutating S278/279

to alanine blocks HDAC5 nuclear localization, whereas the
L1092A mutation blocks nuclear export.40,47 To determine
whether HDAC5 stabilizes HIF-1a through a nuclear or cyto-
solic function, we generated the S278/279A and L1092A
mutants (Fig. 4D) and confirmed their subcellular localization
(Fig. 4E, full images see Fig. S1). WT flag-HDAC5 was detected
in both the nucleus and the cytosol (Fig. 4E-a) whereas the
HDAC5-S278/279A mutant was found only in the cytosol
(Fig. 4E-b); and the HDAC5 L1092A mutant was observed pre-
dominantly in the nucleus (Fig. 4E-c). Overexpression of the
nuclearly localized HDAC5 mutant barely increased the HIF-1a
levels, whereas overexpression of the cytosolically localized
HDAC5 mutant significantly increased HIF-1a protein levels
compared to control (Fig. 4F), indicating that the cytosolically
localized HDAC5 facilitates HIF-1a stabilization.

HDAC5 facilitates nuclear accumulation of HIF-1a
We next explored how the cytosolic activity of HDAC5 might

affect the stability and activity of HIF-1a, a nuclear protein. As a
transcription factor, nuclear localization of mature HIF-1a is

Figure 2. HDAC5 specific inhibitor LMK235 impairs hypoxic accumulation of HIF-1a by ubiquitination-independent pathway. (A) Dose dependent effects
of LMK235 on HIF-1a. Hep3B cells were treated with 0, 25 or 50 nM of LMK235 and exposed to 1% O2 for 6 h prior to analysis. (B) Effects of LMK235 on
hypoxia-induced accumulation of HIF-1a. Hep3B cells were cultured with DMSO as control (¡) or 50 nM of LMK235 (C) in 1% O2 for 0 to 6 h, HIF-1a
were examined by Western blotting. (C) MG132 blocks LMK235-triggered reduction of HIF-1a. Hep3B cells were cultured in 1% O2 for 6 h in the presence
of 25 nM of LMK235, with or without MG132 (5 mM). (D) LMK235-induced degradation of HIF-1a is hydroxylation-independent. Hep3B cells were treated
with DFX (100 mM) for 0 to 4 h in the presence or absence of LMK235 (25 nM). (E) LMK235-triggers ubiquitination-indepdendent degradation of HIF-1a.
TS20 cells with temperature sensitive ubiquitin activating enzyme E1 were cultured at 39�C for 6 h with or without LMK235. The LMK235-triggered deg-
radation was blocked by MG132 (5 mM). (F-G) Dose-dependent effect of HDACIs on HIF-1a in cardiomyocyte. H9c2 cells were cultured with 0, 500 or
1000 nM of TSA (F), or 0, 25 or 50 nM of LMK235 (G), and exposed to 1% O2 for 6 h prior to analysis for HIF-1a.
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critical for its transactivation activity. After translation, nascent
HIF-1a must undergo post-translational processes in the cytosol
prior to entering the nucleus (Fig. 5A). Previously, we demon-
strated that HDACIs promoted HIF-1a-Hsp70 interaction but

impaired HIF-1a-Hsp90 interaction, suggesting HDACIs may
disrupt HIF-1a folding process thus generating unstable, mis-
folded HIF-1a.29 Expression of recombinant proteins often over-
whelms the endogenous folding capacity, providing a model to

Figure 3. HDAC5 knockdown attenuates hypoxia-induced HIF-1a accumulation and impairs hypoxic activation of HIF-1 function. (A) Effect of HDAC5
knockdown on HIF-1a accumulation in response to hypoxia. Hep3B cells were transfected with HDAC5 or control siRNA. After 44 h, cells were exposed
to 1% O2 for 0 to 4 h in the presence or absence of MG132 (5 mM). HIF-1a levels at each time point were determined. (B) Quantification of data in (A).
The HIF-1a levels in Figure 2A were quantified by ImageJ software and normalized to a-tubulin. (C-D) HDAC5 knockdown represses the expression of
HIF-1 target genes. 42 h after transfection with indicated siRNAs, MCF7 cells were exposed to 1% O2 for 6 h. The mRNA levels of CA-IX and GLUT1 were
determined by qRT-PCR as indicators of HIF-1 function. (E) HDAC5 knockdown represses hypoxia-stimulated lactate fermentation. HeLa Cells transfected
with control or HDAC5 siRNA were cultured for 48 h in 21% or 1% O2. Media were collected, lactate levels measured and normalized to cell numbers.
(F-G) HDAC5 knockdown by shRNA represses nuclear accumulation of HIF-1a. HeLa cells transduced with control or HDAC5 shRNA were cultured with
hydroxylase inhibitor DFX for 0-6 h prior to nuclear extract preparation. HDAC2 was detected as a control. (H-I) HDAC5 knockdown represses HIF-1-stim-
ulated lactate formation. Control or HDAC5 shRNA transduced HeLa cells (20,000) were seeded into Seahorse XF24 microplates. Cells were treated with
DFX for 4 h to activate HIF-1. The ECAR was recorded (* p< 0.05, **p < 0.01, shR: shRNA).
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study the role of HDAC5 in the posttranslational processing of
HIF-1a. To investigate whether HDAC5 activity facilitates the
processing of nascent HIF-1a into mature conformation thus
being nuclear import-competent, we examined the effect of
HDAC5 on the stability and nuclear localization of co-trans-
fected HA-HIF-1a. We found that overexpressed HA-HIF-1a
was mainly present in the cytosolic fractions (Fig. 5B), consistent
with a non-functional status. However, when HDAC5 was co-
overexpressed, the majority of HA-HIF-1a was observed in the
nuclear fraction. Immunofluorescent staining of HIF-1a and
HDAC5 revealed that in cells lacking overexpressed HDAC5,
HA-HIF-1a was mostly localized in the cytosol (Fig. 5C-c);
whereas in cells with overexpressed HDAC5, HA-HIF-1a was

predominantly observed in the nucleus (Fig. 5C-a). To address
whether HDAC5-enhanced nuclear localization of HIF-1a has a
functional consequence, we measured the mRNA levels of HIF-1
target genes CA-IX and GLUT1 (Fig. 5D). The mRNA level of
HIF-1a was not affected by HDAC5 co-transfection (Fig. 5D-a,
b). Importantly, the mRNA levels of CA-IX and GLUT1 were
not significantly increased by HIF-1a overexpression alone
(Fig. 5D-c, d), but were significantly enhanced by the co-trans-
fection of both HDAC5 and HIF-1a (Fig. 5D-c, d). To further
determine the importance of HDAC5 for nuclear accumula-
tion of endogenous HIF-1a, we exposed cells to hypoxia or
DFX in the presence or absence of LMK235. Immunofluores-
cent staining (Fig. 5E) showed that endogenous HIF-1a

Figure 4. The cytosolic HDAC5 deacetylase activity is required for HIF-1a stabilization. (A) The schematic structures of HDAC5 and 4. (B) HDAC5-C698A/
H704A mutant is deficiency of deacetylase. Hep3B cells were transfected with 2 mg of vectors, HDAC5-C698A/H704A or wt-HDAC5. (C) Deacetylase activ-
ity of HDAC5 is required for HIF-1a accumulation. Hep3B cells were transfected with HA-HIF-1a and 2 mg of vector, HDAC5-C698A/H704A or WT-Flag-
HDAC5. HIF-1a and Flag-HDAC5 were examined. (D) Schematic structure of cytosolically and nuclearly localized HDAC5 mutants. Mutations were intro-
duced in NLS (S278/279A) or NES (L1092A). (E) Subcellular localization of HDAC5 mutants. Hep3B cells were transfected with 2 mg of Flag-HDAC5-WT,
HDAC5-L1092A or HDAC5-S278/279A. (F) The cytosolic HDAC5 is sufficient to stabilize HIF-1a. Cells were transfected with 2 mg of HA-HIF-1a and 2 mg
of vector, Flag-HDAC5-WT, Flag-HDAC5-S278/279A (cytosol) or Flag-HDAC5-L1092A (nucleus). HIF-1a and Flag-HDAC5 were examined by Western
blotting.
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induced by either hypoxia or DFX was predominantly
nuclear, consistent with sufficient folding capacity with nor-
mal HDAC5 activity (Fig. 5Ea, c). In the presence of
LMK235, a relatively weak signal of HIF-1a was detected,

which was mainly in the cytosol (Fig. 5Eb, d). Taken
together, these data indicate that the cytosolic HDAC5 activ-
ity facilitates the nuclear localization of HIF-1a, thereby pro-
moting functional activation of HIF-1.

Figure 5. HDAC5 facilitates nuclear accumulation and potentiates the transactivation activity of exogenously expressed HIF-1a. (A) Posttranslational pro-
cesses of HIF-1a. The cytosolic HIF-1a represents the portion undergoing posttranslational processes, while nuclear HIF-1a represents the mature form.
(B-D) HDAC5 promotes nuclear localization of overexpressed HA-HIF-1a and potentiates its transactivation activity. Hep3B cells were transfected with
2 mg of HA-HIF-1a and 2 mg of flag-HDAC5. Cytosolic and nuclear extracts were separated and examined (B). Cells were stained with anti-Flag, anti-HIF-
1a and DAPI. A representative microimage showing a cell expressing HIF-1a alone and a cell expressing both HIF-1a and HDAC5 in the same microscopic
field was presented (C). The mRNA levels were determined by qRT-PCR (D). (F) HDAC5 inhibition blocks HIF-1a nuclear localization. Hep3B cells were cul-
tured in 1% O2 or with DFX (100 mM) for 6 h in the presence or absence of 25 nM of LMK235.
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HDAC5 deacetylates Hsp70 and enhances Hsp90-HIF-1a
interaction

HIF-1a is a client protein of the Hsp70-Hsp90 molecular chap-
erone system, and HDACIs promote HIF-1a-Hsp70 interaction
but reduce HIF-1a-Hsp90 interaction.29 To determine if HDAC5
regulates the dynamic interaction of HIF-1a with Hsp70 and
Hsp90, we co-immunoprecipited HIF-1a, and examined the

effects of HDAC5 knockdown on the interaction of HIF-1a with
Hsp90 and Hsp70. HDAC5 knockdown resulted in decreased
Hsp90 and increased Hsp70 in the HIF-1a complexes (Fig. 6A).
Overexpressing HDAC5 resulted in approximately 80% more
Hsp90 but 30% less Hsp70 co-precipitated with HIF-1a
(Fig. 6B). These data suggest that HDAC5 facilitates HIF-1a
transfer from the Hsp70 complex to the Hsp90 complex.

Figure 6. For figure legend, see page 2528.
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Since all HIF-1a, Hsp90 and Hsp70 have been reported to be
acetylated proteins,42,48-51 we next asked if HDAC5 deacetylates
one or more of these proteins. HDAC5 knockdown did not sig-
nificantly affect the total levels of Hsp90, Hsp70 or HIF-1a in
the presence of MG132 (Fig. 6C, Fig. S2A, right panel), and
HIF-1a acetylation levels did not seem to be affected by
HDAC5 knockdown either (Fig. S2). A search for K-acetylated
proteins from total lysates of HDAC knockdown cells revealed a
70KD candidate (Fig. S2B), and further studies confirmed that
HDAC5 knockdown resulted an overt increase of acetylated
Hsp70 (Fig. 6C), indicating that acetylated Hsp70 is a cytosolic
substrate of HDAC5. Next, we co-transfected Flag-Hsp70 with
either HDAC5 or HDAC3 into Hep3B cells, immunoprecipi-
tated Hsp70 and examined the acetylation status of Hsp70. We
observed that overexpression of HDAC5, but not HDAC3,
reduced Hsp70 acetylation (Fig. 6D). Compared with wt
HDAC5, HDAC5-C698/H704A, the inactive mutant, failed to
reduce the acetylation levels of endogenous Hsp70 (Fig. 6E). To
test if Hsp70 is directly deacetylated by HDAC5 or a deacetylase
activity associated with HDAC5, we used purified recombinant
HDAC5 to treat Flag-Hsp70 purified from Hep3B cells, and
this in vitro treatment apparently reduced Flag-Hsp70 acetylation
(Fig. 6F), suggesting HDAC5 directly deacetylates Hsp70.
Taken together, these data show that HDAC5 deacetylates
Hsp70 in cultured cells and in vitro, indicating that acetylated
Hsp70 is likely a bona fide cytosolic substrate of HDAC5.

To further investigate the interplay between Hsp70 and
HDAC5 on HIF-1a stability, we co-transfected Hsp70 with
HIF-1a, or together with HDAC5 (Fig. 6G). We found that
overexpression of Hsp70 decreased HIF-1a levels; however, co-
overexpression of HDAC5, which induces Hsp70 deacetylation,
prevented HIF-1a degradation caused by Hsp70 overexpression
(Fig. 6G), further confirming that deregulated interaction
between Hsp70 and HIF-1a triggers HIF-1a degradation.

A recent study with mass spectrometry shows that Hsp70 is
acetylated at 6 different lysyl residues.49 Four sites (K88, 126,
159, 524) are subject to deacetylation by HDAC6,49 while the

deacetylase modifying K559 and K561, which are located at the
client binding domain of Hsp70, remains unknown (Fig. 6H).
To determine if acetylation of K559/561 affect Hsp70 binding
to HIF-1a, we created the K559/561R mutant. Compared with
wt Hsp70, the K559/561R mutant showed reduced acetylation
levels, which were not affected by HDAC5 knockdown (Fig. 6I).
Consistently, the K559/561R mutant showed a decreased affinity
for HIF-1a (Fig. 6J). These data suggest that HDAC5 deacety-
lates acetylated K559/561 of Hsp70, and that K559/561 acetyla-
tion deregulates HIF-1a-Hsp70 interaction.

Cytosolic shuttling of HDAC5 triggered by AMPK is critical
for rapid HIF-1a accumulation

AMPK phosphorylates HDAC5 on Serine 259/498, which
regulates HDAC5 shuttling to the cytosol 40. Glucose depletion
and hypoxia activate AMPK 12-14(Fig. S3A). We found hypoxia
was sufficient to enhance cytosolic levels of endogenous HDAC5
(Fig. 7A), and this cytosolic localization was blocked by Lepto-
mycin B (LMB), a general inhibitor of protein nuclear export
(Fig. 7A-b, c). Glucose starvation 52 and exposure to AICAR, a
specific AMPK activator also promoted cytosolic translocation of
HDAC5 (Fig. 7A-d, e). Compound C, a specific AMPK inhibi-
tor, blocked HDAC5 nuclear export and HIF-1a accumulation,
so did LMB (Fig. 7B, C). In addition, we generated HDAC5
S259/498A, which cannot be phosphorylated by AMPK,40,53

thus being resistant to cytosolic translocation by AMPK
(Figure S3B). Upon glucose deprivation, wt HDAC5 enhanced
the accumulation of HIF-1a while the HDAC5-S259/498A
mutant showed no effect (Fig. 7D). Moreover, in normal condi-
tions, the cytosolic HDAC5 mutant S278/279A stabilized HIF-
1a more effectively than wt HDAC5, which is only partially
localized to the cytosol (Fig. 7E). Under AMPK-activated condi-
tions (hypoxia or glucose starvation) that shift wt HDAC5 to the
cytosol, wt HDAC5 and the S278/279A mutant stabilize HIF-
1a with similar efficiency, supporting the notion that the cyto-
solic translocation of HDAC5 facilitates HIF-1a stabilization.

Figure 6 (See previous page). HDAC5 deacetylates Hsp70, attenuates Hsp70-HIF-1a interaction but enhances Hsp90-HIF-1a interaction. (A) Hep3B cells
were treated as indicated and lysates were immunoprecipitated with anti-HIF-1a. The same blot was firstly used to detect Hsp90 and Hsp70, and then
HIF-1a. MG132 (5 mM) was added to balance HIF-1a levels. (B) Hep3B cells were co-transfected with 2 mg of HA-HIF-1a and 2 mg of flag-HDAC5. Cell
lysates were immunoprecipitated with anti-HIF-1a followed by detecting coimmunoprecipitated Hsp90 and Hsp70. (C) Hep3B cells were transfected
with control or HDAC5 siRNA and exposed to 1% O2 in the presence of MG132 (5 mM) for 6 h. Cell lysates were immunoprecipitated with anti-acetyl-
lysine antibody. Precipitated Hsp90 and Hsp70 were detected sequentially by Western blotting. (D-E) HDAC5 deacetylates Hsp70 in cultured cells. D.
Hep3B cells were co-transfected with flag-HDAC5 and Flag-Hsp70, or Flag-HDAC3 and Flag-Hsp70. 5% of cell lysates were used to detect indicated pro-
teins (left), and remaining cell lysates were immunoprecipitated with anti-Hsp70 or non-specific IgG. Acetyl-K and Flag-Hsp70 were detected sequen-
tially. E. Hep3B cells were transfected with wt-HDAC5 or HDAC5C698/H704A mutant. Cell lysates were immunoprecipitated with anti-Hsp70 followed by
examining Acetyl-K proteins and Hsp70. (F) HDAC5 directly deacetylates Hsp70 in vitro. Hep3B cells were transfected with Flag-Hsp70. Flag-Hsp70 was
purified by immunoprecipitation with anti-flag antibody, and incubated with or without 60 ng of recombinant GST-HDAC5 (rHDAC5) at 37 �C for 30 min
in deacetylase buffer. Acetylated Hsp70 and total Hsp70 were detected sequentially. (G) Overexpression of Hsp70 impairs HIF-1a accumulation, which is
reversed by HDAC5. Cells were transfected with 2 mg of HA-HIF-1a. In addition, the following plasmids were cotransfected: (1) 2 mg control vector; (2)
1 mg Flag-Hsp70, 1 mg control vector; (3) 1 mg Flag-HDAC5, 1 mg control vector; and (4) 1 mg Flag-Hsp70 and 1 mg of Flag-HDAC5. (H) Schematic repre-
senting Hsp70 acetylation sites. (I) HDAC5 deacetylates Hsp70 at K559/561. From left to right, Hep3B cells were transfected with: 1. control siRNACHsp70
WT; 2. HDAC5 siRNACHsp70 WT; 3. control siRNACHsp70 K559/561R; 4. HDAC5 siRNACHsp70 K559/561R. Cells were exposed to 1% O2 for 6 h. Cell lysates
were immunoprecipitated with anti-acetyl-K. (J) Deacetylation of Hsp70 at K559/561 enhances the stabilization of HIF-1a. Cells were transfected with
empty vectors, Hsp70 or K559/561R as indicated and exposed to 1% O2 for 6 h. Hsp70 was immunoprecipitated with anti-Flag and associated HIF-1a
was detected by Western blotting.
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Among normal tissues, HDAC5 is highly expressed in car-
diac muscle and brain, 2 tissues that are highly sensitive to
hypoxia.54 We asked if hypoxia also affects HDAC5 expres-
sion in addition to the AMPK-triggered cytosolic localization.
After exposing Hep3B cells to 1% O2 for 6 h, HDAC5
expression was upregulated at both protein and mRNA levels

(Fig. 7F-H), further supporting a role of HDAC5 in cellular
response to hypoxia.

Taken together, these data demonstrate that hypoxia-triggered
cytosolic translocation of HDAC5 and upregulation of HDAC5
promote rapid nuclear accumulation of functional HIF-1a, and
AMPK activation represents a physiological signaling pathway

Figure 7. AMPK-triggered cytosolic shuttling of HDAC5 facilitates HIF-1a accumulation. (A) Effect of AMPK on HDAC5 subcellular localization. HeLa cells
with stable Flag-HDAC5 were established and cultured in with 0.25 mM AICAR, or in 1% O2 for 6 h, or in glucose depleted medium (0 mM Glc) for 12 h.
Cells were stained with anti-Flag and DAPI. (B) AMPK inhibition impairs hypoxic accumulation of HIF-1a. Hep3B cells were exposed to 1% O2 for 0–4 h in
the presence of Compound C (Comp C, 20 mM) or DMSO. (C) Blocking nuclear export reduces hypoxic stabilization of HIF-1a. Hep3B cells were exposed
to 1% O2 for 6 h in the presence or absence of LMB (20 ng/ml). (D) AMPK-facilitated HIF-1a stabilization depends on cytosolic localization of HDAC5.
Hep3B cells were transfected with 2 mg of HA-HIF-1a and 2 mg of WT or the AMPK-resistant HDAC5 S259/498A mutant. Cells were cultured in glucose-
free medium for 12 h. (E) AMPK enhances the ability of HDAC5 to stabilize HIF-1a. Hep3B cells were transfected with 2 mg of HA-HIF-1a and 2 mg of wt
HDAC5 or cytosol-localized HDAC5 mutant (S278/279A). Cells were cultured in 21% or 1% O2 for 6 h, or in glucose free media for 12 h. (F-H) Hypoxia
upregulates HDAC5 expression. Hep3B cells were cultured in 21% or 1% O2 for 6 h. HDAC5 and HIF-1a protein levels were determined by Western blot-
ting (F). The mRNA levels of CA-IX (G: as positive control) and HDAC5 (H) were determined by qRT-RCR.
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that facilitates HIF-1 activation via promoting the cytosolic
translocation of HDAC5.

HDAC5 inhibition preferentially suppresses tumor cell
proliferation under hypoxic conditions

The AMPK-HDAC5 pathway represents a critical adaptive
response to support cell survival and proliferation under hypoxic
conditions. We next asked if inhibiting HDAC5 is sufficient to
specifically suppress tumor cell proliferation under hypoxic con-
ditions. Using CRISPR-based genome editing,55 we deleted one
allele of HDAC5 from Hep3B cells (Fig. 8A), and Hep3B
(HDAC5 C/¡) cells showed slower nuclear accumulation of
HIF-1a after exposure to hypoxia (Fig. 8B). When cultured in
normal culture conditions, Hep3B (HDAC5 C/¡) cells prolifer-
ated at a rate similar to the parental Hep3B (Fig. 8C). When cul-
tured in 1% O2 or 1 mM glucose, Hep3B cells proliferate at
reduced rate, but (HDAC5 C/¡) cells proliferated at a rate range
from extremely slow to total arrest (Fig. 8D, E). While Hep3B
cells survived with 1 mM glucose under hypoxia up to 96 h, sig-
nificant numbers of Hep3B (HDAC5 C/¡) cells died (Fig. 8F).
Similarly, siRNA-based HDAC5 knockdown impaired HeLa
proliferation, particularly under hypoxic conditions (Fig. 8G,
H). Finally, to test if HDACI-induced suppression of tumor cell
proliferation is correlated to inhibiting HDAC5, we compared
the effects of TSA, the general HDAC inhibitor and the
HDAC5 specific inhibitor LMK235 on Hep3B cell proliferation
in 1% O2 and analyzed the correlation between the IC50 for cell
proliferation and IC50 for deacetylase activities (Fig. 8I, J).
LMK235, with a low IC50 for HDAC5 (4.22 nM) and higher
IC50 for HDAC1 (320 nM) or HDAC6 IC50 (56 nM), gave an
IC50 of 0.4 nM for Hep3B cell proliferation (Fig. 8I). TSA,
which has a higher IC50 (520 nM) for HDAC5 and a low IC50

for HDAC1 (0.4 nM), HDAC3 (1.0 nM) and HDAC6
(2.0 nM),43, 56 showed an IC50 of 87 nM for Hep3B cell prolif-
eration (Fig. 8J). Similar results were obtained when HeLa cells
or MCF7 cells were used (data not shown). These data suggest
that HDACIs inhibit tumor cell proliferation is largely by sup-
pressing HDAC5.

Discussion

Tissue hypoxia plays a regulatory role in normal physiology
such as development and aging, and a pathological role in many
diseases including cancer, heart disease, stroke, neurodegenera-
tion and inflammation.4-8 Activated by tissue hypoxia, HIF-1
and AMPK pathway are the 2 most important regulators of cellu-
lar responses to hypoxia, maintaining energy homeostasis in hyp-
oxic cells. While biochemical mechanisms underlying the
activation of HIF-1 by hypoxia and the activation of AMPK
pathway by ATP shortage are well-known, a physiological and
biochemical interaction between these 2 pathways was not clear.
The observation that both HDAC inhibitors and Hsp90 inhibi-
tors trigger O2-independent, ubiquitination-independent degra-
dation HIF-1a suggests an additional mechanism involved in
HIF-1 activation. In this study, we used siRNA to screen

representative members of HDACs and found that specifically
knockdown of HDAC5 induces HIF-1a degradation and sup-
presses HIF-1 activation. Importantly, we show that Hsp70 is a
cytosolic substrate of HDAC5, and its deacetylation is enhanced
by metabolic stresses (low ATP status caused by hypoxia or low
glucose) that induce cytosolic translocation of HDAC5. These
findings directly link AMPK, the cellular energy sensor to HIF-1,
the regulator of glucose metabolism and ATP production.

HDAC5 has transcription repressive function in the nucleus,
but its cytosolic function was less clear. HDAC5 suppresses tran-
scription by interacting with other transcription regulators, a
mechanism that does not depend on its intrinsic deacetylase
activity.45 HDAC5 has weak enzymatic activity on nuclear sub-
strates such as histones37; thus its enzymatic activity was consid-
ered not important for biological function. While HDAC5 has
been known to shuttle between the cytosol and the nucleus for a
long time, nuclear export of HDAC5 was considered a passive
sequestration mechanism which relieves the transcription sup-
pression of HDAC5.40,57-59 Our study for the first time shows
that the AMPK-triggered cytosolic translocation of HDAC5 rep-
resents an important mechanism for cells to cope with hypoxic
stress, demonstrating an active role of HDAC5 deacetylase activ-
ity in the cytosol, which facilitates cell adaptation to metabolic
stresses. Recently HDAC5 was reported to translocate to cytosol
in injured neurons thereby promoting axon regeneration,60

which also supports an active role of HDAC5 in the cytosol in
response to cell stresses.

Our data indicate that a cytosolic HDAC5 activity facili-
tates HIF-1a stabilization and rapid nuclear accumulation in
response to metabolic stresses. These data provide a clear
mechanistic understanding of the findings that HDACIs trig-
ger hydroxylation-independent, VHL-independent, proteaso-
mal degradation of HIF-1a,29 which is summarized in
Figure 9. As a transcription factor, HIF-1a is a nuclear pro-
tein, and its stability is physiologically regulated by O2. How-
ever, like most other proteins, de novo HIF-1a is translated
and undergoes posttranslational processes in the cytosol prior
to assuming its functional native conformation. It was pro-
posed that nascent HIF-1a first binds to Hsp70 complex and
then is delivered to Hsp90 complex to complete the matura-
tion processes, which requires a deacetylase activity.29 This
study identifies HDAC5 as the deacetylase activity which
directly deacetylates Hsp70 in the cytosol and regulates HIF-
1a maturation, illustrating the mechanistic details. In the
updated model shown in Figure 9, lack of cytosolic HDAC5
deacetylase could cause hyperacetylation of Hsp70, thereby
deregulating Hsp70-HIF-1a interaction, leading to an
increase of misfolded HIF-1a in the cytosol and subsequent
degradation. As such, lack of cytosolic HDAC5 deacetylase
activity impairs the nuclear accumulation of HIF-1a and the
eventual activation of HIF-1. Additional evidence from other
independent studies that support this novel concept
includes: 1) Hsp70 acetylation is enhanced by HDACIs 50,51;
2) Hsp70 e-acetylation at multiple lysyl residues has been
confirmed by mass spectrometry 49; 3) A physical interaction
between HDAC5 and Hsp70 has been shown by multiple
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Figure 8. For figure legend, see page 2532.
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groups independently 61 and
confirmed in this study (not
shown); and 4) Deacetylated
Hsp70 could enhance molecu-
lar chaperone client
stability.50,51

Hypoxia-induced activation of
HIF-1 has been well known, and
hypoxia also activates AMPK.12-
14 AMPK was found to repress
HIF-1a translation through
inhibiting the mTORC1 signal-
ing pathway.62 Our findings
directly link AMPK-induced
HDAC5 nuclear exporting to
HIF-1a folding and stabilization,
establishing a new cross-talk
between cellular energy sensing
pathway and the HIF-1-pro-
moted ATP generating metabolic
pathway. While AMPK activa-
tion triggered by hypoxia or
glucose starvation globally sup-
presses protein translation by
inhibiting mTORC1, the
increased efficiency of molecular
chaperone system to process
HIF-1a ensures a rapid nuclear
accumulation of functional HIF-
1a under metabolic stresses. This regulation may be dispensable
for cells in normal physiological conditions, whereas it may
become critical in cells undergoing frequent and severe stresses
and demanding for increase of ATP production through
glycolysis.

Since the original report that ARD1 acetylates HIF-1a at
K532 and HDACI blocks its deacetylation thus triggering VHL-
mediated ubiquitination of HIF-1a,48 the HIF-1a acetylation
triggered VHL-dependent degradation model, which shares great
similarity with the hydroxylation-initiated VHL-dependent deg-
radation,20 has become a paradigm. Even though this model has
been subsequently challenged by reports from independent
researchers,63-65 HDAC1 and HDAC4 were reported to directly
deacetylate HIF-1a,66,67 following the originally established

paradigm. In this study, we provide new evidence to support that
the HDACI-induced HIF-1a degradation is a ubiquitination-
independent process which does not involve a change of HIF-1a
acetylation; instead, HDAC5 facilitates HIF-1a maturation and
stabilization by deacetylating Hsp70, thus providing new insight
into the deacetylase-regulated stabilization of HIF-1a and proba-
bly other client proteins of Hsp70/Hsp90.

Despite the fact that both homologues may be involved in
HIF-1a stabilization, HDAC4 and HDAC5 are unlikely to be
functionally redundant. Their tissue-specific expression pattern
varies dramatically; HDAC4 is highly expressed in myeloid
whereas HDAC5 is highly expressed in the cardiac muscle and
brain, which are the tissues most sensitive to fluctuation of O2

levels.54 Furthermore, hypoxia specifically up-regulates HDAC5,

Figure 8 (See previous page). Inhibition of HDAC5 suppresses tumor cell proliferation under hypoxic conditions. (A) CRISPR-based knockdown of
HDAC5 in Hep3B. (B) HDAC5 knockdown in Hep3B cells attenuates nuclear accumulation of HIF-1a. Control Hep3B or HDAC5 KD#5 cells were exposed
to 1% O2 for 0, 3 and 6 h prior to nuclear extract preparation. HDAC2 were used as loading control. (C-F) Effects of HDAC5 knockdown on Hep3B cell sur-
vival and proliferation under hypoxic and/or low glucose conditions. HDAC5-KD or control Hep3B cells were seeded into 96-well microplates, each condi-
tion with 6 replicates. One microplate was measured 4 h after seeding. Other microplates were incubated in 21% or 1% O2 with indicated glucose
concentrations and cell numbers were determined after 48 and 96 h culture. Both HDAC5-KD lines were tested and results are similar; and data from
KD#5 cells are shown. (G, H) SiRNA-based HDAC5 knockdown represses HeLa cell proliferation under hypoxic conditions. HeLa cells were treated with
HDAC5 siRNA or control siRNA. After 24 h and seeded into 96-well microplates, allowing 8 replicates for each experimental condition. One microplate
was measured 4 h after seeding. The other microplates were cultured in 21% (G) or 1% (H) O2. Cell numbers were determined at 24, 48 or 72 h. (I, J) The
inhibitory efficacy of HDACIs on tumor cell proliferation positively correlates to HDAC5 inhibition. Hep3B cells were seeded into 96 well microplates and
cultured with various concentrations of LMK235 (I) or TSA (J) for indicated time. Cell proliferation inhibition was expressed as a percentage of the cell
numbers obtained, with DMSO-treated negative control samples as 100%.

Figure 9. Updated model showing the role of AMPK-HDAC5 in HIF-1 activation as a response to hypoxia. Hyp-
oxia-induced decrease of ATP level is couple to an increase of AMP levels, which activates AMPK. HDAC5 is
phosphorylated by AMPK and exported to cytosol, where it deacetylate Hsp70, facilitates the transfer of
Hsp70 associated HIF-1a to Hsp90 complex to complete the maturation process. Therefore, lack of cytosolic
HDAC5 causes hyperacetylation of Hsp70, thereby deregulating Hsp70-HIF-1a interaction, leading to an
increase of pre-mature HIF-1a in the cytosol and an inhibition of nuclear accumulation of HIF-1a.

2532 Volume 14 Issue 15Cell Cycle



but not HDAC4. In addition, HDAC5 knockout mice devel-
oped cardiac hypertrophy, which may be a consequence of
deregulated developmental adaptation to cardiac hypoxia.54

Transgenic overexpression of HIF-1a attenuated the cardiac
hypertrophy caused by HDAC5 knockout,68 proving a func-
tional interplay between HDAC5 and HIF-1 with a genetic
approach.

It remains unclear whether HDAC5 has other cytosolic sub-
strates in addition to a-tubulin and Hsp70. Recent studies have
shown that acetyl CoA levels affect the acetylation status of cyto-
solic metabolic enzymes thus regulating their activities.69-74 Con-
sidering acetyl CoA levels are directly related to the fuel
metabolism and biosynthetic activities, it would be interesting to
ask whether cytosolic HDAC5 activity regulates the acetylation
status of cytosolic metabolic enzymes. Moreover, it remains
unclear if the cytosolic acetyl CoA level affects the acetylation sta-
tus of Hsp70. Nevertheless, our findings suggest that AMPK-pro-
moted HDAC5 nuclear export may represent an important
cellular response to metabolic stresses which maintains the bioen-
ergetic homeostasis.

In summary, our findings reported here demonstrate that the
cytosolic HDAC5 deacetylates Hsp70, which is required for the
rapid nuclear accumulation of HIF-1a and functional activation
of HIF-1 complex. Thus, AMPK-induced HDAC5 cytosolic
translocation plays an active role in cellular adaptation to hyp-
oxia, and perhaps other metabolic stresses as well, by maintaining
energy homeostasis.

Experimental Procedures

Chemicals and special reagents
Reagents chemicals were purchased from Fisher Scientific

(Waltham, MA) or Sigma-Aldrich (St. Louis, MO). TSA
#P9971e was from BioMol (Plymouth Meeting, PA). LMK235
(4830) was from Tocris Bioscience (Bristol, United Kingdom).
AICAR (A9978), Leptomycin B (L2913) and Compound C
(p5499) were from Sigma-Aldrich.

Cell lines, cell proliferation and lactate assays
Hep3B, HeLa and MCF7 cells were obtained from ATCC.

H9c2 cells were a kind gift from Dr. P. Lelkes (Temple Univ).
Cell culture media and reagents were purchased from Life Tech-
nologies. Hypoxic treatments were carried out by directly incu-
bating cells in hypoxia work station (Ruskinn Technology
Limited, UK). Cell proliferation was assayed with
CyQUANT�NF-Cell Proliferation Kit (Life Technologies). Lac-
tate concentration was measured with Lactate Assay Kit (Eton
Bioscience, San Diego, CA).

RNA interference and CRISPR genome editing
HDAC1 (s73), HDAC3 (s16687), HDAC4 (s18839),

HDAC5 (s19463), HDAC6 (s19459) and control (22400105)
siRNAs were purchased from Life Technologies. Transfections
were performed with Lipofectamine 2000 reagents (Life Tech-
nologies) following manufacturer’s procedures. pGIPZ lentiviral

empty shRNA control, shHDAC5-1 (V2LHS_68644),
shHDAC5-2 (V2LHS_68645) and shHDAC5-3
(V2LHS_200875) were from Open Biosystems. Lentivirus was
prepared with Trans-Lentiviral Packaging System (Fisher Scien-
tific) in HEK293T cells. For lentivirus infection, cells were cul-
tured with lentivirus and polyberene for 24 h and changed to
regular medium. Stable knockdown cells were selected by puro-
mycin. For CRISPR, target primers were designed by using
online CRISPR design tool (http://crispr.mit.edu/), and engi-
neered into pX330 plasmid by following the procedures from
Zhang lab (http://www.genome-engineering.org/crispr). Sequen-
ces are detailed in Table S1. Hep3B cells were co-transfected
with 800 ng of pX300 and 100 ng of pcDNA3.0 which facili-
tates selection with G418 (1 mg/ml). Selected individual colonies
(HDAC5C/-) were expanded, screened by Western blotting, and
confirmed by genomic PCR.

RNA extraction and qRT-PCR
Total RNA was extracted with Qiagen RNeasy kit (Valencia,

CA). Complement DNA was synthesized using Superscript II
Reverse Transcriptase (Life Technologies) with random hexam-
ers. qRT-PCR was performed with Taqman primers and StepO-
nePlus Real-Time PCR System (Applied Biosystems, Life
Technologies). b-actin was set as control. Taqman primers
HDAC1 (Hs02621185_s1), HDAC3 (Hs00187320_m1),
HDAC5 (Hs00608366_m1), HDAC6 (Hs00195869_m1), CA-
IX (Hs00154208_m1), GLUT1 (Hs00892681_m1) and b-actin
(Hs99999903_m1) were used.

DNA recombination
Mutagenesis primers were designed by QuikChange Primer

Design tool online (http://www.genomics.agilent.com). All pri-
mers used are listed in Table S1. Restriction enzymes and other
enzymes used in DNA recombination were from Life Technolo-
gies, Fisher Scientific or La Roche (Indianapolis, IN). Vector
pcDNA3.0 was purchased from Life Technologies, and
pcDNA3.0 n-flag was constructed by replacing 5’-ggtaccgagctc-
30 with 50-gccaccatggactataaggacgatgacgatgacgacaagccgggc-30.
HDAC5 (NM_005474) cDNA was purchased from Origene
(Rockville, MD), and flag-HDAC5 was constructed by inserting
an EcoRV-XbaI fragment amplified from PCR into the
pcDNA3.0 n-flag. Flag-HDAC4 (plasmid 13821) was purchased
from Addgene (Cambridge, MA).75 BamHI-EcoRI HDAC3
fragment was generated by PCR and then inserted into
pcDNA3.0 n-flag. Hsp70 cDNA was generated by PCR and
inserted into pcDNA3.0 n-flag BamHI-XhoI sites. Cytosolically
localized HDAC5 (flag-HDAC5 S278/279A), nucleus localized
HDAC5 (flag-HDAC5 L1092A), AMPK resistant HDAC5
(flag-HDAC5 S259/498A) and cytosollically localized HDAC4
(Flag-HDAC4 S265/266A) were constructed using
QuikChange� II Site-Directed Mutagenesis Kit (Agilent Tech-
nologies, Santa Clara, CA). Catalytically inactive HDAC5 (flag-
HDAC5 C698A/H704A) was constructed by Mutagenex Inc.,
(Piscataway, NJ). All constructs were confirmed by sequencing.
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Antibodies, immunoprecipitation and western
The antibodies and sources are: Anti-HIF-1a polyclonal anti-

body (NB100-519): Novus (Littleton, CO); Anti-HDAC4
(#2072), anti-HDAC5 (#2082), anti-AMPKa (#2532) and anti-
phospho-AMPKa(Thr172) (#2535S): Cell Signaling Technol-
ogy (Danvers, MA); Anti-acetyl-K: Cell Signaling Technology
(#9441) and Stressgen (#12210519); Anti-flag (050M6000) and
anti-a-tubulin (081M4861), horseradish peroxidase-coupled sec-
ondary antibodies: Sigma-Aldrich. For Western blotting, cells
were lysed in urea buffer as described previously.65 For immuno-
precipitation, cells were lysed with IP buffer (50 mM Tris–HCl,
150 mM NaCl, 1% Triton-X-100, 5 mM EDTA, 50 mM NaF,
0.1 mM Na3VO4, and protease inhibitor cocktail) and immuno-
precipitated as described previously.76

Immunofluorescent Cell Imaging
Cells were cultured in chamber slides, fixed with 4% formal-

dehyde in 1 x PBS for 6 min, and permeabilized with 0.2% Tri-
ton X-100 in PBS for 6 min. The slides were incubated with
anti-Flag (1:200)/anti-HIF-1a. Alexa Fluor 594 goat anti-mouse
IgG (Life technologies), Alexa Fluor 488 goat anti-rabbit IgG
was used to visualize the antigens. All slides were mounted with
SlowFade� Gold with DAPI (Life Technologies). The slides
were imaged under Olympus (Center Valley, PA) FluoView
1000 Confocal Microscope.

Statistical analysis
For qRT-PCR, data were analyzed by StepOne software with

DDCT method. The relative quantities (RQ) value equals
2¡DDCT and the § error bars represent the 95% confidence inter-
vals. The converted form 2¡CT which more accurately depicts the
individual variations was used to perform the student’s t-test and
a p value < 0.01 was considered statistically significant. For cell
proliferation IC50 assay, data was analyzed by Origin 8.0 software
and fitted by sigmoidal model, error bars represent the 95% con-
fidence intervals.
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