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Viruses have developed various strategies to protect infected cells from apoptosis. HIV-1 infected macrophages are
long-lived and considered reservoirs for HIV-1. One significant deciding factor between cell survival and cell death is
glucose metabolism. We hypothesized that HIV-1 protects infected macrophages from apoptosis in part by modulating
the host glycolytic pathway specifically by regulating hexokinase-1 (HK-1) an enzyme that converts glucose to glucose-
6-phosphate. Therefore, we analyzed the regulation of HK-1 in HIV-1 infected PBMCs, and in a chronically HIV-1 infected
monocyte-like cell line, U1. Our results demonstrate that HIV-1 induces a robust increase in HK-1 expression.
Surprisingly, hexokinase enzymatic activity was significantly inhibited in HIV-1 infected PBMCs and in PMA
differentiated U1 cells. Interestingly, we observed increased levels of mitochondria-bound HK-1 in PMA induced U1
cells and in the HIV-1 accessory protein, viral protein R (Vpr) transduced U937 cell derived macrophages. Dissociation of
HK-1 from mitochondria in U1 cells using a pharmacological agent, clotrimazole (CTZ) induced mitochondrial
membrane depolarization and caspase-3/7 mediated apoptosis. Dissociation of HK-1 from mitochondria in Vpr
transduced U937 also activated caspase-3/7 activity. These observations indicate that HK-1 plays a non-metabolic role
in HIV-1 infected macrophages by binding to mitochondria thereby maintaining mitochondrial integrity. These results
suggest that targeting the interaction of HK-1 with the mitochondria to induce apoptosis in persistently infected
macrophages may prove beneficial in purging the macrophage HIV reservoir.

Introduction

Monocytes and macrophages play important roles in innate
immune defense.1 However, in the context of HIV-1 infection,
macrophages can promote viral spread from the periphery to end
organs such as the brain.2 Numerous studies have demonstrated
that HIV-1 infected monocytes and macrophages are relatively
resistant to apoptosis.3-6 Therefore, these long-lived infected
macrophages can serve as reservoirs for HIV-1 persistence in the
brain and promote inflammation in the CNS of patients receiv-
ing combination antiretroviral therapy (cART).7-9 Understand-
ing the mechanistic basis of resistance to apoptosis in HIV-1
infected macrophages is essential for therapeutic targeting of
these viral reservoirs. The resistance to apoptosis of infected mac-
rophages may stem from reciprocal interaction between HIV-1
and host glucose metabolism. Indeed, our earlier study demon-
strated that Vpr modulates the glycolytic pathway in
macrophages.10

The first step in glucose metabolism is the conversion of glu-
cose to glucose-6-phosphate (G-6-P) by hexokinases (HKs).11 In
mammalian cells, there are 4 isoforms of HK, HK-1, HK-2,
HK-3 and HK-4.11 Among these isoforms of HKs, HK-1 and
HK-2 can bind to the mitochondria.12,13 Mitochondria bound
HK plays a significant role in the maintenance of the integrity of
the outer mitochondrial membrane (OMM). Studies have shown
that binding of HK to voltage-dependent anion channel
(VDAC) inhibits the release of intermembrane proteins by apo-
ptotic stimuli and suppresses apoptosis.14-16

The long-lived persistence of macrophages as viral reservoirs is
a significant challenge in the formulation of HIV-1 eradication
strategies in the current era of effective cART. Furthermore, elu-
cidation of the mechanism involved in HIV-1-mediated hijack-
ing of the glucose metabolism pathway might provide insights in
designing therapeutic strategies for eradication of latent HIV-1.

In this study, we show that HIV-1 induces HK-1 expression
in monocytes and macrophages. However, HIV-1 expression
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inhibited HK activity but promoted an increase in HK-1 associa-
tion with the mitochondria thereby maintaining the integrity of
the OMM. Our studies also show that overexpression of Vpr in
U937 cell derived macrophages increases mitochondrial associa-
tion of HK-1. Detachment of mitochondrial HK-1 with CTZ in
HIV-1 infected macrophages decreased mitochondrial mem-
brane potential and induced caspase-3/7 dependent apoptosis.
Similarly, dissociation of HK-1 with CTZ in Vpr transduced
U937 cell derived macrophages induced caspase-3/7 activity.
These observations thus provide insights for the development of
pharmacological therapeutic strategies for the modulation of
HK-1-mitochondria interaction in infected macrophages for viral
eradication by promoting apoptosis.

Results

HIV-1 induces HK-1 expression in monocytes
and macrophages

We explored whether HIV-1 infection of PBMCs and reacti-
vation of HIV-1 expression in chronically infected U1 cells mod-
ulate expression of enzymes involved in glucose metabolism.

We assessed the expression level and activity of HK that cata-
lyzes glucose phosphorylation. Western analyses of cell lysates
prepared from mock infected and HIV-1 infected PBMCs after
6 d of infection wherein the p24 levels were 71 § 10.3 ng/ml,
demonstrated a significant increase in the expression of HK-1 by
about 2.4-fold but not of HK-2 (Figs. 1A, B). Since HK-1
expression was increased in HIV-1 infected cells, we therefore
assessed total HK activity levels. Surprisingly, we observed a 50%
decrease in total HK enzymatic activity in HIV-1 infected
PBMCs in comparison to mock-infected PBMCs (Fig. 1C).

Since bulk analyses of HIV-1 infected monocytes and macro-
phages limit our ability to discriminate whether changes occurred
exclusively in productively infected cells, on bystander uninfected
cells or in both populations, we utilized a cell line model to
mimic human HIV-1 infected macrophages. The human pro-
monocytic U937 cell line is one of the most commonly used
HIV-1 monocyte/macrophage model system.17 U1 cells are
chronically HIV-1 infected U937 cells18 and used extensively to
study the effects of HIV-1 in macrophages.19-21

Reactivation of HIV-1 replication upon PMA stimulation inU1
cells (p24 levels: 8929 § 652 ng/ml at 72 h), up-regulated expres-
sion of HK-1 by 3.6-fold, but HK-2 levels were not changed
(Figs. 1D, E). However, a significant decrease (78%) in total HK
enzymatic was observed after induction of viral replication with
PMA in U1 cells in comparison to uninduced U1 cells (Fig. 1F).
To assess whether PMA treatment inhibited total HK activity in
U1 cells, U937 cells were treated with PMA in a similar fashion,
and total HK enzymatic activity assay was measured. We first
assessed expression levels of HK-1 and HK-2 in these lysates. PMA
treatment of U937 cells led to a moderate (1.5-fold) increase in
HK-1 expression with no change in HK-2 expression (Figs. 1G,
H). However, we observed a 23% reduction in total HK enzymatic
activity in comparison to un-induced U937 cells (Fig. 1I). Taken
together, these observations show that though differentiation of

U937 by PMA induces HK-1 expression, HIV-1 infection or reac-
tivation of HIV-1 in U1 cells significantly induces HK-1 expression
and down regulates HK enzymatic activity in monocytes and mac-
rophages, respectively.

HIV-1 increases mitochondrial HK-1 levels
Studies have shown that the association of HK-1 and HK-2

with the mitochondria protects against cell death.15,22-24 There-
fore, we assessed whether HIV-1 modulates translocation of HK-
1 from the cytoplasm to the mitochondria in macrophages and
thereby regulate survival of HIV-1 infected macrophages. Unin-
duced and PMA induced U1 cells were harvested after 72 h
when viral replication peaks and were subjected to cytoplasmic
and mitochondrial fractionation. The purity of the mitochon-
drial and cytoplasmic fractions was ascertained by using VDAC1
or COXIV as a mitochondrial and tubulin as a cytoplasmic
marker. Levels of HK-1 in both the cytoplasm and mitochondria
of U1 cells increased with viral replication in contrast to the un-
induced cells in which the HK-1 was predominantly in the cyto-
plasm with very low amounts in the mitochondria (Figs. 2A–C).
To ascertain that PMA treatment did not modulate subcellular
localization of HK-1 in U1 cells, control experiments were per-
formed with PMA induced U937 cells. The results show that
PMA treatment of U937 did not lead to an increase in mitochon-
drial HK-1 levels though it increased total HK-1 levels (Figs. 1G,
H). PMA decreased levels of mitochondrial HK-1 and increased
cytoplasmic HK-1 levels in comparison to uninduced U937 cells
in which there was relatively higher levels of HK-1 in the cyto-
plasm compared to the levels in mitochondria (Fig. 2D–F).
These observations demonstrate that HIV-1 modulates subcellu-
lar localization of HK-1 favoring increased association of HK-1
with mitochondria.

Cytoprotective role of mitochondrial HK-1
in HIV-1-infected cells

To elucidate the protective role of mitochondria associated
HK-1 in HIV-1-infected cells, we used the anti-fungal imidazole
derivative, clotrimazole (CTZ) that has been shown to release
mitochondria bound HK and induce apoptosis.15,22,26,27 Since
CTZ dissociates HK once it is bound to mitochondria and not
inhibit HK from binding to the mitochondria in the following
experiments cells were treated with CTZ post treatment with
PMA and not pretreated with the agent. U1 cells were induced
by PMA, and 72 h post induction cells were treated with 2 differ-
ent concentrations of CTZ (10 and 25 mM) or DMSO as vehicle
control for 10 h and HK-1 protein levels were assessed in cyto-
plasmic and mitochondrial fractions. This analysis demonstrates
that the ratio of the HK-1 in the cytoplasmic fraction (Figs. 3A,
B) versus the mitochondrial fraction (Figs. 3C, D) was modu-
lated in a dose-dependent manner by CTZ. Specifically, CTZ at
25 mM significantly increased cytoplasmic levels of HK-1
(Figs. 3A, B) with a concomitant decrease in HK-1 levels in the
mitochondrial fraction (Figs. 3C, D). In subsequent experiments,
we used CTZ at a concentration of 25 mM.

To assess the effects of changes in the subcellular localization
of HK-1 by CTZ (25 mM) on mitochondrial fitness, we
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measured changes in mitochondrial membrane potential (DC)
using the membrane permeable dye, JC-1. The percentage of
polarized cells (red fluorescence) in control U1, PMA treated U1
cells and PMA plus 25 mM CTZ treated U1 cells were 72.39 §
1.6%, 73.98 § 2.8% and 31.71 § 1.3%, respectively. The per-
centage of depolarized cells (green fluorescence) in control U1,
PMA treated U1 cells and PMA plus 25 mM CTZ treated U1

cells were 26.83 § 1.2%, 21.28 § 3.5% and 68.05 § 1.0%,
respectively (Fig. 3E). These studies demonstrate that CTZ at
25 mMmodulates DC in PMA treated U1 cells.

Changes in DC is a distinctive feature of the early stages of
apoptosis. Therefore, we assessed levels of cell survival in PMA
treated U1 cells and PMA plus 25 mM CTZ treated cells, proc-
essed by flow cytometry following propidium iodide (PI)

Figure 1. HIV-1 induces HK-1 expression in monocytes/macrophages. (A) Representative Western blot of PBMCs mock infected (mock) or infected with
HIV-1 SF162 (HIV-1) showing HK-1, HK-2 and a-tubulin protein expression from whole cell lysates 6 d post-infection. (B) Densitometric analysis of HK-1
expression levels normalized to tubulin levels, plotted as fold change in HK levels. Data obtained from 2 gels * indicates p value < 0.03. (C) Total HK
enzyme activity in arbitrary values (represented by OD 340 nm normalized to protein concentration) in PBMCs infected with HIV-1 SF162.* indicates p
value < 0.04. (D) Representative Western blot of HK-1, HK-2 and Grb2 protein expression in undifferentiated U1 cells (Con) and PMA differentiated U1
cells (PMA) cell lysates. (E) Densitometric analysis of HK-1 expression levels normalized to Grb2 levels, plotted as fold change in HK levels. * indicates p
value < 0.02. (F) Total HK enzyme activity in arbitrary values (represented by OD 340 nm normalized to protein concentration) in cell lysates prepared
from undifferentiated U1 cells (U1 Con) and PMA differentiated U1 cells (U1 PMA). * indicates p value < 0.01. (G) Representative Western blot of HK-1,
HK-2 and Grb2 protein expression in undifferentiated U937 cells (Con) and PMA differentiated U937 cells (PMA) cell lysates. (H) Densitometric analysis of
HK-1 expression levels normalized to Grb2 levels, plotted as fold change in HK levels. * indicates p value < 0.05. (I) Total HK enzyme activity in arbitrary
values (represented by OD 340 nm normalized to protein concentration) in cell lysates prepared from undifferentiated U937 cells (U937 Con) and PMA
differentiated U937 cells (U937 PMA) * indicates p value < 0.04.
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staining. CTZ induced apoptosis by 3-fold in PMA treated cells
in comparison to PMA alone treated cells (Fig. 4A).

The cysteine aspartic acid-specific protease (caspase) family
members Caspase-3 and -7 play an important role in apoptosis
of mammalian cells.28,29 Therefore, we evaluated whether CTZ
induced apoptosis following dissociation of HK-1 from mito-
chondria in U1 cells treated with CTZ using a Caspase-Glo 3/7
assay that utilizes luminogenic caspase-3/7 substrate for measur-
ing caspase activity. Our results demonstrate a 2.3-fold increase
in caspase-3/7 activity in CTZ treated cells in comparison to con-
trol cells (Fig. 4B).

Role of HIV-1 Vpr in modulation of HK-1 translocation
Having observed increased levels of HK-1 in the mitochon-

dria of HIV-1 infected macrophages we asked the question
whether viral protein Vpr modulates subcellular translocation of
HK-1. Recently, using SILAC based proteomic analysis we dem-
onstrated that HIV-1 Vpr induces the expression of HK-1 in
macrophages.10 In addition, studies have shown that Vpr is

essential for HIV-1 infection of macrophages as the virus repli-
cates less efficiently in macrophages deficient in Vpr.25 We
assessed the effect of Vpr overexpression on HK-1 levels in the
cytoplasmic and mitochondrial fractions of U937 derived macro-
phages. The purity of the mitochondrial and cytoplasmic frac-
tions was ascertained using COXIV as a mitochondrial and
tubulin as a cytoplasmic marker. We first assessed the levels of
Vpr expression in U937 cells transduced with Ad-Vpr and then
quantified total HK activity in these cells. These studies show
that overexpression of Vpr in Ad-Vpr transduced macrophages
(Fig. 5A) inhibited total HK activity in whole cell lysates
(Fig. 5B). Interestingly, Ad-Vpr significantly increased HK-1 lev-
els in the mitochondrial fraction in comparison to Ad-Null trans-
duced U937 cells (Figs. 5C, D) with a significant decrease in the
cytoplasmic fraction (Figs. 5C, E). These observations demon-
strate that Vpr positively modulates the translocation of HK-1
from the cytoplasm to the mitochondria. To show the signifi-
cance of Vpr mediated translocation of HK-1 to the mitochon-
dria we have used CTZ to dissociate HK-1 from the

Figure 2. HIV-1 increases mitochondria bound HK-1 levels in U1 cells. (A) Uninduced (¡) and PMA induced (C) U1 cells were harvested after 72 h of
induction and fractionated into cytoplasmic and mitochondrial fractions. The cytoplasmic and mitochondrial fractions were analyzed by Western blot for
the changes in expression levels of HK-1. VDAC1 and a-tubulin were used as markers for fraction purity and protein loading of mitochondrial and cyto-
plasmic fractions, respectively. (B) Densitometric analysis of HK-1 expression levels in the mitochondrial fraction normalized to VDAC1 levels in unin-
duced (¡) and induced cells (C), shown as HK-1/VDAC1 ratio on the y-axis in arbitrary unit (AU). * indicates p value < 0.02. (C) Densitometric analysis of
HK-1 expression levels in the cytoplasmic fraction normalized to a-tubulin levels in uninduced (-) and induced (C) U1 cells, shown as HK-1/Tubulin ratio
on the y-axis in arbitrary unit (AU). * indicates p value < 0.05. (D) Uninduced (-) and PMA induced (C) U937 cells were harvested after 72 h of induction
and fractionated into cytoplasmic and mitochondrial fractions. The cytoplasmic and mitochondrial fractions were analyzed by Western blot for the
expression of HK-1. VDAC1 and a-tubulin were used as markers for fraction purity and protein loading of mitochondrial and cytoplasmic fractions,
respectively. (E) Densitometric analysis of HK-1 expression levels in the mitochondrial fraction normalized to VDAC1 levels in uninduced (-) and induced
(C) U937 cells, shown as HK-1/VDAC1 ratio on the y-axis in arbitrary unit (AU). * indicates p value<0.05. (F) Densitometric analysis of HK-1 expression lev-
els in the mitochondrial fraction normalized to a-tubulin levels in uninduced (-) and induced (C) U937 cells, shown as HK-1/Tubulin ratio on the y-axis in
arbitrary unit (AU). * indicates p value<0.03.
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mitochondria in Vpr transduced U937
cells and assessed activation of Caspase
3/7. The results show a 2.2-fold increase
in Caspase 3/7 activity in U973-Vpr
transduced cells treated with 25 mM of
CTZ in comparison to control (U973-
Vpr transduced) cells (Fig. 5F).

In summary, these observations elu-
cidate the importance of Vpr mediated
mitochondrial association of HK-1 in
maintaining the integrity of mitochon-
dria since dissociation of mitochondrial
attachment of HK-1 with CTZ induced
activation of Caspase 3/7 activity in Vpr
transduced cells.

Discussion

In comparison to uninfected mono-
cytic cells, persistently infected pro-
monocytic cells are less sensitive to apo-
ptotic stimuli.30 HIV-1 infected macro-
phages are more resistant to apoptosis
than other cells infected with HIV-1 and
are considered as viral reservoirs.5,31,32

Figure 3. Dissociation of mitochondria bound HK-1 by Clotrimazole leads to mitochondrial depolarization. (A) Representative Western blot of HK-1 and
a-tubulin levels in the cytoplasmic fraction of PMA differentiated U1 cells treated with 10 and 25 mM of CTZ. (B) Densitometric analysis of HK-1 levels in
the cytoplasmic fraction normalized to a-tubulin levels, shown as HK-1/Tubulin ratio on the y-axis in arbitrary unit (AU). *, ** indicate p values <0.03 and
<0.02, respectively in comparison to no treatment with CTZ. (C) Representative Western blot of HK-1 and COXIV levels in the mitochondrial fraction of
PMA differentiated U1 cells treated with 10 and 25 mM of CTZ. (D) Densitometric analysis of HK-1 levels in the mitochondrial fraction normalized to
COXIV levels, shown as HK-1/COXIV ratio on the y-axis in arbitrary unit (AU). * indicates p value<0.02 in comparison to no treatment with CTZ. (E) Assess-
ment of changes in mitochondrial membrane potential in response to CTZ. Mitochondrial depolarization was assessed using membrane permeable dye,
JC-1 in uninduced U1 cells (control), PMA differentiated U1 cells (PMA), and PMA differentiated U1 cells treated with 25 mM CTZ (PMAC25 mM CTZ). A
5% decrease in depolarized cells in PMA alone treated cells in comparison to control cells * indicates p value <0.05 Significant increase in percentage of
depolarized cells was observed in PMAC 25 mM CTZ treated cells in comparison to PMA alone treated cells. ** indicates p value<0.01.

Figure 4. Induction of apoptosis by CTZ in U1 cells and activation of Caspase 3/7. (A) Propidium
iodide staining shows an increase in the percentage of apoptotic cells in PMA differentiated U1 cells
and PMA differentiated U1 cells treated with CTZ (25mM). * indicates p value <0.02 in comparison to
PMA alone. (B) Fold induction in caspase 3/7 activity in PMA differentiated U1 cells and PMA differen-
tiated U1 cells treated with 25mM CTZ. The relative caspase3/7 activity was normalized to protein con-
centration and the fold induction in the control cells was set at 1. * indicates p value <0.02 in
comparison to PMA alone.

984 Volume 14 Issue 7Cell Cycle



Furthermore, dissemination of virus from these potential reser-
voirs can promote viral spread to other susceptible target cells.33

The mechanisms responsible for apoptosis resistance in HIV-1
infected macrophages are not well understood. However, it is sug-
gested that macrophages may develop an intrinsic resistance to
apoptosis due to differentiation34 or indirectly due to HIV-1
infection35 or as a result of expression of specific viral proteins
such as Tat and Nef.36-38 Studies thus far, have demonstrated that
induction of macrophage colony-stimulating factor (M-CSF)
expression by HIV-1 in macrophages promotes upregulation of
anti-apoptotic proteins such as Mcl-1 and Bfl-1.4 Studies have also
shown that activation of the stress-induced PI3K/Akt cell survival
pathway by HIV-1 infection also protects the infected macro-
phages from apoptosis.39 Decreased caspase-3 activation is sug-
gested to be a possible mechanism for apoptosis resistance in cells
persistently infected with HIV-1.40 Recently, we demonstrated
that HIV-1 Vpr induces the expression of HK-1 in macro-
phages.10 Furthermore, studies have shown that Vpr is essential

for HIV-1 infection of macrophages since virus deficient in Vpr is
less efficient in replication in macrophages.25

Due to the close relationship between glycolysis and the apo-
ptotic pathway,41 we focused on elucidating whether HIV-1
hijacks the glycolytic pathway to confer a survival advantage in
HIV infected macrophages. Hexokinase is a significant regulator
of cell death15,22-24 Therefore, modulation of HK expression,
activity and subcellular localization in HIV-1 infected cells may
induce an anti-apoptotic milieu. Our data demonstrate upregula-
tion of HK-1 expression in HIV-1 infected monocytes and U1
cells induced with PMA with no significant change in the expres-
sion of HK-2 protein. However, surprisingly we observed signifi-
cant decrease in total enzymatic activity of HK following viral
infection in PBMCs and after induction of viral replication in
chronically infected U1 cells by PMA. These observations are in
agreement with a recent study showing decrease in G-6-P levels
in U1 cells after induction of viral replication.42 The increase in
HK-1 protein expression in HIV-1 infected PBMCs and U1 cells

Figure 5. HIV-1 Vpr induces translocation of HK-1 to mitochondria. (A) Representative Western blot of Vpr levels in PMA differentiated U937 transduced
with Adeno-Null or Adeno-Vpr. (B) Total HK enzyme activity in arbitrary values (OD 340 nm normalized to protein concentration) in PMA differentiated
U937 cells transduced with Adeno-Null or Adeno-Vpr. * indicates p value < 0.05. (C) Representative Western blot of cytoplasmic and mitochondrial frac-
tions from PMA differentiated U937 transduced with Adeno-Null or Adeno-Vpr probed for HK-1. Cytochrome c oxidase subunit IV (COXIV) and a-tubulin
was as used markers for fraction purity and protein loading of mitochondrial and cytoplasmic fractions, respectively. (D) Densitometric analysis of HK-1
expression levels in the mitochondrial fraction normalized to COXIV levels in Ad-Null and Ad-Vpr, shown as HK-1/COXIV ratio on the y-axis in arbitrary
unit (AU). * indicates p value <0.02 in comparison to Ad-Null. (E) Densitometric analysis of HK-1 expression levels in the mitochondrial fraction normal-
ized to a-tubulin levels in Ad-Null and Ad-Vpr shown as HK-1/Tubulin ratio on the y-axis in arbitrary unit (AU). * indicates p value <0.05 in comparison to
Ad-Null. (F) Fold induction in caspase 3/7 activity in PMA differentiated U937 cells transduced with Vpr (Vpr) and PMA differentiated U937 cells trans-
duced with Vpr treated with 25 mM CTZ (VprCCTZ). The relative caspase 3/7 activity was normalized to protein concentration and the fold induction in
the control cells was set at 1. * indicates p value <0.02 in comparison to PMA alone.
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raises the question about the role
of this excess HK-1 protein in the
infected cells. Studies have demon-
strated interaction between HK-1
and VDAC16,43,44 that is mediated
by the association of a hydropho-
bic region of 21 amino acids in the
N-termini of both HK-1 and HK-
2 with VDAC on the OMM.12,13

This interaction of HK with the
mitochondria has been shown to
protect cells against cell
death.15,22,23 Mechanistic studies
show that interaction of HK-1
with mitochondria prevents open-
ing of the mitochondrial perme-
ability transition pore as well as
the release of cytochrome c.16

Analysis of the subcellular localiza-
tion of HK-1 in U1 cells after
induction of viral replication with
PMA demonstrated an increase in
mitochondrial HK-1 level suggest-
ing that viral replication modulates
HK-1 association with the mito-
chondrial membrane of infected
macrophages to support mito-
chondrial health. On the contrary,
subcellular localization of HK-1 in
U937 cells with PMA did not induce a significant increase in
mitochondrial HK-1 level. In this context, it is important to
emphasize that PMA, not only induces differentiation of mono-
cytes into macrophages but also independently stimulates viral
replication, an effect that can influence the susceptibility to apo-
ptosis.45 These data suggest that apoptosis resistance in the persis-
tently infected U1 cells is also dependent on the magnitude of
viral replication.

Earlier studies have shown that for HK to prevent apoptosis, it
must localize to mitochondria by binding to VDAC.46 Further-
more, displacement of HK from VDAC by a peptide correspond-
ing to its N terminus15 and dissociation of HK from
mitochondria under glucose deprivation also increase apopto-
sis.47 Our studies also demonstrate the role of Vpr in modulation
of HK-1 translocation to mitochondria.

To elucidate the functional significance of mitochondrial HK-
1 association and mitochondrial integrity, we used a direct
approach to detach HK-1 from the mitochondria while main-
taining constant total cellular levels of HK-1. To this end, we
used the anti-fungal imidazole derivative CTZ, that dissociates
mitochondrial bound HK15,22,26 to demonstrate a significant
decrease in DC using the membrane permeable dye, JC-1 and
activation of caspase 3/7 activity in PMA differentiated U1 cells
and in Vpr-transduced U937 cells.

This study provides novel evidence that resistance to apoptosis
in persistently HIV-1-infected macrophages involves direct

modulation of the mitochondrial apoptosis pathway by regulat-
ing HK-1 interaction with the mitochondria (Fig. 6) since CTZ
accentuates apoptosis by dissociation of mitochondria bound
HK-1. Further experiments are needed to elucidate the mecha-
nism by which the HIV-1 and Vpr modulate HK-1 translocation
to the mitochondria and control the execution of apoptosis.

Materials and Methods

Isolation of PBMCs and HIV-1 infection
Buffy coats were provided by the Comprehensive NeuroAIDS

center (CNAC) under the approval of the Temple University
Institutional Review Board (IRB). No informed consent was
obtained as the study was classified as exempt (category 4) by the
IRB.

PBMCs were isolated from buffy coat using the standard ficoll
gradient centrifugation method and resuspended in RPMI media
containing 10% FBS and 10 mg/ml gentamicin (Life Technolo-
gies). Isolated PBMCs were induced with phytohemagglutinin
(PHA) (Life Technologies, Cat# 10576–015) at 5 mg/ml for
48 h. PBMCs were then infected with 10000 TCID50/10

6 cells
(MOI »0.01) of HIV-1 SF162

48 overnight in a 37�C incubator
with 5% CO2. The next day, cells were washed thrice with 1 X
PBS and grown in RPMI media containing 10% FBS and
10 mg/ml gentamicin. Six days post infection with HIV-1, cells

Figure 6. Schematic representation of the anti-apoptotic role of HK-1 in HIV-1 infected macrophages. This
mechanism involves up-regulation of HK-1 expression by HIV-1 in a Vpr- dependent fashion that results in
increased translocation of HK-1 to the outer mitochondrial membrane (OMM) and interaction with VDAC to
promote an anti-apoptotic environment and thereby enhance survival of infected macrophages. However,
dissociation of the association of HK-1 to the OMM and interaction with VDAC using a pharmacological
inhibitor, clotrimazole (CTZ) indicated by red cross (X) releases HK-1 from mitochondria and induces mito-
chondrial membrane depolarization and caspase-3/7 mediated apoptosis or cell death.
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were harvested for preparation of cell lysates and an aliquot of
supernatants were collected to quantify viral load by p24 ELISA
(Advanced Bioscience Laboratories, Cat #5421).

Cell culture
U1 cells that contain 2 copies of non-replicating HIV-1 provi-

rus derived from U937 cells chronically infected with HIV-1
were used a model of macrophage latency.18 U1 and U937 cells
were maintained in RPMI medium supplemented with 10%
FBS and gentamicin in a 37�C incubator with 5% CO2.

Induction of HIV-1 replication in U1 cells
HIV-1 replication was induced in the U1 cells by treatment

with 10 nM of Phorbol 12-myristate 13-acetate (PMA) (Sigma-
Aldrich, Cat #P1585) over-night, and the media was replaced
with fresh RPMI supplemented with 10% FBS. To quantify viral
load, supernatants from the infected cells were collected 3 d post
induction of HIV-1 and p24 levels were assessed using the p24
antigen capture assay ELISA kit (Advanced Bioscience
Laboratories).

HK Enzyme activity assay
Total HK activity was measured as previously described.49

Briefly, undifferentiated U1 and U937 cells and PMA differenti-
ated U1 and U937 cells were lysed in 50 mM potassium phos-
phate, 2 mM dithiothreitol (DTT), 2 mM EDTA, and 20 mM
NaF. Protein concentration in the lysates was determined by using
BCA reagent (Thermo Scientific). HK activity was determined
using 30 mg of cell lysates in 1 ml of 100 mM Tris-HCl, pH 8.0,
0.5 mM EDTA, 10 mM ATP, 10 mM MgCl2, 2 mM glucose,
0.1 mM NADP, and 0.1 U/ml of G6PD (Sigma-Aldrich). HK
activity was determined by following the G6P-dependent conver-
sion of NADP to NADPH spectrophotometrically at 340 nm
using a Beckman DU640B Spectrophotometer.

Isolation of mitochondria and cytoplasmic fractions
Cytoplasmic and mitochondrial fractionation of cells was con-

ducted following an established protocol.50 In brief, cell pellets
were resuspended in 1 ml of mitochondria isolation buffer
(250 mM sucrose, 10 mM Tris-HCl pH 7.4, 0.1 mM EGTA)
and centrifuged at 1,000 rpm for 10 min to pellet nuclei. The
supernatant was centrifuged at 15,000 rpm for 20 min to pellet
mitochondria. Protein concentration from cytosolic and mito-
chondrial fractions was determined using BCA reagent (Thermo
Scientific).

Adenoviral transduction
Recombinant adenoviral vector harboring HIV-1 Vpr cDNA

from the dual-tropic (CCR5 and CXCR4) strain of HIV-1 89.6
was used for overexpression of Vpr.10 PMA differentiated U937
cells (5 X 106) were transduced with adenoviral stock of Ad-Null
(empty vector) or Ad-Vpr at multiplicity of infection (MOI) of
10 pfu (plaque forming units) per cell.

Analysis of effects of Clotrimazole on subcellular localization
of HK-1

U1 cells were induced by PMA, and 72 h post-induction, cells
were treated with 10 and 25 mM of clotrimazole (CTZ) (Sigma-
Aldrich, Cat# C6019) or DMSO (Sigma-Aldrich, Cat# D2650)
as vehicle control for 10 h. Cells were harvested by centrifugation
and washed with PBS and processed for isolation of mitochon-
dria and cytoplasmic fractions as described in earlier section (Iso-
lation of mitochondria and cytoplasmic fractions).

Western blot
Proteins from cells were isolated in RIPA buffer (50 mM

Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% NP-40,
1% Na-deoxycholic acid and 0.1% SDS) in the presence of
HALT phosphatase and protease inhibitor (Thermo Scientific).
Protein concentration in lysates was determined using BCA
reagent (Thermo Scientific) and stored at ¡70�C until use. Total
cell lysates (50 mg) or cytoplasmic fractions (40 mg) or mito-
chondrial fractions (20 mg) were separated by SDS-PAGE and
electroblotted onto a nitrocellulose membrane (Li-Cor Biotech-
nology). The membrane was blocked with 5% milk in Tris-
buffer saline solution (pH 7.6) containing 0.05% Tween-20
(TBS/T) and probed with antibodies diluted at 1:500 (anti-HK-
1, #2804S; HK-2, #2106S; COXIV, #4844S; VDAC1 #4866S;
Grb2 #3972S antibodies from Cell Signaling Technologies) and
a-Tubulin (Sigma-Aldrich). Membranes were incubated with
primary antibodies overnight at 4�C. The membranes were then
washed in 1 X TBS/T, and then incubated with appropriate sec-
ondary antibodies conjugated with Licor IR dyes for 1 h. Images
were captured using Odyssey CLx and analyzed using Image Stu-
dio Software (Li-Cor Biotechnology).

Analysis of changes in mitochondrial membrane potential
(DC)

U1 cells were induced by PMA and 72 h post-induction, cells
were treated for 10 h with 25 mM of CTZ or DMSO as vehicle
control. After treatment, cells were harvested by centrifugation
and washed with PBS. Cells were labeled with JC-1 dye (Invitro-
gen) following the manufacturer’s protocol. The percentage of
cells containing depolarized mitochondria was determined with
the Guava EasyCyte mini system (Guava Technologies) by ana-
lyzing the ratio of conversion from red to green fluorescence.

Analysis of apoptosis by propidium iodide staining
PMA differentiated U1 cells (72h post-induction) were

treated with 25 mM of CTZ or DMSO (vehicle control) for
10 h. Cells were harvested by centrifugation, washed with PBS
and then fixed in 70% ice-cold ethanol for 24 h at ¡20�C. The
cells were then washed with PBS and stained with 10 mg/ml of
propidium iodide (Sigma-Aldrich) in PBS containing 250 mg/
ml RNase A. Following incubation at 37�C for 30 min in the
dark, the labeled cells were analyzed by fluorescence activated cell
sorting (FACS). The percentage of cells making up the apoptotic
cell population was analyzed with the Guava EasyCyte mini sys-
tem and Guava CytoSoft cell cycle program (Guava
Technologies).
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Caspase 3/7 activity
U1 cells were induced by PMA and 72h post induction cells

were treated for 10 h with 25 mM of CTZ or DMSO as vehicle
control. PMA differentiated U937 cells were transduced with
Vpr as described in the section on adenoviral transduction. The
cells were then treated for 10 h with 25 mM of CTZ or DMSO
as vehicle control. Cells were washed with 1X PBS, and Caspase-
3/7 activity was measured using a luminescent caspase-Glo 3/7
assay kit (Promega Corporation) following the manufacturer’s
instructions. An aliquot of cells was also lysed in parallel in
M-PER protein extraction reagent (Thermo Scientific) and the
protein concentration in the lysates was quantified using BCA
protein reagent (Thermo Scientific). Luminescent signal was
measured using a Femtomaster FB12 Luminometer (Zylux
Corporation).

Statistical analyses
Data were plotted using Windows Excel 2010 (Microsoft).

Significance was determined using Student’s t-test. A p value of

< 0.05 was considered significant. Plotted data represent the
mean § SD of two or 3 experiments.
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