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Hexokinase-II positively regulates glucose starvation induced
autophagy through TORC1 inhibition

David J Roberts, Valerie P Tan-Sah, Eric Y Ding, Jeffery M Smith, and Shigeki Miyamoto
Department of Pharmacology, University of California, San Diego, 9500 Gilman Drive, La Jolla,
CA 92093-0636

Summary
Hexokinase-II (HK-II) catalyzes the first step of glycolysis and also functions as a protective
molecule, however, its role in protective autophagy has not been determined. Results showed that
inhibition of HK-II diminished, while overexpression of HK-II potentiated, autophagy induced by
glucose deprivation in cardiomyocyte and non-cardiomyocyte cells. Immunoprecipitation studies
revealed that HK-II binds to and inhibits the autophagy suppressor, mTOR complex 1 (TORC1),
and this binding was increased by glucose deprivation. The TOS motif, a scaffold sequence
responsible for binding TORC1 substrates, is present in HK-II and mutating it blocked its ability
to bind to TORC1 and regulate protective autophagy. The transition from glycolysis to autophagy
appears to be regulated by a decrease in glucose-6 phosphate. We suggest that HK-II binds
TORC1 as a decoy substrate and provides a previously unrecognized mechanism for switching
cells from a metabolic economy based on plentiful energy, to one of conservation, under
starvation.

Introduction
In response to stress, apoptotic (type I) and necrotic (type III) cell death programs are
activated, while survival signaling is also elicited to salvage the heart (Galluzzi et al., 2007;
Whelan et al., 2010). Although autophagy was initially discovered as a type II programmed
cell death mechanism, in which cells undergo “self-digestion” of intracellular contents and
organelles, recent evidence reveals that autophagy can serve as a protective mechanism
(Colell et al., 2007; Deter and De Duve, 1967; Hamacher-Brady et al., 2006; Levine and
Kroemer, 2008; Lum et al., 2005; Matsui et al., 2007; Rabinowitz and White, 2010; Whelan
et al., 2010). The limited ability of adult cardiomyocytes to proliferate means that
irreversible loss by cell death plays a crucial role in heart diseases, including ischemic injury
(Adams et al., 1998; Baines et al., 2005; Whelan et al., 2012). In the heart, excessive
autophagy has been shown to be maladaptive in pressure-overload induced heart failure and
reperfusion injury (Matsui et al., 2007; Zhu et al., 2007), while an increase in autophagy
confers cardioprotection against energy depletion induced by starvation or ischemia (Levine
and Kroemer, 2008; Lum et al., 2005; Matsui et al., 2007; Nakai et al., 2007; Rabinowitz
and White, 2010).

To whom correspondence should be addressed: Shigeki Miyamoto, Department of Pharmacology, University of California, San
Diego, 9500 Gilman Drive, La Jolla, CA 92093-0636, USA. Tel.:(858)-534-1368; FAX:(858)-534-4337; smiyamoto@ucsd.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

For additional details regarding the methods used, see the Online Data Supplement.

NIH Public Access
Author Manuscript
Mol Cell. Author manuscript; available in PMC 2015 February 20.

Published in final edited form as:
Mol Cell. 2014 February 20; 53(4): 521–533. doi:10.1016/j.molcel.2013.12.019.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Mechanistic (mammalian) target of rapamycin (mTOR) complex 1 (TORC1) and AMPK
have been established to be the key negative and positive regulators of autophagy (Sengupta
et al., 2010; Wullschleger et al., 2006; Yuan et al., 2013). TORC1 is a signaling complex
containing mTOR, raptor (the defining component of TORC1) and mammalian LST8/G-
protein β-subunit like protein (mLST8/GβL) (Kim et al., 2002; Kim et al., 2003). Under
nutrient-rich conditions, TORC1 activity is increased in response to amino acid increases or
upstream kinases including Akt, supporting cellular growth (Inoki et al., 2002; Sengupta et
al., 2010). Raptor is an essential scaffold for TORC1 mediated phosphorylation of
downstream target molecules such as p70S6K and 4E-BP1 (Kim et al., 2002). These
TORC1 substrates bind to raptor through their TOS motif (mTOR signaling motif) in order
to be phosphorylated by mTOR (Nojima et al., 2003; Schalm and Blenis, 2002). TORC1
serves as a brake on autophagy, as initially noted by the observations that inhibition of
TORC1 by rapamycin induces autophagy (Schmelzle and Hall, 2000). Recent seminal
studies have identified the serine/threonine kinase, ULK1, a mammalian homolog of yeast
Atg1, as an mTOR substrate: phosphorylation of ULK-1 at Ser757/758 (mouse/human) by
mTOR inhibits its activity and thereby autophagy (Kim et al., 2011; Shang et al., 2011).
AMP-activated protein kinase (AMPK) is a sensor for metabolic state activated during
starvation. Activation of AMPK inhibits the TORC1 pathway, activates ULK-1 and
positively regulates autophagy (Egan et al., 2011b; Gwinn et al., 2008; Inoki et al., 2003;
Kim et al., 2011; Shang et al., 2011; Takagi et al., 2007).

Hexokinase (HK) catalyzes the first step of glycolysis, phosphorylating glucose to
glucose-6-phosphate. Hexokinase-II (HK-II) is a predominant isoform in the heart, as well
as adipose and skeletal muscle, and is upregulated in many types of tumor. In contrast,
hexokinase-I (HK-I) is ubiquitously expressed (Pastorino and Hoek, 2003; Wilson, 2003).
There is increasing recognition that energy metabolism and cellular protection utilize
common signaling pathways and it has been suggested that HK-II plays an important role,
not only in glycolysis, but also in cell survival. We have previously demonstrated that HK-II
plays a significant role in Akt mediated mitochondrial protection against opening of the
mitochondrial permeability transition pore in cardiomyocytes (Miyamoto et al., 2008; Sun et
al., 2008) and others have demonstrated that HK-II competes with apoptotic Bcl-2 family
proteins, such as Bax and t-Bid, to prevent outer mitochondrial membrane rupture (Pastorino
et al., 2002; Robey and Hay, 2006).

Although it is established that glucose deprivation activates autophagy through TORC1
inhibition, the mechanism of signal integration between glycolytic and TORC1/autophagy
pathways has not been elucidated. Here we demonstrate for the first time that, in response to
glucose deprivation, HK-II binds to TORC1 through its TOS motif, decreasing TORC1
activity, and thereby positively regulates protective autophagy.

Results
Inhibition of HK-II by 2-Deoxy-D-glucose decreases glucose deprivation induced
autophagy

Neonatal rat ventricular myocytes (NRVMs) were cultured in the absence of glucose
(glucose free DMEM) for 16 hrs and whole cell lysates were subjected to Western blotting
for changes in LC3-I and II, a hallmark of autophagy. Glucose deprivation lead to a time
dependent increase in the LC3-II/I ratio (fig. 1A, B). 2-deoxy-D-glucose (2-DG) is an
analogue of glucose which is phosphorylated by hexokinases, but not metabolized further to
produce ATP, and has been used as a hexokinase inhibitor by competing with glucose.
Remarkably, 2-DG (0.5 mM) treatment prevented the increase in LC3-II/I induced by
glucose deprivation for up to 24 hrs (fig. 1A), but not that induced by staurosporine (Chu et
al., 2013), (fig. S1A). Treatment with 0.5 mM 2-DG also decreased the formation of GFP-
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LC3 puncta (fig. 1B). As LC3-II/I can also accumulate under conditions in which
autophagic flux is inhibited, we examined the levels of p62, a protein incorporated into
autophagosomes and degraded in autolysosomes. Glucose deprivation significantly
decreased levels of p62, an effect significantly attenuated by 2-DG (fig. 1C), confirming
functional autophagy and previous observations in cardiomyocytes (Gottlieb and Mentzer,
2010; Hariharan et al., 2010). The inhibition of LC3-II/I by 2-DG in glucose free medium
was concentration dependent (0.1 mM to 1 mM) but without effect in the presence of
glucose (fig. 1D). It has been reported that 2-DG activates, rather than inhibits, autophagy
(DiPaola et al., 2008; Wang et al., 2011; Xi et al., 2011). Similarly, we confirmed that the
high concentrations of 2-DG used in other studies (≥5 mM) in the presence of 25 mM
glucose increased the LC3-II/I ratio in our system (fig. S1B). The inhibition of glucose
deprivation induced autophagy mediated by 0.5 mM 2-DG was also evident when
mitochondria were supplemented with 5 mM pyruvate, a downstream product of glycolysis,
to glucose free medium indicating that the effect of 2-DG is not due to a reduction in
respiration (fig. 1D). Together, these data implicate HK-II in the induction of autophagy by
glucose deprivation.

Knockdown of HK-II attenuates, but overexpression of HK-II potentiates, autophagy
induced by glucose deprivation

To more directly examine the role of HK-II in autophagy induced by glucose deprivation,
HK-II expression was decreased using two different small interfering RNAs (siRNA). While
there was no effect in the presence of glucose (basal), HK-II knockdown (by ~70%) in
NRVMs significantly inhibited the increase in the LC3-II/I ratio and attenuated the decrease
in p62 expression in response to glucose deprivation (fig 2A). Adenoviral overexpression of
wild-type HK-II slightly increased basal and markedly potentiated glucose deprivation
induced LC3-II formation as well as the decrease in p62 expression (fig. 2B), further
supporting a role for HK-II in autophagy induced by glucose withdrawal. Adding pyruvate
(5 mM) to glucose free media did not alter the effects of HK-II knockdown or
overexpression on LC3-II formation (data not shown). In cells treated with HK-II siRNA, 2-
DG treatment did not decrease the LC3-II/I ratio (fig. 2C). Unlike HK-II, knockdown of
hexokinase-I (HK-I) did not inhibit the increase in LC3-II/I ratio induced by glucose
deprivation, while treatment with 2-DG still inhibited the LC3-II/I ratio (fig. 2C), suggesting
a specific role for HK-II.

Knockdown of HK-II increases, but overexpression of HK-II decreases, cell death induced
by glucose deprivation

A protective role for autophagy under conditions of starvation has previously been
demonstrated (Levine and Kroemer, 2008; Lum et al., 2005; Matsui et al., 2007; Nakai et
al., 2007; Rabinowitz and White, 2010). NRVMs were subjected to glucose deprivation for
24 hours and apoptosis assessed by DNA fragmentation. As expected, inhibition of
autophagy with 3-Methyladenine (3-MA; 10 mM) increased glucose deprivation-induced
apoptosis, supporting a protective role of autophagy (fig. 3A). We therefore examined the
effects of HK-II inhibition with 2-DG or HK-II knockdown and demonstrated that these
interventions also significantly increased apoptotic cell death (fig. 3A and B). However,
overexpression of HK-II largely attenuated glucose deprivation induced apoptosis (fig. 3C).
These results show that HK-II stimulated autophagy confers protection to myocytes against
the effects of glucose deprivation.

A critical role for AMPK in inhibition of TORC1 and stimulation of autophagy under
glucose starvation has been widely accepted (Sengupta et al., 2010; Wullschleger et al.,
2006; Yuan et al., 2013). To determine whether AMPK signaling is modulated by HK-II
during glucose deprivation, AMPK activity was assessed by Western blotting for
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phosphorylation of AMPK (P-AMPK) at Thr172, which has been shown to be required for
AMPK activation. Consistent with previous studies, P-AMPK increased in response to
glucose deprivation, but the response was unaffected by HK-II knockdown or
overexpression (fig. S2A). The phosphorylation status of acetyl-coA carboxylase and raptor,
established downstream targets of AMPK (Yuan et al., 2013), was also unchanged,
suggesting that HK-II does not modify the activation status of AMPK in the presence or
absence of glucose (fig S2B, C). Akt can lead to TORC1 activation, opposing the effect of
AMPK on autophagy. However, glucose deprivation did not affect phosphorylation of Akt
in NRVMs, nor was it affected by HK-II knockdown nor overexpression (fig. S2D).
Additionally, we examined the effect of HK-II on autophagy induced by rapamycin, a
TORC1 inhibitor. HK-II knockdown did not decrease the increase in LC3-II/I ratio induced
by rapamycin (50 nM for 18 hrs) and rapamycin induced autophagy was not affected by
addition of 0.5 mM 2-DG in control or HK-II siRNA treated cells (fig. S2E). These results
suggest that HK-II positively regulates autophagy at the level of TORC1.

HK-II contributes to suppression of TORC1 activity under glucose deprivation
To examine TORC1 activity, phosphorylation of TORC1 substrates, p70S6K and 4E-BP1
was assessed by Western blotting. Phosphorylation of p70S6K at Thr389 and 4E-BP1 at
Thr37/46 was significantly decreased by glucose deprivation and this inhibition was
prevented by treatment with 2-DG (0.5 mM; fig. 4A and B). The ability of 2-DG to prevent
decreases in P-p70S6K was dose-dependent (fig. 4C), similar to that previously observed for
the inhibition of LC3-II formation in figure 1D. Furthermore, siRNA-mediated HK-II
knockdown also significantly attenuated glucose deprivation induced decreases in P-
p70S6K, while overexpression of HK-II enhanced this response (fig. 4D and E). In contrast,
as observed with the LC3-II/I ratio (fig. 2C), HK-I knockdown failed to affect the decrease
in P-p70S6K induced by glucose deprivation, while the response was still reversed by 2-DG
treatment (fig. S3). These results suggest that HK-II, but not HK-I, negatively regulates
TORC1 activity during glucose deprivation.

Role of HK-II catalytic activity in regulation of autophagy
We then determined the effects of a kinase-dead (KD) mutant HK-II (D209A/D657A) on the
LC3-II/I ratio and p62 under glucose deprivation. As observed for wild-type HK-II,
expression of the kinase-dead mutant potentiated the increase in the LC3-II/I ratio, and
decrease in p62 levels following glucose deprivation, and further decreased P-p70S6K (fig.
5A and B). These findings indicate that the enzymatic activity of HK-II is not necessary for
its ability to inhibit TORC1 activity under glucose deprivation and suggest that HK-II serves
as a binding protein to negatively regulate TORC1 in response to glucose deprivation.

Although it is clear that HK-II kinase activity is not required for its effect on autophagy,
kinase activity is nevertheless a requirement for its role in glycolysis and so might act
instead to suppress its effect on autophagy. Thus, we hypothesized that HK-II uses the
presence of G-6P (control condition) or 2-DG-6P (NG+2-DG condition) to switch between
glycolytic and autophagic functions. We tested this possibility by comparing 2-DG to 5-thio-
glucose (5-TG), which binds to hexokinase but cannot be phosphorylated (Wilson and
Chung, 1989). NRVMs were cultured in the absence of glucose with or without 2-DG (0.5
mM) or 5-TG (0.5 mM) for 16 hrs. As shown in figure 5C, the glucose deprivation-induced
increase in the ratio of LC3-II/I was significantly reduced by 2-DG, however, this response
was not mimicked by 5-TG. Likewise the decrease in P-p70S6K induced by glucose
deprivation was inhibited by 2-DG, but not by 5-TG. Concentrations of 5-TG, up to 5 mM,
also failed to alter the increase in the LC3-II/I ratio caused by glucose deprivation (fig.
S4A). To further demonstrate that G-6P, produced by HK-II catalytic activity, is an
important factor suppressing HK-II mediated autophagy, endogenous HK-II was decreased
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by siRNA treatment and WT or kinase-dead HK-II were adenovirally reintroduced, cultured
in the presence of glucose, and LC3-II/I ratio was assessed (fig. 5D). Introduction of kinase-
dead HK-II, but not WT HK-II, into HK-II depleted cells increased the LC3-II/I ratio in the
presence of glucose, suggesting that the autophagic function of HK-II is inhibited by its
glycolytic activity.

We and others have shown that mitochondrial HK-II confers cellular protection against
acute stress (Miyamoto et al., 2008; Pastorino et al., 2002; Roberts et al., 2013; Robey and
Hay, 2006; Sun et al., 2008). To determine whether mitochondrially-bound HK-II plays a
regulatory role in protective autophagy under glucose deprivation, we examined the effect of
expression of the N-terminus deletion mutant of HK-II (ΔN HK-II) which has been shown to
lack the ability to bind to mitochondria (Roberts et al., 2013; Sui and Wilson, 1997).
Interestingly, the expression of ΔN HK-II still retains the ability to potentiate the increase in
LC3-II/I ratio and decrease in p62 induced by glucose deprivation (fig. S4B), suggesting that
the autophagic effect of HK-II is distinct from the established role of HK-II at mitochondria.

HK-II directly binds to TORC1 and association is increased by glucose deprivation
To determine whether HK-II interacts with TORC1 directly to inhibit its activity in response
to glucose deprivation, immunoprecipitation studies were carried out (fig. 6). Cells were
cultured in the presence or absence of glucose for 16 hrs and mTOR was
immunoprecipitated followed by Western blotting for HK-II. It is reported that the mTOR-
raptor complex (TORC1) is readily dissociated using non-ionic detergents and CHAPS is
commonly used for immunoprecipitation of TORC1 (Kim et al., 2002). Consistent with
previous observations obtained in non-cardiomyocyte cells, an association between mTOR
and raptor was preserved in immunoprecipitations carried out using 0.3 % CHAPS.
However, only by replacing CHAPS with 0.02 % digitonin could HK-II pull-out also be
observed, suggesting that HK-II only weakly binds to mTOR (fig. 6A). When raptor was
knocked-down using siRNA, binding of GβL to mTOR was not disrupted as shown
previously (Kim et al., 2003; Wang et al., 2007), however, the mTOR-HK-II association was
largely diminished (fig. 6B), suggesting that HK-II associates with TORC1. On the contrary,
HK-I in the mTOR immunocomplex was not evident and the observed faint signal was
insensitive to raptor knockdown.

We next determined whether the interaction between TORC1 and HK-II is affected by
glucose deprivation (fig. 6C). Glucose deprivation significantly increased the association of
mTOR with HK-II and addition of 2-DG to glucose free media decreased this association in
NRVMs. Additional studies carried out using a HK-II antibody for immunoprecipitation
also showed that association of HK-II with mTOR was increased following glucose
deprivation and disrupted by treatment with 2-DG. Immunofluorescence studies also showed
that co-localization between HK-II and mTOR was increased by glucose deprivation and
this was reversed by addition of 2-DG (fig. S5). Glucose deprivation did not dissociate
raptor nor GβL from mTOR immunocomplex (fig. 6C upper panels), suggesting that
TORC1 integrity is preserved during glucose deprivation as previously demonstrated (Kim
et al., 2003; Wang et al., 2007). TORC1 integrity was also preserved after addition of 2-DG.
Importantly, glucose deprivation increased the levels of raptor and GβL in the HK-II
immunocomplex which was reversed by addition of 2-DG (fig. 6C lower panels) supporting
that HK-II binding to TORC1 is increased by glucose withdrawal and reversed by 2-DG. To
confirm these results in vivo, adult mouse hearts were isolated and perfused in the
Langendorff mode (fig. 6D). Whole tissue homogenates prepared from hearts subjected to
60 min glucose free perfusion showed increased LC3-II/LC3-I ratio and decreased P-
p70S6K. Immunoprecipitation studies revealed that the association between HK-II and
mTOR, and that between HK-II and raptor, were increased in the heart in response to
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glucose deprivation. Similar to the observations obtained in NRVMs, the raptor-mTOR
association was preserved and the association of HK-II with raptor was increased under
glucose deprivation.

The TOS motif in HK-II mediates its binding to TORC1 and effects on autophagy
A TOS motif (mTOR signaling motif) is critical for binding to raptor and subsequent
phosphorylation of TORC1 substrates, such as p70S6K and 4E-BP, and the first
phenylalanine residue of the TOS motif has been shown to be essential for its function
(Nojima et al., 2003; Schalm and Blenis, 2002). The NIH database revealed that HK-II
contains a potential TOS motif (FDIDI) which is conserved in mouse, rat and human (fig.
7A). To determine whether this sequence is critical for HK-II binding to TORC1, we
introduced a point mutation of the phenylalanine residue at position 199 to alanine (F199A).
The mutant was subcloned into adenovirus and GFP (control), HK-II (wild-type; WT) and
HK-II F199A were expressed in NRVMs, subjected to glucose deprivation, and HK-II
immunoprecipitated. Overexpressed WT HK-II associated with mTOR and raptor, but HK-
II F199A did not show association above control levels (endogenous HK-II), despite similar
levels of WT and F199A in the immunocomplex (fig. 7B). We then examined the effect of
HK-II F199A expression on the glucose deprivation induced increase in the LC3-II/I ratio
and decrease in p62 expression. Unlike WT HK-II, HK-II F199A failed to potentiate the
increase in LC3-II/I or decrease in p62 induced by glucose deprivation (fig. 7C and D). HK-
II F199A also failed to provide protection against apoptotic cell death (fig. 7E). Glucose
deprivation decreased phosphorylation of ULK-1 at Ser757, the TORC1 site, in control
(GFP) cardiomyocytes, and this decrease was further enhanced by expression of HK-II WT
but not by HK-II F199A (fig. 7F). It has been reported that, in response to the release of
mTOR-mediated inhibition of ULK-1, phosphorylation of ULK-1 at Ser555 mediated by
AMPK is increased to stimulate autophagy (Egan et al., 2011a; Kim et al., 2011). We also
observed that glucose deprivation increased P-ULK-1 at Ser555 and this response was
enhanced by WT HK-II but not by F199A mutant (fig. S6A).

To further demonstrate the role of HK-II and its TOS motif in glucose deprivation induced
autophagy, endogenous HK-II was knocked down by siRNA treatment and WT or F199A
HK-II were adenovirally introduced (fig. S6B). HK-II knockdown significantly decreased
development of autophagy induced by glucose deprivation, as observed in figure 2, and this
was rescued by add-back of WT HK-II, but not by F199A HK-II. These data support the
important role of the TOS motif in HK-II mediated regulation of autophagy under glucose
starvation.

Expression of the HK-II gene is nearly silent in the liver thus hepatocytes have been used to
determine the role of HK-II (Goel et al., 2003). When WT HK-II was exogenously
expressed in clone 9 cells, the increase in the LC3-II/LC3-I ratio induced by glucose
deprivation was significantly potentiated. In contrast, expression of F199A HK-II did not
potentiate the LC3-II/LC3-I ratio (fig. 7G). Conversely, HEK293 cells have been shown to
express HK-II and are widely used to obtain insights into mechanisms of autophagy.
HEK293A cells were transfected with control- or HK-II siRNAs and subjected to glucose
deprivation for 8 hrs. Glucose deprivation induced autophagy in control cells and this
response was significantly attenuated by HK-II knockdown (fig. 7H).

Discussion
Hexokinase-II (HK-II) phosphorylates glucose at the first step in glycolysis and is therefore
a critical mediator of cellular metabolism. A growing body of evidence also suggests that
HK-II contributes to cellular protection against stress. Here we demonstrate that HK-II
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positively regulates protective autophagy in response to glucose withdrawal and that this is
mediated via an interaction with TORC1 (fig. S6C).

Previous work has established (Kim et al., 2011; Matsui et al., 2007) that glucose
deprivation induces time-dependent development of autophagy, as evidenced by increased
LC3-II/ratio as well as a decrease in p62 expression (Gottlieb and Mentzer, 2010). Crosstalk
between the glycolytic pathway and autophagy in mediating this effect remains largely
unknown. In agreement with previous findings, glucose deprivation in cardiomyocytes
produced a strong induction of autophagy, however, blocking HK-II using 2-DG inhibited it.
Direct evidence for a regulatory role of HK-II in glucose deprivation induced autophagy was
provided by observations that siRNA mediated HK-II knockdown inhibits autophagy,
whereas adenoviral overexpression enhances it (fig. 2). 2-DG inhibits glycolysis, which can
result in a decrease in oxidative respiration because it cannot be metabolized further after
HK-II phosphorylation. However, supplementing mitochondria with pyruvate, to restore
oxidative phosphorylation, does not reverse the inhibitory effect of 2-DG, indicating that
downstream effects on mitochondrial energy production are not involved. The inhibitory
effect of 0.5 mM 2-DG on glucose deprivation induced autophagy appears to be through
regulation of HK-II, since this concentration of 2-DG did not change the development of
autophagy in HK-II knocked down cells in the absence of glucose (fig. 2C) nor regulate
staurosporine or rapamycin induced autophagy (fig. S1A and S3). Knockdown of HK-I also
had no effect on, or 2-DG inhibition of, autophagy induced by glucose deprivation (fig. 2C),
suggesting a specific regulatory role for HK-II, although a role for HK-I cannot be
completely ruled out due to potential expression level differences ie lower HK-I expression
levels. Strikingly, exogenous expression of HK-II in clone 9 cells, which lack HK-II gene
expression, significantly potentiates basal and starvation induced autophagy, while
knockdown of HK-II reduces autophagy in HEK293A cultured in glucose free media. Thus,
regulation of autophagy by HK-II is not limited to cardiomyocytes, but appears to play a
controlling role in a variety of cell types expressing HK-II. This is, to our knowledge, the
first experimental evidence that HK-II functions as a positive regulator of autophagy in the
absence of glucose.

2-DG has previously been recognized as a stimulator, not inhibitor, of autophagy. We
reconcile these observations by demonstrating that 2-DG (up to 1 mM) did not induce
autophagy in cardiomyocytes cultured in the presence of glucose (fig. 1D), but higher
concentrations (>5 mM), such as those used by others demonstrating stimulation of
autophagy (DiPaola et al., 2008; Wang et al., 2011; Xi et al., 2011), did increase the LC3-II/
I ratio (fig. S1B). Thus it is likely that 0.5 mM 2-DG is enough to prevent autophagy in the
absence of glucose but not enough to induce autophagy in the presence of glucose (25 mM
in DMEM). The dose-dependent effect of 2-DG could be different in different cell types
(dependence on glycolysis), existence of other stress signals and the amount of competing
glucose influencing metabolic inhibition and subsequent activation of AMPK-autophagy
pathway.

The TORC1 complex is a major signaling nexus acting to suppress autophagy under growth
conditions (Sengupta et al., 2010) so we hypothesized that HK-II positively regulates
autophagy by inhibiting TORC1 signaling. Indeed, HK-II overexpression enhances the
glucose deprivation dependent dephosphorylation of downstream targets of TORC1,
p70S6K and 4E-BP1, whereas 2-DG or HK-II knockdown inhibits this response. Mirroring
these findings, phosphorylation at Ser2481 of mTOR, implicated to be an
autophosphorylation site and indicative of TORC1 activity (Soliman et al., 2010), displays
parallel changes to those in its substrates (data not shown). ULK-1, a positive regulator of
autophagy, has been demonstrated to be inhibited when phosphorylated at Ser757/758 by
mTOR (Kim et al., 2011; Shang et al., 2011). We also demonstrated that phosphorylation of
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Ser757 in ULK-1 is reduced by glucose deprivation in cardiomyocytes, and decreased
further by WT HK-II overexpression. Together, these results support previous observations
that TORC1 activity is decreased by glucose deprivation and demonstrate that HK-II is a
mediator of this response. The inhibitory effect of 2-DG on decrease in P-4E-BP1 was
diminished after 24hrs, although the effect on P-p70S6K was still evident. This difference
could be a time-dependent increase in apoptotic signaling, which is enhanced by 2-DG. 4E-
BP1 is cleaved by caspase under apoptotic conditions, resulting in loss of the RAIP motif in
the N-terminus (Tee and Proud, 2002), which plays a supportive role in the association with
TORC1. Thus the ability of TORC1 to regulate 4E-BP1 might be diminished by increased
apoptotic signaling, leading to loss of 2-DG effect on P-4E-BP1 after 24hrs.

A direct interaction between HK-II and the TORC1 complex was investigated using
immunoprecipitation and revealed that HK-II directly binds to TORC1 and that this
association is regulated by glucose availability (fig. 6). This finding was also supported by
immunofluorescence data showing that co-localization of HK-II with mTOR is increased by
glucose withdrawal. Binding between raptor and its substrates has been shown to be
mediated through a TOS motif (Nojima et al., 2003; Schalm and Blenis, 2002), which was
discovered to exist at amino acid position 199 (FDIDI) in HK-II and was also conserved
between rat, mouse and human. Mutation of the TOS motif (F199A) rendered HK-II unable
to bind to mTOR, or to regulate autophagy, in response to glucose deprivation in either
cardiomyocytes or hepatocytes. Furthermore, the F199A mutation failed to affect Ser757
ULK-1 phosphorylation. Interestingly, HK-I, which lacks a TOS motif, does not regulate
TORC1 activity assessed by P-p70S6K (fig. S3B) nor autophagy formation induced by
glucose deprivation in cardiomyocytes (fig. 2C). Together, these data provide evidence for
the role of the TOS motif in the HK-II-TORC1 association and suggest a specific role of
HK-II in regulation of TORC1-autophagy pathway under glucose deprivation.

AMPK is recognized as a key sensor of energy status and shown to be indispensable for
ischemia induced protective autophagy. We also observed that AMPK is robustly activated
by glucose deprivation, however, this response is not altered by manipulation of HK-II
expression. These results indicate that HK-II does not promote autophagy via regulation of
AMPK, but instead inhibits TORC1 activity and thereby facilitates the autophagic processes
driven by AMPK under starvation, as observed in augmented P-ULK at Ser555 (fig. S6A).

Akt activates the TORC1 pathway to stimulate cellular growth and inhibit autophagy (Inoki
et al., 2002; Sengupta et al., 2010). One of mechanisms by which Akt activates TORC1 is
phosphorylation of PRAS40 (Sancak et al., 2007; Wang et al., 2007). PRAS40 is an
inhibitory binding protein of TORC1 and the TOS motif in PRAS40 is responsible for its
binding. Akt phosphorylates PRAS40, sequestering it from TORC1 and terminating
PRAS40 mediated TORC1 inhibition. In this study, the activity of Akt is not altered by
glucose deprivation nor by manipulation of HK-II expression in cardiomyocytes. These
results suggest that PRAS40 serves as a negative regulator under basal conditions and the
inhibitory effect is released by Akt mediated phosphorylation under growth conditions,
while HK-II could contribute to suppression of TORC1 activity under starvation conditions.
Interestingly, activation of the Akt/TORC1 pathway has been demonstrated to positively
regulate HK-II expression (Bhaskar et al., 2009; Osawa et al., 1996). Thus, under growth
conditions, TORC1 stimulates HK-II expression to metabolically support cellular growth
and protection, while HK-II elicits an inhibitory effect on TORC1 activity upon starvation to
enhance autophagy. This dual regulation for HK-II and mTOR would provide an adaptive
defense mechanism to preserve cellular integrity dependent on metabolic status.

Although the mechanism by which glucose withdrawal switches the role of HK-II from
glycolysis to autophagy induction is unclear, our results suggest that the transition is
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suppressed in the presence of G-6P. In other words, a reduction in cellular G-6P, resulting
from glucose withdrawal, triggers increased binding of HK-II to TORC1, while addition of
2-DG to glucose free media, and subsequent accumulation of 2-DG-6P, inhibits this
association. This is supported by our observations that 5-TG, a non-phosphorylatable
glucose analogue had no effect on autophagy markers. Additionally, after endogenous HK-II
was knocked down, introduction of a kinase-dead HK-II mutant increased autophagy in the
presence of glucose (fig. 5D). The cellular distribution of HK-II changes in response to
metabolic conditions and it has been well established that G-6P or 2-DG-6P dissociates HK-
II from mitochondria, increasing the amount in the cytosol (John et al., 2011; Kabir and
Wilson, 1993). Changes in intracellular localization of mTOR have also been reported in
previous studies indicating that mTOR localizes to and is activated at ER/Golgi as well as
lysosomes (Drenan et al., 2004; Kim et al., 2013). Thus, changes in intracellular localization
of HK-II and mTOR might play a role in increased association of HK-II with mTOR by
glucose deprivation. However, a mitochondrial binding deficient mutant of HK-II (ΔN HK-
II) showed enhanced autophagy under glucose deprivation, comparable to WT HK-II (fig.
S4B), strongly suggesting that mitochondria are not a target site for the mTOR/HK-II
association. Much additional study will be required, however, to elucidate the intracellular
localization of HK-II and mTOR and to determine the precise mechanism for transition from
a glycolytic to pro-autophagic role.

Hexokinase-II has been demonstrated to confer cellular protection against acute cellular
insults, such as oxidative stress in which its mitochondrial binding and kinase activity plays
a role in inhibiting mitochondrial death pathways (Miyamoto et al., 2008; Pastorino et al.,
2002; Roberts et al., 2013; Robey and Hay, 2006; Sun et al., 2008). Our results unveil a
previously unrecognized, kinase activity independent, role of HK-II in TORC1 inhibition,
and subsequent development of protective autophagy during starvation. This could provide a
means to prolong survival against sustained metabolic stress such as ischemic heart
condition. Conversely it has been well established that most tumor cells have high glycolytic
activity (Warburg effect), accompanied by upregulation of HK-II (Pedersen, 2007). Coupled
with recent studies suggesting that inhibition of autophagy could be a new therapeutic
strategy, HK-II represents a multipronged target for prevention of cancer cell survival.
Taken together, our data suggests that, in response to starvation, HK-II detects glucose
depletion to adapt to metabolic suppression by facilitating autophagy.

Experimental Procedures
Cell Culture

Neonatal rat ventricular myocytes isolation, culture and infection was carried out as
described previously (Miyamoto et al., 2008). Pre-designed HK-II ON-TARGETplus siRNA
(siHK-II #1) for rat and control siRNA were purchased from Thermo Scientific. Pre-
designed HK-II siRNA (siHK-II #2) was also purchased from Qiagen.

Western blotting and Immunoprecipitation
Preparation of whole cell lysates for Western blotting was performed as previously reported
(Miyamoto et al., 2008). Information on antibodies can be found in the Supplemental. For
immunoprecipitation studies, cells were washed with ice-cold PBS twice and lysed in
hypotonic/digitonin buffer (20 mM PIPES [pH 7.2], 5 mM EDTA, 3 mM MgCl2, 10 mM
glycerophosphate, 10 mM pyrophosphate, 0.02% digitonin plus protease and phosphatase
inhibitors). In some experiments, 0.5% NP-40 alternative or 0.3% CHAPS were used instead
of digitonin.
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Statistical Analysis
Results are reported as averages ± SEM. Comparisons between two groups were
accomplished using unpaired Student’s t test. Experiments with more than two groups were
compared by ANOVA followed by the Tukey post-hoc test. A P-value of <0.05 was
considered statistically significant.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• In the absence of glucose, HK-II stimulates autophagy.

• HK-II promotes autophagy by binding to, and inhibiting, TORC1.

• The interaction with TORC1 is mediated by a TOS motif in HK-II.

• Glucose-6 phosphate appears to suppress the autophagic role of HK-II.
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Figure 1. Glucose deprivation induced autophagy is inhibited by 2-deoxy-D-glucose (2-DG) in
neonatal rat ventricular myocytes (NRVMs)
(A) Cardiomyocytes were cultured in DMEM or no-glucose (NG) DMEM in the presence or
absence of 2-deoxy-D-glucose (2-DG; 0.5 mM) for 16 hrs and subjected to Western blotting
for LC3 (left panels). The time-course of the LC3-II/LC3-I ratio induced by glucose
deprivation, plus or minus 2-DG (0.5 mM), assessed by Western blotting (right panel;
n=8-10). *P<0.05, **P<0.01 vs each time point after glucose deprivation. (B) To visualize
formation of autophagy, NRVMs were infected with LC3-GFP adenovirus. After 24 hrs,
cells were subjected to glucose deprivation (NG) in the presence or absence of 2-DG (0.5
mM) for 16 hrs. (C) Western blotting for p62. Cells were cultured in DMEM or no-glucose
(NG) DMEM in the presence or absence of 2-deoxy-D-glucose (2-DG; 0.5 mM) for 16 hrs.
**P<0.01 (n=6). (D) Cardiomyocytes were cultured in DMEM or NG-DMEM in the
presence or absence of 2-DG (0.1, 0.5 and 1 mM). To energize mitochondria, 5 mM
pyruvate was added (lower blots). **P<0.01, ***P<0.001 n=7. Data are mean ± SEM.
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Figure 2. Hexokinase-II (HK-II) regulates glucose deprivation induced autophagy in
cardiomyocytes
(A) NRVMs transfected with control siRNA (si-Ctrl) or two different HK-II siRNAs (si-
HK-II #1 and #2) were cultured in DMEM or no-glucose (NG) DMEM for 16 hrs, (n=9).
(B) Cells were infected with GFP (Ad-GFP; control) or wild-type HK-II (AdHK-II)
adenoviruses and subjected to 16 hrs glucose deprivation 24 hrs (n=9). (C) Cells were
transfected with control siRNA (si-Ctrl), HK-II siRNA (si-HK-II-#1) or HK-I siRNA and
cultured in DMEM or no-glucose (NG) DMEM in the presence or absence of 0.5 mM 2-DG
for 16 hrs (n=6-8). *P<0.05, **P<0.01, ***P<0.001. ns; not significant. Data are mean ±
SEM.
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Figure 3. HK-II contributes to cardiomyocyte protection against glucose deprivation induced
apoptosis
(A) NRVMs were cultured in DMEM or no-glucose (NG) DMEM for 24 hrs ± 10 mM 3-
Methyladenine (3-MA) or 0.5 mM 2-DG. DNA fragmentation was determined by ELISA-
based assay (n=5). (B) NRVMs transfected with control siRNA (si-Ctrl) or HK-II siRNA
(si-HK-II) were subjected to glucose deprivation for 24 hrs (n=6). (C) NRVMs expressing
GFP or HK-II were subjected to glucose deprivation for 24 hrs (n=8). *P<0.05, **P<0.01.
Data are mean ± SEM. See also Figure S1.
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Figure 4. HK-II contributes to decrease in TORC1 activity under glucose deprivation
(A) Representative Western blotting for phosphorylated p70S6K at Thr389 and
phosphorylated 4E-BP1 at Thr37/46. NRVMs were cultured in DMEM (control) or in no-
glucose (NG) DMEM in the presence or absence of 2-DG (0.5 mM) for 16 hrs. (B) Time-
course of changes in P-p70S6K and P-4E-BP1 after glucose deprivation ± 2-DG (0.5 mM;
n=6-8). *P<0.05, **P<0.01 vs. each time point after glucose deprivation. (C) Dose-
dependent effect of 2-DG on inhibition of decrease in P-p70S6K induced by 16 hrs glucose
deprivation. (D) Knockdown of HK-II attenuated the decrease in P-p70S6K induced by
glucose deprivation. NRVMs transfected with control siRNA (si-Ctrl) or HK-II siRNAs (si-
HK-II #1 and #2) were subjected to 16hrs glucose deprivation (n=7). (E) Overexpression of
WT HK-II enhanced the inhibitory effect of glucose deprivation on P-p70S6K (n=8).
*P<0.05, **P<0.01. Data are mean ± SEM.
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Figure 5. Role of kinase activity of HK-II on regulation of autophagy under glucose deprivation
(A) NRVMs expressing GFP (control), HK-II (WT HK-II) or kinase-dead HK-II (KD HK-
II) were cultured in the presence or absence of glucose for 16 hrs (n=8). (B) Representative
Western blots and quantitative analysis of effects of WT and KD HK-II on p62 are shown
(n=6). (C) Glucose deprivation induced increase in LC3-II and decrease in P-p70S6K are
inhibited by 2-deoxy-D-glucose (2-DG), but not by 5-thio-glucose (5-TG). Cells were
cultured in DMEM or NG DMEM in the presence or absence of 0.5 mM 2-DG or 0.5 mM 5-
TG for 16 hrs. (D) Effect of KD HK-II in HK-II knocked down cells cultured in DMEM.
HK-II was knocked down by siRNA (#1) followed by adenoviral infection with GFP, WT
HK-II or KD HK-II (n=7). *P<0.05, **P<0.01, ***P<0.001, ns; not significant. Data are
mean ± SEM.
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Figure 6. HK-II associates with TORC1 and this is increased by glucose deprivation
(A) Association of HK-II with mTOR is sensitive to the detergent. Cells were harvested in
0.5 % NP-40 lysis buffer, 0.3% Chaps lysis buffer or 0.02% digitonin lysis buffer, subjected
to mTOR immunoprecipitation and Western blotting for HK-II and raptor. (B) Knockdown
of raptor decreases the association of mTOR with HK-II but not with GβL (upper panels).
HK-I does not associate with mTOR (lower panels). NRVMs transfected with control
siRNA or raptor siRNA were subjected to glucose deprivation for 16 hrs and mTOR
immunoprecipitation was carried out. (C) Glucose deprivation increases association between
HK-II and TORC1 which is inhibited by 0.5 mM 2-DG. NRVMs were subjected to glucose
deprivation ± 2-DG for 16 hrs and mTOR or HK-II were immunoprecipitated. Right panels
show quantitative analysis of the association of HK-II with mTOR (n=5), **P<0.01,
***P<0.01. (D) Adult mouse hearts perfused with NG DMEM show an increase in LC3-II,
decrease in P-p70S6K, and increase in association between HK-II and mTOR. Adult mouse
hearts were perfused in the Langendorff mode. After 1 hr perfusion with DMEM (control) or
NG DMEM, hearts were homogenized in digitonin containing buffer and subjected to
Western blotting or immunoprecipitation. Data are mean ± SEM.
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Figure 7. The TOS motif in HK-II is responsible for HK-II binding to TORC1 and HK-II
mediated regulation of autophagy under glucose deprivation
(A) HK-II contains an mTOR signaling motif (TOS motif) which is conserved in mouse, rat
and human (FDIDI). (B) The association of HK-II with mTOR is increased by
overexpression of wild-type (WT) HK-II, but not by the TOS motif mutant HK-II (F199A;
FA). NRVMs expressing GFP (control), WT HK-II or F199A mutant HK-II were subjected
to glucose deprivation for 16 hrs and HK-II was immunoprecipitated. (C) WT HK-II, but not
the FA mutant, enhances the increase in LC3-II/LC3-I ratio induced by glucose deprivation
(16 hrs; n=10). (D) WT HK-II, but not the FA mutant, enhances the decrease in p62 induced
by glucose deprivation (16 hrs; n=8). (E) WT HK-II, but not F199A mutant (FA), provides
cardiomyocyte protection against glucose deprivation. Cells were cultured in no-glucose
DMEM for 24 hrs and DNA fragmentation was examined (n=7). (F) Glucose deprivation
(16 hrs) decreases phosphorylation of ULK-1 at Ser757 and this is enhanced by WT HK-II,
but not by F199A mutant (FA; n=10). (G) Clone 9 cells (hepatocyte cell line) were infected
with AdGFP, AdHK-II or AdF199A HK-II (FA) and subjected to glucose deprivation for 18
hrs (n=5). (H) HEK293A cells were transfected with control siRNA (si-Ctrl) or HK-II
siRNA (si-HK-II #1) and subjected to 8 hrs glucose deprivation (n=4-8). *P<0.05,
**P<0.01, ***P<0.001. Data are mean ± SEM.
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