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ABSTRACT
Impaired macroautophagy/autophagy and high levels of glycolysis are prevalent in liver cancer. However,
it remains unknown whether there is a regulatory relationship between autophagy and glycolytic
metabolism. In this study, by utilizing cancer cells with basal or impaired autophagic flux, we
demonstrated that glycolytic activity is negatively correlated with autophagy level. The autophagic
degradation of HK2 (hexokinase 2), a crucial glycolytic enzyme catalyzing the conversion of glucose to
glucose-6-phosphate, was found to be involved in the regulation of glycolysis by autophagy. The Lys63-
linked ubiquitination of HK2 catalyzed by the E3 ligase TRAF6 was critical for the subsequent recognition
of HK2 by the autophagy receptor protein SQSTM1/p62 for the process of selective autophagic
degradation. In a tissue microarray of human liver cancer, the combination of high HK2 expression and
high SQSTM1 expression was shown to have biological and prognostic significance. Furthermore, 3-BrPA,
a pyruvate analog targeting HK2, significantly decreased the growth of autophagy-impaired tumors in
vitro and in vivo (p < 0.05). By demonstrating the regulation of glycolysis by autophagy through the
TRAF6- and SQSTM1-mediated ubiquitination system, our study may open an avenue for developing a
glycolysis-targeting therapeutic intervention for treatment of autophagy-impaired liver cancer.

Abbreviations: 2-DG: 2-deoxy-D-glucose; 3-BrPA: 3-bromopyruvate; ATG: autophagy-related; Baf A1: bafilomycin
A1; BECN1: Beclin 1; BTRC/b-TRCP: beta-transducin repeat containing E3 ubiquitin protein ligase; CALCOCO2/
NDP52: calcium binding and coiled-coil domain 2; CDH1: cadherin 1; CHX: cycloheximide; CMA: chaperone-medi-
ated autophagy; CQ: chloroquine; ECAR: extracellular acidification rate; EGFP: enhanced green fluorescent protein;
FBXW7/FBW7: F-box and WD repeat domain containing 7; GAPDH: glyceraldehyde-3-phosphate dehydrogenase;
HK2: hexokinase 2; HSPA8/Hsc70: heat shock protein family A (Hsp70) member 8; LAMP2A: lysosomal associated
membrane protein type 2A; LDHA: lactate dehydrogenase A; MAP1LC3B: microtubule associated protein 1 light
chain 3 beta; MTOR: mechanistic target of rapamycin; NBR1: autophagy cargo receptor; NFE2L2/NRF2: nuclear fac-
tor, erythroid 2 like 2; OCR: oxygen consumption rate; PB1: phox and bem1; PFKP: phosphofructokinase, platelet;
PKM: pyruvate kinase, muscle; shRNA: short hairpin RNA; siRNA: small interfering RNA; SKP2: s-phase kinase associ-
ated protein 2; SQSTM1: sequestosome 1; TMA: tissue microarray; TRAF6: TNF receptor associated factor 6; UBA:
ubiquitin association domain
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Introduction

Autophagy is a conserved process of intracellular lysosomal deg-
radation occurring in chronic liver diseases including viral hepa-
titis, alcoholic liver disease and fatty liver disease [1–3]. Evidence
suggests that autophagy may serve as a tumor suppressor in
chronic liver disease and liver cirrhosis and that a deficiency in
autophagy may lead to liver cancer [4]. The physiological impor-
tance of autophagy is illustrated by the involvement of auto-
phagy-related proteins in eliminating damaged organelles such

as mitochondria and unfolded proteins. For example, the hetero-
zygous deletion of BECN1 (beclin 1) increases the frequency
of spontaneous malignancies and accelerates the development of
hepatitis B virus-induced premalignant lesions [5]. Systemic or
liver-specific deletion of either the Atg5 or Atg7 gene in mice
results in benign liver adenomas [6]. Growing evidence suggests
that the accumulation of SQSTM1/p62 [7,8], oxidative stress [9],
and increased DNA damage response [10] contribute to tumori-
genesis in autophagy-impaired liver cancer. However, it is
unknown whether impaired autophagy regulates different
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physiological processes through additional mechanisms in liver
cancer.

Aerobic glycolysis was first described by Otto Warburg to
explain the unconventional metabolism exhibited by cancer
cells even in the presence of oxygen [11,12]. In glycolysis, glu-
cose is broken down into pyruvate, and the intermediates are
utilized for other branch point synthesis, thereby providing
cancer cells with an abundant supply of macromolecules such
as proteins, lipids, and nucleotides to satisfy their heightened
metabolic needs [12–14]. Glycolysis has been generally associ-
ated with the proliferation of hepatocarcinoma [15,16]. Thus,
the mechanisms regulating glycolysis and protein components
of glycolytic pathways have recently gained much attention.
HK2/hexokinase II, is one such attractive target in glucose
metabolism, that catalyzes the irreversible rate-limiting step in
the glycolytic pathway [17]. Previous reports have revealed that
HK2 is frequently upregulated in liver cancer tissues and is
associated with poor patient outcomes [16,18]. Moreover, HK2
is increasingly being recognized to play an important role not
only in glycolysis but also in autophagy [19].

Here, we provide the first demonstration that impaired
autophagy contributes to the substantial concomitant enhance-
ment of glycolysis in liver cancer. We provide evidence that
autophagy modulates the level of glycolysis through ubiquitin-
mediated selective degradation of HK2.

Results

Identification of autophagy as a negative regulator
of glycolysis in liver cancer cells

To investigate the relationship between autophagy and glycoly-
sis, we disrupted the autophagic flux to analyze potential
changes in glycolysis. Autophagic flux was investigated in
Bel7402 human liver cancer cells by introducing the autophagy
activator rapamycin, which inhibits the MTOR (mechanistic
target of rapamycin) complex, and the autophagy inhibitor
bafilomycin A1 (Baf A1), which is an inhibitor of the vacuolar-
type HC-translocating ATPase and blocks fusion between auto-
phagosomes and lysosomes. As shown in Figure 1A, Baf A1
treatment enhanced glucose consumption and lactate produc-
tion, whereas rapamycin treatment suppresssed them. To fur-
ther elucidate the role of autophagy in glycolysis, we stably
expressed retrovirus shRNAs against 2 autophagy related
(ATG) genes ATG5 or ATG7 in SMMC7721 cell lines. As
shown in Figure 1B and C, knocking down ATG5 or ATG7
enhanced the glucose consumption and lactate production,
indicating that the autophagy-impaired cells acquired a higher
glycolysis phenotype. Next, we measured the extracellular acid-
ification rate (ECAR), in the presence or absence of ATG5 or
ATG7 knockdown. The results showed increased glycolytic
activity (glycolysis and glycolytic capacity) in ATG5 or ATG7
knockdown cells when compared with control cells (Figure 1D,
Figure S1A, Figure S1B).

To specifically address the role of autophagy in glycolysis,
we sought to evaluate glycolysis differences in a cell population
of different basal autophagy. To accomplish this, we generated
HepG2 cells stably expressing this reporter denoted as
“mCherry-EGFP-MAP1LC3B” and used flow cytometry to sort

the cells into high- and low-flux populations according to the
mCherry:EGFP ratio (Figure S1C). This reporter allowed us to
monitor the autophagic flux by analyzing 2 fluorenscent pro-
teins, mCherry and EGFP. Owing to the high sensitivity of
EGFP fluorescence to the acidic environment of the autolyso-
some, when autophagosomes fuse with lysosomes, the
mCherry:EGFP ratio increased. Successful sorted cells were
observed by laser-scanning confocal microscopy assessing
the MAP1LC3B puncta to corroborate this method
(Figure S1D). We found that high autophagic flux cells
exhibited a low-glycolysis phenotype, and low-autophagic
flux cells exhibited a high glycolysis phenotype, confirming
that autophagy was a negative regulator of glycolysis
(Figure S1E). These results indicated that glycolysis was
negatively regulated by autophagy.

HK2 is required for the regulation of glycolysis
by autophagy

We next attempted to identify the possible proteins respon-
sible for the regulation of glycolysis by autophagy. To vali-
date which proteins in glycolytic pathways were affected by
autophagy, we examined 5 enzyme kinases, HK2, PKM
(pyruvate kinase, muscle), LDHA (lactate dehydrogenase
A), PFKP (phosphofructokinase, platelet) and GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) between con-
trol and autophagy-deficient cells, and found that knock-
down of ATG5 increased the levels of HK2 but not those of
the other enzymes (Figure 2A), suggesting that autophagy
affects the expression level of HK2, whereas it has no effect
on other glycolytic kinases.

To validate the role of HK2 in controlling glycolysis, siRNAs
targeting HK2 were used to evaluate the glycolytic activity. We
found that the decrease in the levels of HK2 led to a significant
decrease in lactate production and glucose consumption
(Figure 2B), a result consistent with previously published observa-
tions [16,20]. Next, we reasoned that HK2 would be required for
the regulation of glycolysis by autophagy.We used a small interfer-
ing RNA (siRNA) approach to decrease the expression of HK2 in
SMMC7721 cells and found that rapamycin and Baf A1 had much
milder effects on the lactate production and glucose consumption
in the siRNA-expressing cells compared with the cells expressing
control siRNA (Figure 2C). Interestingly, when re-introduced a
plasmid carrying HK2 into the knockdown cells, a significant
increase of glucose consumption and lactate production upon Baf
A1 treatment was observed again. We also observed a significant
decrease of glucose consumption and lactate production upon
rapamycin treatment in these cells (Figure 2D).

To further reveal the potential function of HK2 in the regu-
lation of glycolysis by autophagy, glycolysis was measured in
SMMC7721 cells with stable ATG5 knockdown and transfected
with siRNAs against HK2 (HK2_1, HK2_2). The results showed
the ATG5-deficient cells lost the ability to maintain high glyco-
lytic activity (glycolysis and glycolytic capacity) when HK2 was
knocked down (Figure 2E, Figure S2A). Furthermore, ectopic
expression of HK2 rescued the effect of HK2 silencing on glyco-
lytic activity in SMMC7721 cells, as shown in Figure 2F, S2B.
These results suggested that HK2 mediates the modulation of
glycolysis in response to autophagic flux.
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Selective autophagic degradation of HK2 via the
autophagic receptor SQSTM1

The increase of HK2 protein level in autophagy-deficient cells
led us to determine if it occurred at the trascription level or

through protein stability. We examined the mRNA levels corre-
sponding to glycolytic proteins in cells transfected with control
shRNA or ATG5 shRNA. We found that most of the genes
encoding glycolytic proteins, including HK2, had similar levels
of mRNA in the 2 groups (Figure 3A). Moreover, rapamycin

Figure 1. Glycolysis level in different autophagicflux liver cancer cells. (A-C) The glycolysis level is inversely related to autophagic flux. (A) Relative glucose consumption
and lactate (Lac) production in control versus rapamycin (20 mM)- or Baf A1 (100 nM)-treated Bel7402 cells after 24h treatment. P values were calculated using an
unpaired t test. The values are presented as the means § SEM, n D 3, �p<0.05, ���p<0.001. (B and C) SMMC7721 cells silenced with control, ATG5 or ATG7 shRNAs were
subjected to measurement of glucose consumption and lactate production. The values are presented as the means § SEM, n D 3, �p<0.05, ��p<0.01. (D) ATG5 or ATG7
knockdown increases glycolysis. ECAR measured in SMMC7721 cells with control, ATG5 or ATG7 silencing using shRNAs. G, 10 mM glucose; O, 1 mM oligomycin; D, 50 mM
2-DG injection. Bar graph represents glycolysis and glycolytic capacity. The values are presented as the means§ SEM, n D 3, �p<0.05, ��p<0.01.
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and Baf A1 treatment had no significant effect on HK2 mRNA
levels (Figure 3B). Therefore, autophagy did not affect HK2 at
the transcriptional level.

Next we tested whether autophagy would affect protein
stability of HK2. Rapamycin was used to induce, and Baf
A1 was used to inhibit, autophagy in another liver cancer
cell line, Huh7. As shown in Figure 3C, we observed a
decrease of HK2 protein levels upon rapamycin treatment
and a considerable increase of HK2 protein levels upon Baf
A1 treatment. Moreover, the levels of HK2 rapidly increased
within 3 h of Baf A1 treatment (Figure S3A). This finding
suggested that autophagy might affect the protein stability
of HK2, and probably through the degradation pathway. To
directly test the effect of autophagy on the degradation of
endogenous HK2 protein, we first blocked protein synthesis
using cycloheximide (CHX) in ATG5 or ATG7 knockdown
cells and pulse-chased the HK2 protein in SMMC7721 cells.
The stable level of HK2 protein was found to be quickly
decreased within 12 h in control cells, whereas, HK2 pro-
tein was strongly increased after ATG5 or ATG7 knock-
down and degraded more slowly (Figure 3D).

Next, we analyzed HK2 protein expression in the cells with
high- or low-basal autophagy sorted by flow cytometry as in
Figure S1C. We found that the cells with low autophagic flux
exhibited high expression of HK2, and HK2 showed obvious evi-
dence of increase after the treatment with Baf A1 in high-flux
cells in contrast to the ones with low flux (Figure S3B). Further-
more, treatment of the cells with the proteasome inhibitor
MG132 did not affect the HK2 protein level (Figure S3C). These
results demonstrated that HK2 was degraded through auto-
phagy. Autophagic degradation can be categorized as nonselec-
tive or selective. In nonselective autophagy, cytoplasmic contents
are randomly engulfed into phagophores, the precursors to auto-
phagosomes, the latter of which fuse with lysosomes, resulting in
cargo degradation. In contrast, in selective autophagy, cargos
such as proteins, and organelles are specifically recognized by
autophagy receptors and subsequently degraded [21]. Nonselec-
tive autophagy is primarily a starvation response, whereas selec-
tive autophagy occurs in cells for a variety of purposes,
including remodeling to adapt to changing environmental/nutri-
tional conditions and elimination of damaged organelles [22]. In
selective autophagy, autophagy receptors, such as SQSTM1,

Figure 2. HK2 is required for the regulation of glycolysis by autophagy. (A) Depletion of the autophagy essential gene ATG5 has no effect on the expression levels of
genes encoding glycolytic proteins except HK2. Normalized quantification of mean gray intensity was determined from 3 separate experiments. The values are presented
as the means § SEM, �p<0.05. n.s., not significant. (B) HK2 is essential for glycolytic capacity. Relative glucose consumption and lactate (Lac) production in control versus
HK2 knockdown cells. The values are presented as the means § SEM, n D 3, �p<0.05, ��p<0.01. The knockdown effect of the shRNA was examined by immunoblot. (C
and D) HK2 is essential for the regulation of glycolysis by autophagy. (C) Relative glucose consumption and lactate production in SMMC7721 cells expressing control
siRNA or siHK2 in the presence or absence of treatment with rapamycin (20 mM) or Baf A1 (100 nM). (D) SMMC7721 cells silenced with HK2 were re-expressed with exoge-
nous HK2, and relative glucose consumption and lactate production were measured 16 h after treatment with rapamycin or Baf A1. The values are presented as the mean
§ SEM, n D 3, �p<0.05, ��p<0.01, n.s., not significant. (E) Impaired glycolysis activation in autophagy-deficient cells after HK2 knockdown. SMMC7721 cells with stable
transfection of ATG5 shRNA were transfected with HK2 siRNA, After 48 h, the cells were subjected to ECAR analysis. (F) Ectopic expression of HK2 rescues the effect of HK2
silencing on glycolysis. SMMC7721 cells silenced with HK2 were re-expressed with exogenous HK2, then ECAR was measured. G, 10 mM glucose; O, 1 mM oligomycin; D,
50 mM 2-DG injection. Bar gragh represents glycolysis and glycolytic capacity. The values are presented as the means§ SEM, n D 3, �p<0.05, N.S., not significant.
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NBR1 and CALCOCO2/NDP52, bind their cytosolic substrates
and MAP1LC3B (or related Atg8-family members) proteins that
are attached to the membranes of phagophores. Accordingly,
autophagy receptors may confer cargo recognition [23].

To elucidate how HK2 is degraded through autophagy, we
first sought to identify the autophagy receptors for HK2.
SQSTM1 is an autophagy receptor and a signaling scaffold with
an N-terminal oligomerization domain (PB1) and a ubiquitin-
association domain (UBA) at its C terminus, which is involved
in the process of selective autophagy [24,25]. As illustrated in
Figure 3E, cells treated with SQSTM1-siRNA exhibited high lev-
els of HK2 compared with the control levels, and HK2 did not
further accumulate in the cells after Baf A1 treatment. On the

basis of these data, we examined the capacity of HK2 to associate
with wild-type SQSTM1. HK2 can interact with SQSTM1; how-
ever, the HK2-SQSTM1 interaction did not occur with SQSTM1
lacking the C-terminal UBA domain (Figure 3F), thus suggest-
ing that SQSTM1 is the autophagic receptor of HK2. These data
indicated that HK2 is degraded by selective autophagy through
recognition by the autophagy receptor SQSTM1.

TRAF6 promotes lys63-linked ubiquitination of HK2
for autophagic degradation

Prompted by the above findings, we analyzed the molecular
events involved in this regulation. The most prevalent

Figure 3. Autophagy selectively degrades HK2 via the autophagic receptor SQSTM1. (A) The mRNA levels of glycolytic genes in the control and ATG5 knockdown cells.
The values are presented as the means § SEM, n D 3. (B) The levels of HK2 mRNA in the cells subjected to rapamycin and Baf A1 treatment. The values are presented as
the means § SEM, n D 3. (C) Autophagy promotes the degradation of HK2. Immunoblot analysis of HK2 in SMMC7721 cells with rapamycin (10 mM, 20 mM) and Baf A1
(100 nM, 200 nM) treatment for 16 h. (D) HK2 is stabilized in ATG5 or ATG7 knockdown cells. SMMC7721 cells silenced with control, ATG5 or ATG7 shRNA were then
treated with CHX for the indicated time. HK2 protein stability was determined by immunoblot analysis. (E) SQSTM1 is an autophagic receptor of HK2. Immunoblot analysis
of HK2 from SMMC7721 cells bearing siRNA against SQSTM1, treated with Baf A1. (F) The interaction between HK2 and wild-type SQSTM1 but not UBA-deficient SQSTM1.
SMMC7721 cells were transfected with GFP-tagged HK2 and FLAG-tagged wild-type SQSTM1 or its UBA domain deletion mutant. Immunoprecipitation assays were per-
formed with antibodies against GFP and Flag.
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autophagy-targeting signal in mammals is the ubiquitination of
cargos [26,27]. To ascertain whether the interaction of HK2-
SQSTM1 is associated with ubiquitination, we performed a
coimmunoprecipitation assay and found that the Baf A1-treated
cells showed a significantly high HK2 ubiquitination level
(Figure 4A). Next we asked which kind of ubiquitin chain targets
HK2 for degradation. Expression of a K63R ubiquitin mutant
(unable to form K63-linked chains) impaired HK2 polyubiquiti-
nation, whereas a K48R mutant (unable to form K48-linked
chains) did not (Figure 4B). Meanwhile, the K63-linked polyubi-
quitination accumulated significantly when autophagy was inhib-
ited upon Baf A1 treatment and ATG5 knockdown, but
remained upon MG132 treatment (Figure 4C). These observa-
tions demonstrate that HK2 with lysine 63 (K63)-linked poly-
ubiquitin chains might be targeted for autophagy-dependent
degradation.

Next, we attempted to identify potential E3 ligase candi-
dates for HK2. We used siRNAs to screen a panel of E3
ubiquitin ligases for HK2. Among the 5 common ligases,
only the knockdown of TRAF6 decreased the abundance of
HK2 ubiquitination, but decreases in BTRC/b-TRCP,
FBXW7/FBW7, CDH1 and SKP2 did not elicit this effect
(Figure 4D). Given these facts, we focused on TRAF6, an
E3 ubiquitin ligase that catalyzes the autologous synthesis

of K63-linked polyubiquitin chains. Interaction of endoge-
nous HK2 with endogenous TRAF6 was detected
(Figure 4E). We then examined the functional significance
of TRAF6 enzyme activity in HK2 ubiquitination. In the
presence of wild-type TRAF6, we found that HK2 ubiquiti-
nation was considerably upregulated, whereas the inactive
TRAF6C70A harboring Cys-to-Ala substitution on Cys70
abolished this enhancement (Figure S4A). In contrast,
downregulation of TRAF6 decreased HK2 ubiquitination
(Figure S4B). This result suggested that TRAF6 might be
the major E3 ligase ubiquitinating HK2.

To directly test the functional role of TRAF6 on endogenous
HK2 protein ubiquitination, we transfected 293T cells with
siRNA targeting TRAF6 and treated the cells with Baf A1 for
16 h to block autophagic degradation. A significant increase of
K63-linked poly-Ub was observed in response to Baf A1 treat-
ment, and this response was blunted in TRAF6 knockdown
cells (Figure 4F). In addition, the capacity of SQSTM1 to
interact with HK2 was also determined, and decreased binding
was observed when TRAF6 was knocked down (Figure 4F),
suggesting that TRAF6 is essential for the K63-linked ubiquiti-
nation of HK2 and the interaction between HK2 and
SQSTM1. Based on the observations above, we next sought to
test whether TRAF6 mediates the autophagic degradation of

Figure 4. TRAF6 promotes Lys63-linked ubiquitination of HK2 for autophagic degradation. (A) HK2 ubiquitination is stabilized after inhibition of autophagy. HEK293T cells
were transfected with an HA-ubiquitin (HA-Ub) plasmid and treated with Baf A1 or left untreated. The cell lysates were subjected to immunoprecipitation using antibody
against HK2. (B) HK2 ubiquitination with Lys63 ubiquitin linkages. HEK293T cells were cotransfected with plasmids expressing GFP-HK2 together with either wild-type,
Lys63-mutated, or Lys48-mutated HA-Ub. The cell lysates were immunoprecipitated to affinity isolate the exogenous HK2 protein, and the polyubiquitinated linkage site
was detected using an anti-HA antibody. (C) HK2 with Lys63-linked poly-ubiquitin chains is stabilized after inhibition of autophagy. HK2-expressing SMMC7721 cells
cotransfected with or without shATG5 and treated as indicated for 12 h. (D) Immunoprecipitation analysis of the lysed HEK293T cells transfected with siRNAs against vari-
ous E3 ligases. (E) Direct interaction between HK2 and TRAF6. Immunoprecipitation analysis of the interaction between endogenous HK2 and endogenous TRAF6.
(F) Knockdown of TRAF6 results in accumulation of ubiquitinated HK2 associated with autophagic degradation. SMMC7721 cells were infected with control siRNA or
TRAF6 siRNA, and this was followed by Baf A1 treatment for 12 h. Immunoprecipitation analysis of HK2 ubiquitination with the indicated antibodies. (G) HK2 is stabilized
in TRAF6 knockdown cells. SMMC7721 cells silenced with control, TRAF6 siRNA were then treated with CHX for the indicated time. HK2 protein stability was determined
by immunoblot analysis.
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HK2. As shown in Figure 4G, knocking down endogenous
TRAF6 in SMMC7721 cells with siRNA slowed down the deg-
radation of HK2. Collectively, these results demonstrated that
TRAF6 might be the major E3 ligase ubiquitinating HK2, and
the Lys63-linked poly-ubiquitin chains target HK2 for auto-
phagic degradation.

Lys41 in HK2 is the major site for ubiquitination and
autophagic removal of HK2

We then sought to determine which of the lysine residues in
HK2 might be the major ubiquitination sites that target
HK2 for autophagic degradation. First, we identified the HK2
domains responsible for TRAF6-mediated ubiquitination. HK2
is composed of 2 domains [28]. Its catalytic activity is associ-
ated with the C terminus, and its regulatory function is associ-
ated with the N terminus, and both domains have a molecular
weight of 50 kDa (Figure 5A). To this end, we used the full-
length form of HK2 and 2 deletion mutants (HK2[D1–475]
and HK2[D476–917]). We found that the ubiquitination level
at the N-terminal domain was much higher than that at the C-
terminal domain, which was scarcely detected (Figure 5B). In
addition, the ectopic expression of TRAF6 increased the ubiq-
uitination of the N-terminal domain but not the C-terminal
domain of HK2 (Figure 5C). Thus, the ubiquitination site of
HK2 is functionally located in the N-terminal domain.

A mass spectrometric (MS) analysis was used to identify the
ubiquitination site. The cells transfected with MYC-tagged
HK2 and HA-ubiquitin were treated with Baf A1, and then
the ubiquitinated HK2 was affinity isolated. On the basis of the
results of mass spectrometry, a total of 4 lysine residues were
found to be potential ubiquitination sites, and Lys41 was the
only one in the N-terminal domain (Figure 5D). To further test
the effects of Lys41 on the degradation of HK2, we generated
HK2 mutants bearing a single Lys-to-Arg substitution at Lys41
to disrupt the ubiquitination. The HK2 mutant with the Lys41-
to-Arg substitution demonstrated that TRAF6 was unable to
promote its ubiquitination (Figure 5E). In addition, wild-type
HK2 or the ubiquitination-disrupted K41R mutant expression
vectors were transfected into HEK293T cells, and a CHX pulse-
chase experiment was performed. We found that exogenously
expressed HK2K41R was much more stable than exogenously
expressed wild-type HK2 after exposure to cycloheximide
(Figure 5F). Together, these results indicated that the ubiquiti-
nation on Lys41 might be functionally important for the selec-
tive degradation of HK2.

Correlation of HK2 and SQSTM1 in clinical liver cancer
samples

Previous work has shown that the function of SQSTM1 is pri-
marily to deliver poly-ubiquitinated proteins and organelles for

Figure 5. Ubiquitinated Lys41 in HK2 promotes the autophagic removal of HK2. (A) Schematic representation of HK2 protein structure and the deletion mutants gener-
ated to map the domains. (B) Vector control, wild-type HK2 and HK2 truncation mutants were cotransfected with a plasmid expressing HA-ubiquitin (HA-Ub) into
HEK293T cells; immunoprecipitation analysis of HK2 ubiquitination was carried out with the indicated antibodies. (C) TRAF6 promotes the ubiquitination of N-terminal
but not C-terminal truncation mutants. Wild-type HK2 and HK2 truncation mutants were cotransfected with FLAG-TRAF6 into HEK293T cells; immunoprecipitation was
then performed and was followed by immunoblotting using the indicated antibodies. N, N-terminal truncation; C, C-terminal truncation; FL, full-length. (D) Identification
of HK2 ubiquitination at K41 using mass spectrometry. GFP-HK2 and HA-Ub plasmids were cotransfected into HEK293T cells. At 24 h after transfection, Baf A1 (100 nM)
was added for another 16 h. HK2 was purified by immunoprecipitation with an anti-GFP antibody and then analyzed using mass spectrometry. (E) HEK293T cells were
transfected with the indicated plasmids then subjected to immunoprecipitation for the mutational assessment of the HK2 ubiquitination site. (F) Immunoblot assessment
of HK2 stability in SMMC7721 cells transfected with either wild-type HK2 or K41-mutated HK2.
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autophagosomal degradation. SQSTM1 is also one of the selec-
tive substrates for autophagy. Interference with autophagic flux
attenuates the degradation of SQSTM1 [29,30]. In addition,
one of the common methods used to detect autophagy is to
measure the microtubule associated protein 1 light chain 3-I
lipidation product MAP1LC3B-II. MAP1LC3B-II is commonly
used as a marker of autophagosomes and, therefore, used to
monitor autophagy. To investigate whether HK2 functions as a
autophagic substrate and bona fide glycolytic enzyme that
relates to autophagy, we first validated the correlation between
the expression of HK2 and SQSTM1 or MAP1LC3B. The
expression of HK2, SQSTM1, and MAP1LC3B was analyzed in
7 liver cancer samples by immunoblotting.

As shown in Figure 6A, increased levels of HK2 protein were
concomitantly accompanied by increased SQSTM1 expression
and decreased MAP1LC3B expression. Next we confirmed that
the glycolytic enzymes LDHA, PFKP, GAPDH and PKM had
no correlation with SQSTM1 or MAP1LC3B in the same liver

cancer samples (Figure S5A). We then performed immunohis-
tochemical analysis to evaluate the potential association
between HK2 and SQSTM1, MAP1LC3B, and TRAF6 in a tis-
sue microarray (TMA) of liver cancer samples collected from
the liver cancer patients who had not received any drug treat-
ment before surgery. First, we tested the correlation between
HK2 and SQSTM1 or MAP1LC3B expression. We observed a
positive correlation between HK2 and SQSTM1, and a strong
negative correlation between HK2 and MAP1LC3B (Figure 6B;
x2 D 6.681, p < 0.05; x2 D 17.392, p < 0.01). Next, we tested
the possible correlation between HK2 and TRAF6 and observed
a strong negative correlation between HK2 and TRAF6 expres-
sion (Figure 6C; x2 D 21.009, p < 0.01). Finally, we assessed
the effects of HK2 and SQSTM1 expression on disease progno-
sis. The patients with tumors that were double positive for HK2
and SQSTM1 had significantly shorter overall survival than
those with tumors that were either HK2-positive or SQSTM1-
positive (Figure 6D, p < 0.05). Altogether, our results

Figure 6. HK2 is correlated with SQSTM1 in clinical samples. (A) Immunoblot analysis of HK2, SQSTM1, MAP1LC3B and TRAF6 expression in tumors from 7 patients. (B)
Correlation study of HK2, SQSTM1, and MAP1LC3B expression in the liver cancer TMA consisting of 129 samples. (C) Correlation study of HK2 and TRAF6 expression in the
liver cancer TMA. (D) Kaplan-Meier plots of the overall survival of patients, stratified by expression of HK2 and SQSTM1. The data were obtained from the Sun Yat-sen Uni-
versity Cancer Center liver cancer dataset.
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demonstrated that as the substrates of autophagy-dependent
degradation, HK2 is negatively correlated with MAP1LC3B
and TRAF6, and positively correlated with SQSTM1, and the
expression level of HK2 and SQSTM1 are upregulated in liver
cancer patients with poor prognoses.

Inhibition of glycolysis provides better therapeutic effects
in autophagy-impaired liver cancer

Previous studies have demonstrated that impaired autophagy
plays a causal role in liver cancer: the liver-specific deletion of

the autophagy gene ATG7 results in severe hepatomegaly
accompanied by hepatocyte hypertrophy and chronic liver
injury [6,31]. Because we confirmed the upregulation of glycol-
ysis upon impaired autophagy in liver cancer, we reasoned that
the inhibition of HK2 might serve as a critical and clinically
actionable therapy to treat autophagy-impaired liver cancer. To
test this possibility, we examined the effect of the pharmacolog-
ical inhibition of HK2 on autophagy-impaired tumors in vitro.
3-bromopyruvate (3-BrPA), 2-deoxy-D-glucose (2-DG), and
lonidamine, 3 distinct compounds are well-documented inhibi-
tors of HK2. We observed a marked suppression of

Figure 7. Autophagy-impaired liver cancers are more sensitive to glycolysis inhibition. (A) MTT assay showing SMMC7721 cells silenced with ATG5 shRNA were more sen-
sitive to glycolysis inhibition in vitro. SMMC7721 cells transfected with control or ATG5 shRNA were then treated with the indicated doses of lonidamine, 2-DG and 3-
BrPA for 24 h. Results are mean§SEM for experiments performed in triplicate. (B) The glycolysis inhibitor 3-BrPA inhibits the growth of autophagy-deficient xenograft
tumors. SMMC7721 cells with stable knockdown of control or ATG5 were injected subcutaneously into the right flanks of nude mice. Two wk after the cells were injected,
the mice in 2 groups were randomly separated into 4 groups. The mice were treated with either saline or 3-BrPA (5 mg/kg) by intraperitoneal administration every 3 d.
When the tumor volume reached 450 mm3, the tumors were excised and photographed. The values are presented as the means § SEM (n D 7–12). �p<0.05, ��p<0.01.
(C) Tumor volume curves on the indicated days. Tumor diameters were measured at fixed timepoints, and the tumor volumes were calculated. The values are presented
as the means § SEM, n D 7–12, �p<0.05 (Student t test). (D) Representative immunohistochemical staining results for MKI67 from tumor xenografts in nude mice. Scale
bar: 50 mm. (E) A model depicting how autophagy might suppress glycolysis through the selective degradation of HK2. HK2 is subjected to K63-linked ubiquitination by
TRAF6 at the K41 residue. Under high autophagic flux, SQSTM1 binds to and forms aggregates with the ubiquitinated HK2, then SQSTM1 recognizes MAP1LC3B and leads
the aggregates to phagophores. Lysosomes fuse with the completed autophagosome and subsequently HK2 is degraded. In contrast, under low autophagic flux, the for-
mation of a complex containing ubiquitinated HK2, SQSTM1, and MAP1LC3B is limited, and HK2 fails to be degraded in autolysosomes.
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proliferation in ATG5 knockdown cells treated with 3-BrPA in
comparison with the control group (Figure 7A). Similarly, 2-
DG or lonidamine treatment in ATG5 knockdown cells
resulted in a greater decrease of cell viability than seen with the
control group. This finding indicated that ATG5 knockdown
rendered cells more vulnerable to HK2 inhibition.

Subsequently, a tumorigenicity model of nude mice was
used to further evaluate the tumor-suppressive effect of 3-BrPA
on autophagy-impaired cancer in vivo. Stable SMMC7721 cell
line derivates expressing empty vector or shRNA against ATG5
were subcutaneously inoculated into nude mice. Then, the
mice were treated with intraperitoneal injections of either 3-
BrPA or 0.9% saline every 3 d. The efficiency of tumorigenicity
of the cancer cells in each group was assessed 7 d after the injec-
tion. We found that SMMC7721 cells transfected with ATG5
shRNA grew at a slower rate than those in the control group
(no statistical significance), and 3-BrPA showed a more signifi-
cant inhibitory effect on ATG5-deficient tumor growth (p <

0.01, Figure 7B, Figure 7C). This result suggested a more potent
tumor-suppressive role of 3-BrPA in autophagy-impaired
tumors. In addition to the aforementioned features, we
employed immunohistochemical analysis to detect the expres-
sion of MKI67/Ki67, which is a cellular marker for prolifera-
tion. The results revealed that although the xenografts with
control or ATG5 knockdown both showed high MKI67 stain-
ing, 3-BrPA treatment exerted stronger inhibition on xeno-
grafts with ATG5 knockdown that displayed the weakest
MKI67 staining, while the control xenografts still showed high
MKI67 staining (Figure 7D). These findings demonstrated that
the autophagy-impaired tumors following 3-BrPA treatment
were less proliferative than the controls. Our results suggested
that autophagy-impaired tumors were more sensitive to HK2
inhibition.

In conclusion, our study revealed a functional post-transla-
tional control mechanism for HK2. Our results suggested a
model in which the HK2 protein is ubiquitinated by the E3
ligase TRAF6 at the Lys41 residue. The ubiquitinated HK2 pro-
tein is then recognized by the autophagic receptor SQSTM1 for
selective degradation, thereby facilitating the suppressive regu-
lation of glycolysis by autophagy.

Discussion

In this study, we identified autophagy as a regulator of glycoly-
sis. We also identified a novel role for HK2 as a key regulator of
glycolysis through autophagy, in which HK2 was Lys63 ubiqui-
tinated by the E3 ligase TRAF6, particularly taking place on
Lys41, thus promoting its recognition by the autophagy recep-
tor SQSTM1 and leading to its selective degradation
(Figure 7E). Thus, we report an HK2-dependent modulation of
glycolysis in response to an elevated or a decreased autophagic
flux.

There are 3 mechanisms by which autophagy monitors and
regulates cellular metabolism: it provides the essential compo-
nents for energy needs, it regulates the supply of energy by con-
trolling the quality and dynamics of the mitochondria, and it
modulates the levels of enzymes in metabolic pathways [32]. In
light of the critical role of enzymes in metabolic pathways, it is
not surprising that autophagy participates in controlling

metabolism through modulation of these enzymes. The follow-
ing 3 types of autophagy stand out among the different post-
translational regulatory mechanisms: macroautophagy, micro-
autophagy and chaperone-mediated autophagy (CMA). CMA,
a selective form of autophagy, mediates cargo delivery by sub-
strates (individual proteins) binding with the chaperone
HSPA8/Hsc70 and the interaction with LAMP2A (lysosomal
associated membrane protein 2A) to lysosomes, not requiring
the formation of autophagosomes. CMA has been described as
being involved in metabolism by degrading glycolytic enzymes,
such as HK2, PKM, and LDHA [33–36]. In our research, we
first found ATG5 or ATG7 knockdown upregulates HK2
expression; these genes both encode critical components of the
macroautophagy pathway involved in the elongation and clo-
sure of the phagophore membrane and/or later steps in the
pathway. Further results demonstrated that knockdown of
endogenous SQSTM1 and mutation of the ubiquitination site
on HK2, particularly Lys41, blocked the degradation of HK2
and stablized it. Thus, our findings provide novel evidence for a
critical role of macroautophagy-mediated selective degradation
of HK2 in stopping glycolysis. Meanwhile, we also examined
the CMA-mediated degradation of HK2 in liver cancer cells.
We knocked down endogenous LAMP2 in SMMC7721 cells by
small interfering RNAs (Figure S3D). Immunoblot analysis
revealed a mild upregulation of HK2 protein after knockdown
of LAMP2, which suggested that not only macroautophagy but
also CMA takes part in the degradation of HK2 in liver cancer
cells. Overall, our study helps extend the role of macroautoph-
agy in the regulation of metabolism.

This leads us to ask what is the physiological significance of
the negative regulation of glycolysis by autophagy? As we
know, autophagy is a conserved intracellular recycling process
that maintains the balance of metabolites and biosynthetic
intermediates in cells under conditions of starvation or other
forms of cellular stress, such as growth factor withdrawal or
oxidative stress. Our results are consistent with the established
functional role of autophagy in maintaining cellular homeosta-
sis. Under stress conditions, cancer cells will not proliferate
excessively, in order to survive. In this circumstance, cells with
high autophagy flux will downregulate glycolysis by selectively
degrading HK2. In this way, depressed glycolysis contributes to
slowing down cell proliferation. Autophagy thereby serves as a
key process for metabolic adaptation in cancer cells.

SQSTM1 has multiple roles in tumorigenesis. It functions as
a receptor for autophagy cargo [37,38] or an activator of the
NFE2L2/NRF2 pathway [39,40], and participates in the devel-
opment of cancer-related disease [41]. Accumulation of
SQSTM1 after autophagy failure is partly responsible for the
tumorigenesis in liver tumors [32]. Given its central role in tar-
geting autophagy cargos to autophagosomes for degradation, it
is likely that SQSTM1 mediates the degradation of HK2. Here
our results identified SQSTM1 as an autophagic receptor of
HK2 and demonstrated that the expression of HK2 and
SQSTM1 was positively correlated, on the basis of immunohis-
tochemical analysis of human liver cancer through microarrays
(p < 0.05) and immunoblotting of liver cancer tumors. Most
importantly, we found that patients with positive staining for
HK2 and SQSTM1 in the tumors had shorter overall survival
than those with negative staining for either of the 2 markers,
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indicating the combination of high HK2 expression and high
SQSTM1 expression has biological and prognostic significance.

Of note, our study provides several insights into the thera-
peutic treatment of liver cancer depending on the manipulation
of glycolysis and autophagy. First, our work attributes the pro-
tumorigenic aspect of impaired autophagy in liver cancer to ele-
vated glycolysis. Several genetic links between defects in auto-
phagy and cancer have been previously reported. The ATG gene
BECN1 is mono-allelically deleted in a high percentage of breast,
ovarian and prostate cancers [5,42,43]. Given the clear role of
BECN1 in initiating autophagy, these cancers probably have
decreased autophagic flux. In our experimental system, glycoly-
sis was activated in response to the suppression of autophagy;
autophagy-impaired tumors were more sensitive to a glycolysis
inhibitor. Therefore, glycolysis may be responsible for increasing
cancer risk by providing energy and supporting the survival of
autophagy-impaired cancers. Second, we suggest that the
tumors treated with autophagy inhibitors should be monitored
closely and may need additional interventions against glycolysis.
Autophagy has been recognized to function as a protective regu-
lator in some cancers [44–46], and inhibitors of autophagy, such
as 3-methyladenine, wortmannin, chloroquine and Baf A1, may
be beneficial in some circumstances. We now show that the inhi-
bition of autophagy is compatible with upregulated glycolytic
features. We also demonstrate dramatic upregulation of glycoly-
sis after ATG5 ablation. Hence, the results indicate that the
patients who receive autophagy inhibitors as therapy may not
have a full response to the autophagy inhibitor treatment alone
but may benefit from cotreatment with glycolysis inhibitors.

In conclusion, our data identify HK2 as a substrate for selec-
tive autophagy, and establish crosstalk between autophagy and
glycolysis through the TRAF6- and SQSTM1-mediated ubiqui-
tination and recognition system, thus providing a mechanism
for the selective degradation of HK2. Our investigation also
indicates that impaired autophagy contributes to substantial
concomitant enhancement of glycolysis. These results reveal
the previously unrecognized concept that the elevated glycolysis
may be attributed to the failure of autophagy inhibitors in
blocking cell proliferation and growth; in this situation liver
cancer development is largely dependent on glycolysis. Our
results indicate that a combined therapy targeting both auto-
phagy and glycolysis may be effective for the treatment of liver
cancer, as well as other cancers.

Materials and methods

Antibodies and reagents

All antibodies were used at a dilution of 1:1000 unless other-
wise specified. Antibodies to the following proteins or epitope
tags HK2 (2867), ATG5 (2630), TRAF6 (8028), LDHA
(36671), PKM (4053), PFKP (12746), TUBB/beta-tubulin
(2128), GAPDH (5174), HA (3724), K63-linked ubiquitin
(5621), MYC (2276), MKI67/Ki67 (9449) were purchased from
Cell Signaling Technology. Anti-MAP1LC3B (NB100-2220)
antibody was obtained from Novus. Anti-SQSTM1 (28359)
and anti-GFP (5385) antibodies were purchased from Santa
Cruz Biotechnology. Anti-FLAG (F1804) was obtained from
Sigma Aldrich. The XF24 Glycolysis Stress Test Kit (102194-

100) was obtained from Agilent Seahorse. Baf A1 (S1413) was
obtained from Selleck Chemicals. Rapamycin (37094), 3-bro-
mopyruvic acid (16490), MG132 (M7449) and chloroquine
diphosphate salts (C6628) were obtained from Sigma Aldrich.

Cell culture and transfection

HEK293T (CRL-11268) and HepG2 (HB-8065) cell lines were
obtained from the American Type Culture Collection.
SMMC7721, Bel7402 and Huh7 cell lines were kindly given by
Prof. Xinyuan Guan, The University of Hong Kong, Hong Kong,
China. All the cell lines are grown in DMEM supplemented with
10% fetal bovine serum. All plasmids were transfected into the cell
lines with Lipofectamine 2000 (Life Technology, 11668500),
according to themanufacturer’s instructions.

DNA constructs and mutagenesis

pBABE-EGFP-mCherry-MAP1LC3B (22418, deposited by
Jayanta Debnath) and pGFPN3-HK2 (21920, deposited by Hos-
sein Ardehali) plasmids were obtained from Addgene. Plasmid
pcDNA3.1-FLAG-TRAF6 (T0134) was obtained from GeneCo-
poeia. Plasmid pENTER-FLAG/HIS-SQSTM1 (CH858197) was
purchased from Vigene. The constructs coding for full-length
HK2 and its fragment with the MYC tag were cloned into the
pcDNA3.1 vector (addgene, 52535, deposited by Adam Antebi)
between BamHI and EcoRI restriction sites. The constructs cod-
ing for TRAF6 with the V5 tag were cloned into the pcDNA3.1
vector between BamHI and EcoRI restriction sites. Site-directed
mutations in pcDNA3.1-MYC-HK2, pcDNA3.1-FLAG-TRAF6
and HA-Ub (addgene, 18712, deposited by Edward Yeh) plas-
mids were generated by using the ClonExpress II One Step Clon-
ing Kit (C112-01) from Vazyme.

shRNA and siRNA

For stable ATG5 siRNA expression, the retroviral vector
(pSUPER. puro, a gift of Professor Musheng Zeng, Cancer Cen-
ter, Sun Yat-sen University, Guangzhou, China) encoding hair-
pin RNA sequences was constructed. Short hairpin RNA
(shRNA) sequence against ATG5 [47] was generated and
cloned into the expression vector. All siRNAs were produced
by GenePharma and transfected with Lipofectamine RNAi-
MAX (Life Technology, 13778-150) according to the manufac-
turer’s protocol. The target sequences for siRNA against the
human HK2, TRAF6 and SQSTM1 genes were as follows:

HK2 no.1 (50-GGAGGAUGAAGGUAGAAAUTT-30)
HK2 no.2 (50-GUCGCUUUGAGACC AAAGATT-30)
TRAF6 no.1 (50-GGGUACAAUACGCCUUACATT-30)
TRAF6 no.2 (50-GCAGUGCAAUGGAAUUUAUTT-30)
SQSTM1 no.1 (50- ACAGAUGCCAGAAUCGGAA)
SQSTM1 no.2 (50- GCAUUGAAGUUGAUAUCGAUU)

Metabolite measurements

Glucose and lactate concentrations in the culture supernatants
were measured using colorimetric kits (BioVision, K686, K627)
according to the manufacturer’s instructions. The absorbance
was measured at 450 nm using a Multiskan MK3 microplate-
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reader (Thermo Fisher Scientific). All experiments were per-
formed in triplicate as described previously.

Metabolic assays

Glycolysis and glycolytic capacity (extracellular acidification
rate, ECAR) were measured with the Seahorse Extracellular
Flux (Seahorse Biosciences, XF-96) analyzer according to the
manufacturer’s protocol (Seahorse Biosciences, 102194-100).
Briefly, cells were transfected with siRNA and 48 h after trans-
fection, 50,000 cells per well were plated into XFe 24-well plates
(Seahorse Biosciences, 09516) and incubated for 16 h at 378C
in a 5% CO2 humidified atmosphere. For ECAR, cells were
washed in XF assay medium (Seahorse Biosciences, 30815011).
Cells were then kept in XF assay medium at 378C, in a non-
CO2 incubator for 1 h. After the incubation time, 10 mM glu-
cose (Seahorse Biosciences, 9710846), 1 mM oligomycin (Sea-
horse Biosciences, 9710846) and 50 mM 2-DG (Seahorse
Biosciences, 9710846) were loaded into the injection ports in
the XFe 96 sensor cartridge in sequence. Specifically, glucose
was added for glycolysis assessment, and glycolytic capacity
was assessed following the oligomycin injection, which inhibits
oxidative phosphorylation. After injection of 2-DG, which
inhibits glycolysis, nonglycolytic acidification is dominant. The
experiment was performed 3 times.

Tissue microarray

Paraffin-embedded microarrays of liver cancer tissues were
obtained from Sun Yat-Sen University Cancer Center. Immu-
nohistochemical staining was performed as previously
described to analyze the expression of HK2, SQSTM1,
MAP1LC3B, and TRAF6. A pathologist scored the cores, and
tumor staining intensity was compared to staining in normal
liver tissue.

Proliferation assays

Cell growth inhibition by 3-BrPA (Sigma Aldrich, 16490) was
determined by MTT assay (Sigma Aldrich, M5655). Cells at the
volume of 180 ml were seeded into 96-well plates and incubated
overnight at 37�C in a humidified atmosphere of 5% CO2, then
the cells were exposed to 10 ml 3-BrPA for another 24 h. Fol-
lowing treatment, 10 ml MTT was added to each well for
another 4 h at 37�C. After that, MTT solution was removed
and replaced with 100 ml DMSO. The absorbance was mea-
sured using a microplate reader (Bio-Rad) at 570 nm to esti-
mate cell viability.

Immunoblot and immunoprecipitation

Cell extracts were generated using lysis buffer (Cell Signaling
Technology, 9803) supplemented with protease inhibitor cock-
tail (Roche Applied Science, 4693159001) immediately before
use. Proteins were denatured by adding 6 £ SDS sample buffer
and boiled at 100�C for 10 min, then separated by SDS-PAGE.
For immunoprecipitation, cells were prepared in E1A lysis
buffer (250 mM NaCl, 50 mM HEPES, pH 7.5, 0.1% NP-40
[Roche Applied Science, 9016-45-9], 5 mM EDTA)

supplemented with protease inhibitor cocktail before use.
Immunoprecipitation was carried out either by incubating
anti-MYC agarose affinity gel antibodies (Biotool, B23402)
with cell lysates overnight at 4�C or by incubating appropriate
antibody with lysates for 2–3 h, followed by further incubation
with protein-A/G agarose beads (Roche Applied Science,
11134515001) overnight.

Real-time PCR

Total RNA was extracted by the use of TRIZOL reagent (Life
Technology, 15596018). Equal amount of total RNA from each
sample was subjected to reverse transcription using PrimeScript
RT reagent Kit with gDNA Eraser (TAKARA, RR047A) to syn-
thesize cDNA. Real-time PCR was performed with SYBR Green
(Roche Applied Science, 4913914001) on a real-time PCR
CFX96 (Bio-Rad) following the manufacturer’s instructions.

Mass spectrometry

HEK293T cells were transfected with GFP-HK2 expression
plasmids and cultured for 24 h, then the transfected HEK293T
cells were treated with 100 nM Baf A1 for 16 h before being
harvested. Cells were collected and lysed with E1A lysis buffer
(250 mM NaCl, 50 mM HEPES, pH 7.5, 0.1% NP-40 [Roche
Applied Science, 9016-45-9], 5 mM EDTA) and the cell extracts
were immunoprecipitated with the anti-GFP monoclonal anti-
body and protein G-agarose beads (Thermo, 20399). The GFP-
eluted material was separated by 6% SDS-PAGE. The HK2
bands and the above regions were excised from the gel and sub-
jected to mass spectrometry for the ubiquitination analysis.
Protein and modification identification was performed with the
database search, and peptide identifications were validated with
Peptide Prophet.

Animal studies

Nude mice (female, 4 wk old, and 16–20 g) were randomly
divided into 4 groups (n D 15 for each group), and 3 £ 106

SMMC7721 cells constitutively expressing control or ATG5
shRNA constructs were inoculated subcutaneously into the
flanks of nude mice. 3-BrPA was injected intraperitoneally
every 3 d at the concentration of 5 mg/kg/d, 0.9% saline as con-
trol. The presence or absence of a visible or palpable tumor was
evaluated and tumor growth was monitored each time. Tumor
volume (V) was calculated by the formula 0.5 £ length£ width
[2]. The mice were then sacrificed until the tumor volume
exceeded 800 mm3 and the tumors were excised and embedded
in paraffin. All animal experiments were conducted in accor-
dance with the institutional guidelines and approved by the
Animal Care and Use Committee of Sun Yat-sen University
Cancer Center.

Immunohistochemistry

Xenograft tumors were fixed in 4% paraformaldehyde over-
night, embedded in paraffin, sectioned and stained with pri-
mary antibody to MKI67 (1:200 dilution). Each sample was
scored by an H-score method that combines the values of
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immunoreaction intensity and the percentage of tumor cell
staining.

Statistical analysis

Unpaired Student t tests were performed to compare the differ-
ences. Error bars represent SEM unless otherwise noted, and
statistical significance is indicated as �p < 0.05,��p < 0.01, and
���p < 0.001. Clinical correlation between HK2, SQSTM1,
MAP1LC3B and TRAF6 was also determined by using a x2 test.
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