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ABSTRACT Kaposi’s sarcoma-associated herpesvirus (KSHV)-induced activation of
nuclear factor erythroid 2-related factor 2 (Nrf2) is essential for both the expression
of viral genes (latency) and modulation of the host antioxidant machinery. Reactive
oxygen species (ROS) are also regulated by the ubiquitously expressed HACE1 pro-
tein (HECT domain and ankyrin repeat containing E3 ubiquitin protein ligase 1),
which targets the Rac1 protein for proteasomal degradation, and this blocks the
generation of ROS by Rac1-dependent NADPH oxidases. In this study, we exam-
ined the role of HACE1 in KSHV infection. Elevated levels of HACE1 expression
were observed in de novo KSHV-infected endothelial cells, KSHV latently infected
TIVE-LTC and PEL cells, and Kaposi’s sarcoma skin lesion cells. The increased
HACE1 expression in the infected cells was mediated by KSHV latent protein ka-
posin A. HACE1 knockdown resulted in high Rac1 and Nox 1 (NADPH oxidase 1)
activity, increased ROS (oxidative stress), increased cell death, and decreased
KSHV gene expression. Loss of HACE1 impaired KSHV infection-induced phospho-
inositide 3-kinase (PI3-K), protein kinase C-� (PKC-�), extracellular signal-regulated
kinase 1/2 (ERK1/2), NF-�B, and Nrf2 activation and nuclear translocation of Nrf2,
and it reduced the expression of Nrf2 target genes responsible for balancing the
oxidative stress. In the absence of HACE1, glutamine uptake increased in the
cells to cope with the KSHV-induced oxidative stress. These findings reveal for
the first time that HACE1 plays roles during viral infection-induced oxidative
stress and demonstrate that HACE1 facilitates resistance to KSHV infection-
induced oxidative stress by promoting Nrf2 activity. Our studies suggest that
HACE1 could be a potential target to induce cell death in KSHV-infected cells
and to manage KSHV infections.

IMPORTANCE ROS play important roles in several cellular processes, and increased
ROS cause several adverse effects. KSHV infection of endothelial cells induces ROS,
which facilitate virus entry by amplifying the infection-induced host cell signaling
cascade, which, in turn, induces the nuclear translocation of phospho-Nrf2 protein to
regulate the expression of antioxidative genes and viral genes. The present study
demonstrates that KSHV infection induces the E3 ligase HACE1 protein to regulate
KSHV-induced oxidative stress by promoting the activation of Nrf2 and nuclear
translocation. Absence of HACE1 results in increased ROS and cellular death and re-
duced nuclear Nrf2, antioxidant, and viral gene expression. Together, these studies
suggest that HACE1 can be a potential target to induce cell death in KSHV-infected
cells.
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Kaposi’s sarcoma-associated herpesvirus (KSHV) is etiologically associated with hu-
man malignancies such as the angioproliferative Kaposi’s sarcoma (KS), primary

effusion B-cell lymphoma (PEL) or body cavity B-cell lymphoma (BCBL), and plasmab-
lastic multicentric Castleman’s disease (MCD) (1, 2). Multiple copies of latent KSHV
genomes are detected in the KS lesion endothelial cells and in the B cells of PEL and
MCD lesions (3–5). Human BCBL-1 and BC-3 B-cell lines from PEL carry latent KSHV
genomes and express several latency-associated proteins, such as ORF73 (latency-
associated nuclear antigen 1 [LANA-1]), as well as 12 microRNAs (3–5). KS lesions are
characterized by the hyperplastic spindle-shaped cells of endothelial origin along with
a heterogeneous environment of neovascular structures, inflammatory cells, cytokines,
growth factors, and angiogenic factors (3–5). KSHV de novo infection of primary human
dermal microvascular endothelial (HMVEC-d) cells, used as one of the in vitro models of
infection of endothelial cells, results in a concurrent expression of the latent genes and
a limited set of lytic genes with antiapoptotic and immune-evasive roles (6). KSHV
infection of HMVEC-d cells also induces several inflammatory cytokines, growth factors,
and angiogenic factors, such as interleukin 1� (IL-1�), IL-18, IL-2, IL-6, COX-2, prosta-
glandin E2 (PGE2), vascular endothelial growth factor A/C (VEGFA/C), angiogenin, and
gamma interferon (IFN-�), in the supernatants, which are similar to the microenviron-
ments observed in the KS and PEL lesions and are the driving force of the pathogenesis
(7–9).

Reactive oxygen species (ROS) are well-known stress-associated agents which me-
diate important roles in cell signaling and homeostasis. ROS also play critical roles in
KSHV pathogenesis and oxidative stress and have been shown to reactivate KSHV from
latency in endothelial and PEL cells (10, 11). In the KSHV-infected endothelial cell
latency model, activation of the Rac1 (Ras-related C3 botulinum toxin substrate 1)-
NADPH (NADP) oxidase-ROS pathway was observed and led to the phosphorylation of
junctional VE-cadherin and �-catenin proteins, disassembly of cell junctions, and
increased vascular permeability of the infected endothelial cells (12). In a PEL mouse
model, inhibition of ROS by the antioxidant N-acetylcysteine (NAC) prevented the
tumorigenesis of KSHV and extended the life span of mice (11). NAC treatment also
inhibited the tumor size in an endothelial KS-mouse model (13).

KSHV enters HMVEC-d cells via macropinocytosis, which is initiated by the binding
of KSHV envelope glycoproteins with cell surface heparan sulfate, integrins (�3�1,
�V�3, and �V�5), and ephrin-A2 tyrosine kinase receptor (EphA2R), which induces the
host cell preexisting focal adhesion kinase (FAK), Src, c-Cbl, phosphoinositide 3-kinase
(PI3-K), Rho A and Rac-1 GTPases, and ROS (14, 15). Consequently, the downstream
target molecules, such as protein kinase C-� (PKC-�), extracellular signal-regulated
kinase 1/2 (ERK1/2), NF-�B, and p38 mitogen-activated protein kinase (p38 MAPK), are
activated, which collectively create a microenvironment required for virus entry, deliv-
ery of viral double-stranded DNA (dsDNA) into the nucleus, viral gene expression, and
the establishment of KSHV latency (16–18). In addition, virus binding and entry also
activate the COX-2–PGE2 pathway, and during latency, this pathway is activated via the
KSHV latent protein vFLIP (19). Several studies have shown that the COX-2–PGE2

pathway is essential for viral latent gene expression and maintenance (7, 17). KSHV
binding to HMVEC-d cells also induced the production of ROS; this production was
sustained until 24 h postinfection (p.i.), a time at which KSHV has established latent
gene expression (14). Pretreatment of HMVEC-d cells with NAC significantly inhibited
KSHV entry and gene expression, and H2O2 treatment increased KSHV entry and gene
expression. NAC inhibited the activation of EphA2R, FAK, Src, and Rac1, while H2O2

treatment increased the activation of these molecules, thus demonstrating that KSHV
infection induces ROS to amplify the signaling pathways necessary for its efficient entry
and viral gene expression (14).

One of the downstream targets of ROS is nuclear factor erythroid 2-related factor 2
(Nrf2), which is a master regulator of the antioxidative stress with its activity tightly
regulated by the cellular redox balance (20, 21). Under physiological conditions, Nrf2 is
bound to the oxidative stress sensor KEAP1, which promotes ubiquitylation and

Kumar et al. Journal of Virology

May 2019 Volume 93 Issue 9 e01812-18 jvi.asm.org 2

https://jvi.asm.org


proteasomal degradation of Nrf2 and thus keeps the Nrf2 at a low basal activity (22).
During oxidative stress, including KSHV de novo infection, KEAP1 is oxidized and
disassociates from Nrf2, leading to the phosphorylation and nuclear translocation of
Nrf2 and the expression of Nrf2 target genes such as those encoding the antioxidant
proteins HO1 (heme oxygenase 1), NQO1 (NAD[P]H dehydrogenase 1), and GSS (glu-
tathione [GSH] synthetase). Besides the KEAP1-mediated regulation of Nrf2, p21 and
p62 proteins also interfere with KEAP1 binding to NRF2 (23, 24). H2O2 as well as the Ras
pathway increases the Nrf2 mRNA translation and Nrf2 accumulation (25).

We have previously observed that de novo infection of HMVEC-d cells require ROS
for Nrf2 activation during the early stages of infection and establishment of latency (26).
We also observed an elevated activated Nrf2 levels in KSHV positive KS and PEL lesion
cells (26). Our subsequent studies in the long-term-infected telomerase-immortalized
endothelial (TIVE-LTC) cells identified the existence of two simultaneous Nrf2 activation
pathways necessary for the sustained expression of Nrf2 target genes such as those
encoding GCS, NQO1, xCT, VEGF, and IL-6, which are the key mediators of KSHV
pathogenesis and oncogenesis (27). Our studies have also demonstrated the colocal-
ization of Nrf2 with the KSHV genome and the LANA-1 protein during latency as well
as the interactions of Nrf2 with ORF73 (latent) and ORF50 (lytic) promoters to collec-
tively utilize Nrf2’s functions for its survival advantage (28).

Recent studies demonstrated that ROS are also regulated by another key molecule
known as HACE1 (HECT domain and ankyrin repeat containing E3 ubiquitin protein
ligase 1). HACE1, initially identified in the context of Wilms’ tumor (29), has been shown
to act as a tumor suppressor in multiple cancers (30). HACE1 is a ubiquitously expressed
E3 ubiquitin-protein ligase involved in Golgi membrane fusion and the regulation of
small GTPases (31). HACE1 specifically ubiquitylates the activated GTP-bound form of
the Rac1GTPase protein, resulting in the proteasomal degradation of Rac1 (32). HACE1
targets the Rac1 protein when it is localized to the NADPH oxidase holoenzyme and
thus blocks ROS generation by Rac1-dependent NADPH oxidases (14). Studies have also
shown a similarity of tumor enhancement function between Nrf2 and HACE1 in mice
subjected to ionizing radiations (30). Another study revealed that HACE1 promotes the
stability of Nrf2 and thus plays an important role in the antioxidant response in
Huntington disease (33, 34). However, the role of HACE1 in viral infection-induced
oxidative stress is not known.

As HACE1 plays a critical role during ROS-mediated oxidative stress, we examined its
role in KSHV-induced oxidative stress and Nrf2 activation. We observed a significant
increase in the expression of HACE1 upon KSHV infection, and its loss greatly impaired
viral gene expression by dampening the KSHV-induced signal pathways and Nrf2
pathway. Our results also demonstrate that HACE1 plays a crucial role in mitigating
KSHV-induced oxidative stress by promoting Nrf2 activity.

RESULTS
KSHV-infected cells exhibit higher expression of HACE1. Persistent inflammation

and increased oxidative stress by reactive oxygen species have been shown to be some
of the key factors in the development of KSHV-associated endothelial KS and PEL B
lymphoma (35). KSHV de novo infection induces ROS, which, in turn, induce EphA2R,
FAK, Src, and Rac1 signal molecules to aid in virus entry, nuclear viral DNA entry, and
viral gene expression (14). Our studies have also demonstrated that de novo KSHV-
infected endothelial cells, KSHV-positive endothelial cells of patients’ KS lesions, and B
cells of PEL lesions, as well as KSHV latently infected PEL cell lines, express higher levels
of Nrf2, the master regulator of the antioxidative stress response (26–28). As HACE1 has
been shown to mediate a protective antioxidative role by controlling Rac1 activity to
maintain the ROS homeostasis, we determined the role of HACE1 in KSHV biology.

Western blot (WB) analyses of endothelial hTERT-immortalized microvascular endo-
thelial (TIME) cells infected with KSHV (30 DNA copies/cell) for 4 h demonstrated a
significant increase in HACE1 protein in infected cells compared to the uninfected cells
(Fig. 1A). In an immunofluorescence assay (IFA), we observed a prominent increase in
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FIG 1 Demonstration of increased HACE1 expression during KSHV infection. (A) TIME cells were either left uninfected or infected with
KSHV (30 DNA copies/cell) for 4 h and Western blotted (WB) with anti-HACE1 antibody. �-Tubulin was used as a loading control. Fold
inductions were normalized to �-tubulin and calculated relative to the uninfected (UI) condition, arbitrarily set to 1. (B) Immunofluores-
cence analysis of KSHV (30 DNA copies/cell)-infected TIME cells with anti-HACE1 and anti-KSHV immediate early protein ORF57 antibodies.
DAPI was used to visualize the nuclei. The white arrow indicates lower expression of HACE1 in uninfected cells, while the red arrow shows
increased HACE1 expression in KSHV-infected TIME cells. (C) Real-time RT-PCR analysis of HACE1 mRNA at 4 h after KSHV infection of TIME
cells. Results presented are means � SD of three independent experiments. **, P � 0.01. (D) Immunofluorescence analysis of TIVE and
KSHV latency TIVE-LTC cells by incubation with rabbit anti-HACE1 antibody and then with goat anti-rabbit (Alexa Fluor 488 [green])
secondary antibody. KSHV LANA-1 was stained using mouse anti-LANA-1 followed by goat anti-mouse (Alexa Fluor 594 [red]) secondary
antibody. DAPI was used to visualize the nuclei. The white arrows indicate lower expression of HACE1 in TIVE cells, while the red arrows

(Continued on next page)
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HACE1 protein expression in the KSHV-infected cells as measured by the detection of
KSHV immediate early (IE) ORF57 protein (Fig. 1B, red arrow). The expression of HACE1
mRNA in the infected cells was �2.5-fold higher than the uninfected TIME cells (Fig. 1C).
TIVE-LTC cells with latent KSHV genome showed a significant increase in HACE1
expression in the KSHV latency-associated LANA-1 protein expressing cells compared to
the uninfected TIVE cells (Fig. 1D, red and white arrows, respectively, and Fig. 1E). A
higher level of HACE1 protein was also detected by WB in the TIVE-LTC cells (Fig. 1F).
In PEL BCBL-1 cells carrying latent KSHV genome, we observed a significant increase in
HACE1 expression compared to that in KSHV-negative BJAB cells both by IFA (Fig. 1G,
red and white arrows, respectively) and by WB (Fig. 1H). When we determined the in
vivo physiological relevance, we observed a significant increase in HACE1 expression in
LANA-1-positive KS skin cells compared to healthy skin cells (Fig. 1J, red and white
arrows, respectively). A typical phenotypic appearance characteristic of KS lesions is
shown in Fig. 1I.

Since a higher level of expression of HACE1 was observed in KSHV-infected cells, we
sought to determine the KSHV latent protein responsible for this. We transduced the
endothelial cells with lentiviral constructs of KSHV latent ORF71, -72, and -73 and
kaposin A genes and observed that kaposin A induced significantly higher expression
of HACE1 at both the gene (Fig. 1L) and protein (Fig. 1K) levels than did control (pSIN
A) and other latent genes. Together, the increased HACE1 expression in infected cells
suggested a potential role of HACE1 in KSHV biology.

HACE1 facilitates resistance to de novo KSHV infection-induced oxidative
stress. To determine the potential role of HACE1 during KSHV-induced oxidative stress,
we knocked down (KD) HACE1 in TIME cells using specific small interfering RNA (siRNA)
and the KD efficiency was demonstrated by the �85% reduction in HACE1 protein
expression (Fig. 2A). When H2O2, an external source of oxidative stress, was added to
the HACE1 KD and control TIME cells, HACE1 KD cells were more sensitive and showed
a significant level of cell death compared to the control cells (Fig. 2B). To determine the
role of HACE1 during KSHV infection-induced oxidative stress, we measured the
induction of ROS by IFA using CM-H2DCFDA dye. Increased relative fluorescence
intensity demonstrated the KSHV-induced ROS production in the infected cells (Fig. 2C,
left column in each set of images, and Fig. 2D). HACE1 KD further resulted in a
significant ROS increase over the control cells (Fig. 2C, right column in each set of
images, red arrows and white arrows, and Fig. 2D). When ROS induction was measured
by fluorescence-activated cell sorting (FACS), we observed an increase in ROS levels in
the infected cells which was significantly higher in the HACE1 KD infected cells than in
the control cells (Fig. 2E). Supplementation of the antioxidant GSH to the control and
HACE1 KD cells minimized the differences in the ROS induction between the two
groups of cells compared to their respective counterparts not supplemented with GSH
(Fig. 2F). Together, these results suggested that HACE1 plays a protective role in
mitigating oxidative stress induced by KSHV infection and that antioxidant elements
like GSH can help in maintaining the redox balance.

FIG 1 Legend (Continued)
show increased HACE1 expression in KSHV LANA-1-positive TIVE-LTC cells. (E) Quantitative representation of the relative fluorescence
intensity observed in panel D. A minimum of five independent fields, each with at least 10 cells, was chosen. Error bars show SD. ***,
P � 0.001. (F) HACE1 protein expression in TIVE and TIVE-LTC cells analyzed by WB for HACE1 and �-actin proteins. (G) Immunofluores-
cence analysis of KSHV-negative BJAB and KSHV-positive BCBL-1 cells by incubation with rabbit anti-HACE1 antibody and then with goat
anti-rabbit (Alexa Fluor 488 [green]) secondary antibody. DAPI was used to visualize the nuclei. The white arrows indicate lower expression
of HACE1 in the uninfected BJAB cells, and the red arrows indicate increased HACE1 expression in KSHV-positive BCBL-1 cells. (H) HACE1
and �-tubulin protein expression in BJAB and BCBL-1 cells was analyzed by WB. (I) Healthy skin and Kaposi’s sarcoma (KS) skin tissue
samples were stained by hematoxylin to visualize the cell morphology. (J) A total of five formalin-fixed, paraffin-embedded healthy skin
and KS skin tissue samples were first deparaffinized and then rehydrated. The antigen retrieval step was performed, followed by staining
for rabbit anti-HACE1 and mouse anti-LANA-1 as described for panel D. DAPI was used to visualize the nuclei. In the representative images,
the white arrows indicate lower expression of HACE1 in healthy skin tissue, while the red arrows indicate increased HACE1 expression in
KSHV LANA-1-positive KS skin tissue. (K) Endothelial (HMVEC-d) cells were transduced with control lentivirus vector or lentiviruses
expressing ORF71, -72, or -73 and kaposin A. After 72 h, WB was done to determine the expression of HACE1 protein. (L) HACE1 gene
expression was analyzed by real-time RT-PCR from HMVEC-d cells transduced with indicated lentivirus vectors. Results presented are
means � SD from three independent experiments. **, P � 0.01.
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Knockdown of HACE1 leads to increase in Rac1 and Nox1 proteins during de
novo KSHV infection of endothelial cells. HACE1 is known to target the Rac1 protein
for proteasomal degradation as a mechanism to balance the Rac1-mediated ROS
production by NADPH oxidases (32). Since KSHV also induces ROS and Rac1 (14), we

FIG 2 Demonstration of the absence of HACE1 reducing the KSHV infection-induced antioxidative stress response.
(A) TIME cells were transfected with siControl or siHACE1 RNA and examined after 48 h by WB for HACE1 and
�-tubulin. (B) HACE1 control siRNA or KD TIME cells were treated with H2O2 (100 �M) for 8 h and cell death was
determined by MTT assay. Results presented are means � SD from three independent experiments. **, P � 0.01.
(C) Immunofluorescence assay analysis of ROS levels in HACE1 wild-type (WT) and KD TIME cells infected with KSHV
(30 DNA copies/cell) for 4 h using 2=,7=– dichlorofluorescein diacetate (DCFDA). The white arrows indicate lower
detection of ROS in uninfected cells, while the red arrows show increased ROS detection in KSHV-infected cells. (D)
Quantitative representation of the relative fluorescence intensity observed in panel C. A minimum of five
independent fields, each with at least 10 cells, was chosen. Error bars show SD. *, P � 0.05; **, P � 0.01. (E) FACS
analysis of the ROS levels in HACE1 WT and KD TIME cells infected with KSHV (30 DNA copies/cell) for 4 h by using
DCFDA. (Left) Histogram. (Right) relative fluorescence levels (n � 3). *, P � 0.05; **, P � 0.01. NS, not significant. (F)
FACS analysis of KSHV-induced ROS levels in HACE1 WT and KD TIME cells treated with GSH (1 �M; 12 h) or
untreated controls by using DCFDA. (Left) Histogram. (Right) relative fluorescence levels (n � 3). *,
P � 0.05; **, P � 0.01.
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next examined the Rac1 and Nox1 (NADPH oxidase 1) expression during KSHV infection
in the absence and presence of HACE1. As we have shown before (14), compared to the
control TIME cells, KSHV infection (as measured by the expression of IE ORF57 protein)
induced the expression of Rac-1, which was significantly increased and sustained in the
HACE1 KD cells (Fig. 3A). KSHV infection led to an overall increase in Rac1 expression
as observed by IFA analyses, and the fluorescence intensity observed in the HACE1 KD
cells (Fig. 3B, yellow arrows) was significantly higher than in the control cells (Fig. 3B,
white arrows). Similarly, a considerable increase in the expression of Nox1 was observed

FIG 3 Demonstration of the absence of HACE1 leading into a rise in Rac1 and NADPH oxidase during KSHV
infection of endothelial cells. (A and C) TIME cells transfected with siControl or siHACE1 RNA were either left
uninfected or infected with KSHV for the indicated times and immunoblotted with anti-Rac1 (A), anti-Nox1 (C), and
KSHV IE ORF57 (A and C) antibodies. �-Tubulin was used as a loading control. Fold inductions were normalized to
�-tubulin and calculated relative to the uninfected condition, arbitrarily set to 1. The graphs show the statistical
significance of the respective WB data. *, P � 0.05; **, P � 0.01. (B and D) Immunofluorescence analysis of TIME cells
with rabbit anti-HACE1 and mouse anti-Rac1 antibody (B) and anti-Nox1 antibody (D) and Alexa Fluor 594 and 488
secondary antibodies. DAPI was used to visualize the nuclei. The white arrows indicate lower expression of Rac1
and Nox1 in uninfected cells, while the yellow arrows show increased Rac1 and Nox1 expression in KSHV-infected
cells.
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during KSHV infection in HACE1 KD cells compared to the control TIME cells both in the
WB analysis (Fig. 3C) and in IFA (Fig. 3D, yellow arrows versus white arrows).

Together, these results demonstrated that Rac1 and Nox1 activity increases in the
absence of HACE1 and suggested that the absence of HACE1-mediated Rac1 degra-
dation might aid in the overall increase in ROS production during KSHV infection
depicted in Fig. 2.

Knockdown of HACE1 leads to a decrease in KSHV gene expression and a
decrease in the host cell signal molecules induced during de novo KSHV infection.
Early during KSHV infection, a limited set of lytic genes are transiently expressed
concurrently with the latent genes, leading into the establishment of latent infection
(6). Since results in Fig. 1 demonstrated that KSHV infection increased HACE1 expres-
sion, which regulates the ROS induction, we next determined the role of HACE1 in viral
gene expression. Upon de novo KSHV infection of TIME cells, we observed the expres-
sion of the lytic switch KSHV ORF50 gene expression at 8 h p.i., which decreased
significantly at 24 h p.i. and was not detectable at 48 h p.i. (Fig. 4A). Upon HACE1 KD,
ORF50 expression was significantly reduced compared to that in the control cells (Fig.
4A). The expression of KSHV latent ORF73 (LANA-1) gene steadily increased from 8 to

FIG 4 Demonstration of the role of HACE1 in KSHV gene expression. TIME cells transfected with siControl
or siHACE1 RNA were either left uninfected or infected with KSHV for the indicated times. (A and B) Total
RNA was used in real-time RT-PCR analysis for the KSHV ORF50 and ORF73 genes. Results presented are
means � SD from three independent experiments. *, P � 0.05. (C) Western blots of lysates prepared from
the cells in panel A with the indicated antibodies. �-Actin was used as a loading control.
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48 h p.i. (Fig. 4B). However, in the HACE1 KD cells, ORF73 expression did not increase
after 8 h p.i. and, instead, significantly decreased at 24 and 48 h p.i. (Fig. 4B).

HACE1 deficiency has been shown to impair tumor necrosis factor (TNF)-driven
NF-�B activation and apoptosis (36). KSHV de novo infection induces PI3-K and its
downstream targets, such as PKC-�, ERK1/2, NF-�B, and p38 MAPK, which are essential
for the expression of viral genes and the establishment of latency (16, 26). Moreover,
PKC-� is essential for the phosphorylation of cytoplasmic Nrf2, which leads to the
nuclear translocation of p-Nrf2 and Nrf2-mediated viral and host gene modulation (26).
To determine the potential mechanism for the observed reduction in KSHV lytic and
latent gene expression in the absence of HACE1, we determined whether HACE1
regulates any of the KSHV infection-induced signal molecules that play roles in viral
gene expression. By WB analysis, we observed a significant decrease in the activation
of PI3-K, ERK1/2, and NF-�B in HACE1 KD cells compared to that in the control cells (Fig.
4C). PKC-� was also significantly reduced compared to the level in control cells until
24 h p.i.; however, not much difference was observed at 48 h p.i. Similarly, p38 MAPK
did not show a significant reduction compared to the level in control cells; however,
there was a reduction in siHACE1-treated KSHV-infected cells compared to the level in
uninfected cells. These results suggested that HACE1 is involved in the amplification of
KSHV infection-induced activation of the PI3-K, PKC-�, ERK1/2, and NF-�B signal mol-
ecules and the consequent KSHV gene expression during de novo infection of endo-
thelial cells.

HACE1 regulates Nrf2 translocation from the cytoplasm to the nucleus during
de novo KSHV infection of endothelial cells. Studies by others and us have shown
that Nrf2 phosphorylation leads to its translocation to the nucleus and its transcrip-
tional activity (26, 37). To determine whether HACE1 plays a role in Nrf2 nuclear
translocation, we performed cytoplasmic and nuclear protein fractionation of TIME cells
followed by WB analysis for the Nrf2 protein. In the nuclear fraction, the Nrf2 levels
increased during KSHV infection (Fig. 5A, lanes 9 and 10) compared to the levels in
uninfected cells (Fig. 5A, lane 8). In contrast, loss of HACE1 significantly decreased the
Nrf2 nuclear translocation levels in both the uninfected and infected cells (Fig. 5A, lanes
11 to 13). Conversely, Nrf2 levels in the cytoplasmic fraction of HACE1 KD cells increased
over those in the control cells (Fig. 5A, lanes 1 to 6). By IFA, as demonstrated before (26),
there was an enhanced cytoplasmic total Nrf2 (tNrf2) levels and enhanced nuclear
phosphorylated Nrf2 (pNrf2) levels in the siControl KSHV-infected cells (Fig. 5B, left sets
of images, red arrows) compared to HACE1 KD cells (Fig. 5B), and the pNrf2 predom-
inantly localized in the nuclei of infected cells. In contrast, we observed a significant
overall reduction in both tNrf2 throughout the cells and pNrf2 in the nuclei in the
HACE1 KD cells (Fig. 5B, white arrows) compared to the control cells (Fig. 5B, red
arrows). Real-time reverse transcription-PCR (RT-PCR) analysis with Nrf2-specific primers
demonstrated a significant induction of Nrf2 mRNA at 4 and 8 h post-KSHV infection
(Fig. 5C, blue bars) compared to HACE1 KD cells (Fig. 5C, red bars). A Western blot from
the whole-cell lysate (WCL) prepared from the same batch of cells was performed to
show the HACE1 KD cells compared to control cells (Fig. 5D). These results suggested
that HACE1 is involved in Nrf2 induction and nuclear translocation in KSHV-infected
cells.

HACE1 modulates oxidative stress by promoting Nrf2 activation during de
novo KSHV infection of endothelial cells. We have shown that Nrf2 levels are
significantly increased during KSHV infection of endothelial cells to regulate the
expression of several Nrf2 target genes and provide an environment favorable to KSHV
infection (26). Since HACE1 loss severely impacted the nuclear translocation of Nrf2, we
next determined the effect of HACE1 KD on Nrf2-dependent cellular antioxidant NQO1,
COX-2, and HO1 gene expression by real-time RT-PCR at various time points of KSHV
infection. The expression levels of NQO1 gene reduced to significantly low levels in the
HACE1 KD cells compared to those in the control cells at 4 and 8 h p.i. (Fig. 6A). Similar
results were also obtained with HO1, which is involved in heme metabolism (38) (Fig.
6B). COX-2 is important in KSHV infection, which is dependent on Nrf2 induction (17).
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We observed a significant decrease in the expression of COX-2 mRNA in HACE1 KD cells
compared to that in control cells (Fig. 6C). To determine if the mRNA expression
corroborated the protein expression levels, we performed WBs for the NQO1 and COX-2
proteins. Significant increases in the expression of HACE1 (3.6-fold) and Nrf2 down-
stream NQO1 (16-fold) and COX-2 (19-fold) proteins were observed during KSHV
infection as measured by IE ORF57 expression (Fig. 6D); these were significantly
reduced by HACE1 KD (Fig. 6E). IFA results were also consistent with the WB data and
showed significantly reduced expression of both NQO1 (Fig. 6F) and COX-2 (Fig. 6G) in
HACE1 KD KSHV-infected cells compared to control KSHV-infected cells. Collectively,

FIG 5 Demonstration of the role of HACE1 in Nfr2 translocation into nucleus during de novo KSHV infection-
induced oxidative stress. (A) TIME cells transfected with siControl or siHACE1 RNA were either left uninfected or
infected with KSHV for the indicated times. Cells were lysed and fractionated to isolate nuclear and cytosolic
fractions, and fractions were confirmed by WB with �-tubulin as a marker for cytosolic fractions and TATA binding
protein (TBP) as a marker for nuclear fractions. Nrf2 nuclear localization was determined using anti-Nrf2 antibodies
and quantified relative to TBP. The graph shows the statistical significance of WB data. *, P � 0.05; **, P � 0.01. (B)
Nrf2 localization and levels during KSHV infection (30 DNA copies/cell) were visualized by IFA. Serum-starved cells
were infected with KSHV for 4 h and stained for tNrf2 and pNrf2 in both WT and HACE1 KD TIME cells. DAPI was
used to visualize the nuclei. Red arrows indicate the normal localized expression of tNrf2 and pNrf2 in control cells,
while the white arrows indicate an overall reduction in the translocation of both tNrf2 and pNrf2 in the nuclei of
siHACE1 RNA-treated cells. (C) Real-time RT-PCR analysis of Nrf2 mRNA measured at various times after infection
of TIME cells transfected with siControl and siHACE1 RNA. Each point represents fold induction compared to that
for uninfected cells (arbitrarily set to 1) � SD for 3 independent experiments. *, P � 0.05. (D) Western blotting from
the WCL prepared from the same batch of cells was performed to show a representative KD of HACE1 compared
to control cells.
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these results suggested that HACE1 is required for optimal Nrf2 activation in response
to KSHV-induced oxidative stress and for modulation of antioxidative stress response
genes and other vital genes that are induced in an Nrf2-dependent manner during
KSHV infection.

HACE1 promotes Nrf2 activation during de novo KSHV infection of endothelial
cells. Our previous studies have shown that Nrf2 plays a crucial role during KSHV-

FIG 6 Demonstration of HACE1 promoting Nrf2 activities during KSHV infection. (A, B, and C) TIME cells transfected
with siControl or siHACE1 RNA were either left uninfected or infected with KSHV for the indicated times and
analyzed by real-time RT-PCR for the Nrf2 target genes (NQO1, COX-2, and HO1 genes) involved in ROS
homeostasis. The UI siControl cells were arbitrarily set to 1, and the bars indicate mean fold induction � SD for 3
independent experiments. *, P � 0.05. (D and E) WB analysis. (D) Fold change in HACE1, NQO1, and COX-2 proteins
induction upon KSHV infection (indicated by IE ORF57 expression). (E) Fold change in HACE1, NQO1, and COX-2
proteins induction upon KSHV infection in siControl and siHACE1 RNA-transfected TIME cells. �-Tubulin was used
as the loading control. (F and G) Immunofluorescence analysis of the expression of Nrf2 target COX-2 and NQO1
proteins in siControl and siHACE1 RNA-transfected TIME cells upon KSHV infection.
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induced oxidative stress (26), and a recent study demonstrated the potential role of the
HACE1 gene as an oxidative stress response gene (33). We thus examined whether
HACE1 by itself can act as an independent player in the antioxidant response in the
absence of Nrf2. For this, we used Brusatol, a chemical inhibitor of Nrf2 that mediates
the proteasomal degradation of Nrf2 (39). We used Brusatol at a 100 nM concentration,
as this has been shown to significantly reduce the expression of Nrf2 without affecting
the viability of uninfected endothelial cells (28). The effects of Brusatol on Nrf2 protein
can be seen in the WB of TIME cells (Fig. 7A). Brusatol did not affect the expression of
HACE1 mRNA in the absence of Nrf2 (Fig. 7B) in KSHV-infected cells, which indicated
that Nrf2 acts as a downstream molecule and may not regulate the expression of
HACE1. However, an increase in expression of HACE1 in Brusatol-treated KSHV-infected
cells compared to the uninfected cells (Fig. 7B), even in the absence of Nrf2, showed
that HACE1 probably acts as an independent oxidative stress response mediator. Next
we determined whether HACE1 regulates the Nrf2 downstream molecules in the
absence of Nrf2. As seen before, NQO1 (Fig. 7C) and HO1 (Fig. 7D) gene expression

FIG 7 Demonstration of HACE1 promoting Nrf2 activity to cope with KSHV-induced oxidative stress. (A)
TIME cells treated with 100 nM brusatol for 8 h were tested by WB for Nrf2 protein expression. (B, C, and
D) Brusatol-treated uninfected and KSHV-infected cells were analyzed by real-time RT-PCR for the HACE1,
NQO1, and HO1 mRNA expression. (E) TIME cells were transfected with control siRNA, siNrf2, siHACE1, or
combined siNrf2�HACE1 RNA and analyzed by real-time RT-PCR for NQO1 and HO1 mRNA expression.
Results presented are means � SD from three independent experiments. *, P � 0.05; **, P � 0.01. The
WB on the right side of panel E shows the representative KD condition of Nrf2 in the cells.
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increased during infection, which was blocked significantly by the Brusatol treatment.
However, there was a slight increase in the expression of both the NQO1 and HO1
genes in the infected cells compared to the uninfected cells even in the absence of Nrf2
(Fig. 7C and D), which indicated a possible role of HACE1 in directly regulating NQO1
and HO1 expression or indirect regulation by Nrf2 or via another potential player(s) of
redox control. This suggestion was further strengthened by the analysis of various KD
conditions with siNrf2, siHACE1, and siNrf2 plus siHACE1 in the infected cells. The
double KD of Nrf2 and HACE1 showed the maximum reduction in the NQO1 and HO1
gene expression compared to their individual KD effects (Fig. 7E). The WB on the right
side of Fig. 7E shows the representative KD condition of Nrf2 in the cells. These results
suggested that HACE1 acts as an oxidative stress response mediator predominantly by
promoting the Nrf2 activity and further strengthen our findings of HACE1 being a key
player during KSHV-induced oxidative stress.

Loss of HACE1 leads to ROS-dependent increased glutamine uptake in endo-
thelial cells latently infected with KSHV. Glutamine plays an important role during
oxidative stress, as it is metabolized to generate NADPH and glutamate, which is
required for the synthesis of antioxidant glutathione (40). Increased glutamate secre-
tion and glutaminase expression were observed in KSHV de novo-infected endothelial
cells as well as in KSHV latently infected endothelial and B cells (41). Latent KSHV
infection led to increased levels of intracellular glutamine and enhanced glutamine
uptake, and further depletion of glutamine in culture medium led to cellular apoptosis
(42). A study showed that in the absence of HACE1, glutamine uptake was increased to
balance the increased ROS levels (43). Hence, we next determined whether HACE1 KD
affects the glutamine uptake to cope with the oxidative stress in KSHV-infected cells. To
determine whether glutamine is required for the survival of KSHV latently infected
endothelial cells, we treated TIME cells with glutamine-replete or glutamine-free me-
dium and the percent cell death was determined at 24 and 48 h posttreatment.
KSHV-infected cells supplemented with glutamine-replete medium showed a higher
percentage of cell death, which increased drastically in the virus-infected cells deprived
of glutamine (Fig. 8A). To our surprise, the percent cell death further increased, to
�35%, in KSHV-infected (48 h p.i.) HACE1 KD cells in glutamine-deprived medium
compared to the KSHV-infected (48 h p.i.) HACE1 KD cells in the glutamine-replete
medium (Fig. 8B). Increased cell death under the HACE1 KD glutamine-starved condi-
tion compared to control cells was also demonstrated by ethidium homodimer 1
staining (Fig. 8B). When we performed a glutamine uptake assay in the control versus
HACE1 KD cells upon KSHV infection, we observed a gradual increase in the glutamine
uptake during 24 and 48 h p.i. compared to that in the uninfected cells. An overall
increase at all time points was observed in the HACE1 KD cells compared to their
control counterparts (Fig. 8C). These results demonstrated that endothelial cells require
HACE1 to cope with oxidative stress induced during KSHV infection and that this event
require the increased level of glutamine during prolonged viral infection.

DISCUSSION

Our comprehensive studies presented here demonstrate that HACE1, an E3 ligase
protein, plays an important role in the regulation of KSHV-induced oxidative stress by
promoting Nrf2 activity in endothelial cells. Higher expression of HACE1 during de novo
infection of endothelial cells, in KSHV latently infected TIVE-LTC and BCBL-1 cells as well
as in the KS tissues, suggests that HACE1 is important for the biology of KSHV. Earlier
studies have shown the crucial roles of several KSHV latent proteins in regulating
cellular processes to make the environment conducive to viral infection (26, 41, 44). We
have previously shown that kaposin A, which is one of the proteins expressed during
KSHV latency, played crucial roles in KSHV-induced cell proliferation by activating
metabotropic glutamate receptor 1 (mGluR1) during KSHV infection (41). Kaposin A has
also been shown to mediate oncogenesis in vitro in Rat3 fibroblasts and in nude mice
(45, 46). Another study by Kliche et al. demonstrated the mechanistic role of kaposin A
in the oncogenic transformation of NIH 3T3 fibroblasts (47). Similar to these findings,
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our current study also indicates a potential role of kaposin A in the enhanced expres-
sion of HACE1 (Fig. 1).

ROS are produced as a natural by-product of normal metabolism of oxygen, an
inexorable consequence required for cellular homeostasis (48, 49). Under normal
nonpathogenic conditions, ROS are known to play crucial roles in several cellular
processes, such as differentiation, proliferation, and cell motility (50). However, under
pathogenic conditions, including viral infections, ROS have been reported to oxidize
DNA, causing damage and posing a threat to the cellular integrity (51). Several viruses
utilize ROS (52), and studies with KSHV latently infected endothelial cells have dem-

FIG 8 Demonstration of the loss of HACE1 leads to increased glutamine requirement of endothelial cells
to manage KSHV-induced oxidative stress. (A) TIME cells transfected with control siRNA and siHACE1 RNA
were either left uninfected or KSHV infected and treated with replete or glutamine-free medium. Cell
death was analyzed at 24 and 48 h posttreatment by MTT assay. Results presented are means � SD from
three independent experiments. *, P � 0.05; **, P � 0.01. (B) Representative image of the ethidium
homodimer 1-stained WT and HACE1 KD TIME cells after 48 h of glutamine starvation (48 h p.i.) from
panel B. (C) HACE1 KD TIME cells take up more glutamine (Gln) than WT cells. Uninfected and
KSHV-infected HACE1 KD and control TIME cells were incubated in Gln-free medium for 1 h, followed by
the addition of glutamine. The fold change in Gln uptake was determined using a commercially available
glutamine uptake assay kit as per the manufacturer’s instructions. Cells were incubated in Gln-free
medium for 1 h, followed by addition of glutamine. *, P � 0.05; **, P � 0.01.
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onstrated the role of ROS in lytic reactivation of KSHV (10, 11, 53). Studies have also
shown the downstream effects of ROS activation during KSHV infection (26–28). KSHV
infection also induces ROS in the endothelial cells to facilitate its entry and to amplify
the infection-induced initial host cell signaling cascade (54). In addition to mitochon-
dria, which mainly produce ROS during oxidative phosphorylation events (55), NADPH
oxidases are a major source of cellular ROS (56). Since ROS are known to have damaging
effects on the cellular integrity (57), a tightly regulated cellular response is always active
to balance the excess oxidative stress. One such master regulator of cellular antioxi-
dative stress response is Nrf2, which is one of the downstream targets of ROS. Nrf2 has
been shown to be activated by several viruses (58, 59), including KSHV (26–28).

Our previous studies have demonstrated that KSHV infection induces the activation
of Nrf2, which subsequently translocates to the nucleus to induce the host antioxidative
response genes, as well as host and viral genes that are required for successful infection
and establishment of latency (Fig. 9) (26). Studies have shown that HACE1 has a
protective role against stress-induced tumorigenesis in mice (60, 61). A study further
showed that HACE1 plays crucial roles in the Nrf2 antioxidative stress response pathway
and was observed to be in reduced levels in Huntington disease leading to neurode-
generation (33). HACE1 protects the cells from mutant Huntingtin toxicity by augment-
ing the Nrf2 response (33). Similar to these studies, we also observed a protective role
of HACE1 during oxidative stress from an external source (H2O2) and during KSHV
infection of endothelial cells. The absence of HACE1 significantly increased cell death
upon oxidative stress, while this was restored upon external supplementation of
glutathione (an antioxidant). Studies with vertebrates have shown that HACE1 targets
Rac1 when it is bound to NADPH oxidase holoenzyme, thus blocking the generation of
ROS by Rac1-dependent NADPH oxidases and conferring cellular protection against
ROS-induced DNA damage and cyclin D1-driven hyperproliferation (32). Similar to these
findings, our studies also demonstrate elevated expressions of both Rac1 and Nox1
during KSHV infection and these expressions were further enhanced in HACE1 knock-
down cells, showing the role of HACE1 in the management of ROS during KSHV
infection (Fig. 9).

KSHV has evolved to utilize several key host proteins in its favor, and several host
factors are utilized by KSHV during entry, trafficking, nuclear delivery of the viral
genome, and establishment of latency (15, 16, 26, 62). In our current study we observed
a direct correlation of HACE1 to KSHV gene expression. The silencing of HACE1
significantly reduced ORF50 expression compared to that in the control cells. This effect
was also drastically enhanced in ORF73 expression: control cells showed an increase in
ORF73 expression, while the HACE1 KD cells demonstrated a significant decrease in the
expression, thereby hampering viral latency (Fig. 4A and B). Interestingly, ORF73
expression was induced at 8 h p.i. in both control and HACE1 KD cells, thereby raising
the possibility that HACE1 might not be the only factor in play; future studies are
required to understand the exact mechanism. Our studies have shown that PKC-� is
essential for the activation of Nrf2 and its subsequent translocation into the nucleus to
enhance Nrf2-mediated gene expression during KSHV infection (26). A significant
reduction observed in the translocation of Nrf2 from the cytoplasm to nuclei of
KSHV-infected HACE1 KD cells can be directly attributed to the reduction of PKC-�
activation in the HACE1 KD cells. Reduction in Nrf2 translocation in the absence of
HACE1 also affected the downstream Nrf2 target NQO1, HO1, and COX-2 genes, thus
contributing the absence of antioxidative response in the HACE1 KD cells. Although we
observed a significant decrease in the expression of NQO1, HO1, and COX-2 genes in
the absence of Nrf2 activity in KSHV-infected cells, there was a slight increase in these
genes in the presence of HACE1, which suggested that HACE1 could also have an
independent function potentially involving other transcription factors (63).

We have shown previously that KSHV de novo infection induces PI3-K and its
downstream PKC-�, ERK1/2, NF-�B, and Nrf2 targets, which are essential for the expres-
sion of viral genes and the establishment of latency (16, 26), and PKC-� is essential for
Nrf2 phosphorylation, nuclear translocation of pNrf2, and Nrf2-mediated viral and host
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gene modulation (26). Reduction in PI3-K, PKC-�, ERK1/2, and NF-�B activation and loss
of nuclear translocation of Nrf2 in the absence of HACE1 demonstrated that HACE1
plays a role in KSHV gene expression via the amplification of infection-induced PI3-K,
PKC-�, ERK1/2, and NF-�B activation and by aiding in the nuclear translocation of Nrf2
(Fig. 9). Whether HACE1 amplifies these signal molecules via its E3 ligase activity is not
known at present and needs further study.

FIG 9 Schematic of the role of HACE1 during KSHV infection of endothelial cells. HACE1 plays crucial roles in the
management of oxidative stress. (Upper portion, green) HACE1, under normal nonpathogenic conditions, targets
Rac1 for proteasomal degradation, thus reducing ROS levels. Under pathogenic conditions such as KSHV infection,
the activity of HACE1 increases, leading to the enhancement of the virus-induced signaling cascade (PI3-K, PKC-�,
ERK1/2, NF-�B, and p38 MAPK), which results in the activation of Nrf2, nuclear translocation of pNrf2, and
Nrf2-mediated viral and host gene modulation as well as redox management. (Lower portion, red) In the absence
of HACE1, the activity of Rac1 increases significantly, leading to a higher level of ROS. Cells take up more glutamine
in order to synthesize more GSH for redox management. The loss of HACE1 also reduces KSHV-induced expression
of PI3-K, PKC-�, ERK1/2, NF-�B, p38 MAPK, and Nrf2, and, consequently, the expression of viral genes during de novo
KSHV infection of endothelial cells.
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Glutamine is required by many cancer cells for their survival. Studies demonstrate
that KSHV has evolved to exploit the cellular metabolism for its survival and mainte-
nance of latently infected cells and to require glutamine for anabolic proliferation of
KSHV-transformed cells (64, 65) and maintenance of endothelial cells latently infected
with KSHV (42). Loss of HACE1 has been linked with ROS-dependent increased glu-
tamine uptake in mouse embryonic fibroblasts (43). The cells deficient in HACE1
showed uncontrolled production of ROS and the cell death was enhanced further upon
glutamine withdrawal. While glutamine starvation increased the ROS levels, external
supplementation of the antioxidant N-acetylcysteine (NAC) restored the ROS levels (43).
Glutamine metabolism generates NADPH and glutamate is required for synthesis of the
antioxidant glutathione (GSH), which contributes to redox balance in transformed cells.
Increased glutamate secretion and glutaminase expression in KSHV de novo-infected
endothelial cells and in KSHV latently infected endothelial and B cells (41) correlate with
our findings here and demonstrate the requirement of glutamine in KSHV-infected cells
to cope with the increased ROS-induced oxidative stress and for the survival of latently
infected cells.

In summary, our findings demonstrate an essential role of HACE1 in mitigating
KSHV-induced oxidative stress, and this event is predominately mediated by the
facilitation of Nrf2 function. These results provide strong evidence that HACE1 can be
targeted therapeutically to manage KSHV infections and pathogenesis.

MATERIALS AND METHODS
Cells. KSHV-negative BJAB and KSHV-positive BCBL-1 cells with �80 copies of latent KSHV genomes/

cell were cultured in RPMI 1640 GlutaMax (Gibco Life Technologies, Grand Island, NY) supplemented with
10% (vol/vol) fetal bovine serum (FBS; HyClone, Logan, UT) and 1% penicillin-streptomycin (Gibco) (2).
hTERT-immortalized microvascular endothelial (TIME) cells (1) (Lonza, Walkersville, MD) were maintained
as monolayer cultures in endothelial cell growth medium (ATCC, Manassas, VA) supplemented with a
bullet kit containing all required growth factors. The telomerase-immortalized human umbilical vein
endothelial (TIVE) cells and long-term-KSHV-infected TIVE cells (TIVE-LTC cells), generous gifts from Rolf
Renne (University of Florida, Gainesville, FL), were cultured in endothelial basal medium 2 (EBM-2) with
growth factors (Lonza). Human dermal microvascular endothelial cells (HMVEC-d-CC-2543; Lonza) were
cultured in EBM-2 supplemented with the EGM-2MV BulletKit (Lonza). Growth medium with dialyzed FBS
and depleted of glucose, glutamine, and other small molecules was used for all experiments that
required glutamine-free medium. All cells were regularly tested and confirmed to be mycoplasma
negative using the Mycoalert kit (Lonza).

Virus. The lytic cycle of KSHV was induced in BCBL-1 cells by treatment with 20 ng/ml of 12-O-
tetradecanoyl-phorbol-13-acetate (TPA; Millipore Sigma, Billerica, MA), followed by supernatant collec-
tion and virus purification as per procedures described previously (66). DNA was extracted from purified
KSHV, and viral copy numbers were estimated by real-time DNA-PCR using TaqMan primers and probes
for the KSHV ORF73 gene as described previously (6). The same batch of purified KSHV at 30 DNA
copies/cell (multiplicity of infection [MOI]), unless stated otherwise, was used for all the experiments. All
cells were regularly tested and confirmed to be mycoplasma negative using the Mycoalert kit (Lonza).
Infection rates were assessed by performing an immunofluorescence assay for KSHV LANA-1 expression
(66).

Reagents. H2O2 and glutathione (GSH) were from Sigma. The CM-H2CDFDA ROS-measuring dye was
from Life Technologies, Thermo-Fisher Scientific, Carlsbad, CA. The nuclear extract kit was from Active
Motif, Carlsbad, CA. The glutamine assay kit was from BioVision, Mountain View, CA.

Antibodies. Mouse monoclonal anti-LANA-1 antibody 1D10C3 (IgG1) was generated in our labora-
tory against the LANA-1 ORF amino acid sequence CEPQQREPQQREPQQ conjugated with keyhole limpet
hemocyanin (KLH). Rabbit anti-ORF57 was from Boster Biological Technology, Pleasanton, CA. Mouse
monoclonal antibodies against HACE1, Nrf2, NQO1, and COX-2 were from Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA. Rabbit monoclonal antibodies against HACE1, pNrf2, and Nox1 were from Abcam, Boston,
MA. Anti-Rac1 antibodies were from BD Biosciences, San Diego, CA. Anti-phospho-PKC-� (anti-p-PKC-�),
PKC-�, p-PI3-K, PI3-K, p-ERK, ERK, p-p65, p65, p-p38 MAPK, and p38 MAPK antibodies were from Cell
Signaling Technology, Beverly, MA. 4=,6-Diamidino-2-phenylindole (DAPI) and Alexa Fluor 488 and 594
(rabbit or mouse) were from Molecular Probes, Invitrogen, Carlsbad, CA. Anti-�-actin, �-tubulin, and
TATA binding protein (TBP) antibodies were from Sigma.

Lentivirus transduction. Lentiviral constructs for KSHV ORF71 (vFLIP), ORF72 (vCyclin), ORF73
(LANA-1), and ORFK12 (kaposin A) were a gift from Chris Boshoff at the UCL Cancer Institute. These were
utilized for lentivirus production and transduction as described previously (41, 67).

siRNA transfection. A pool of 3 target-specific siRNA oligonucleotides against HACE1 were pur-
chased from Santa Cruz Biotechnology, Inc. TIME cells were transfected with target-specific siRNA using
the Neon transfection system (Invitrogen) according to the manufacturer’s instructions. Briefly, subcon-
fluent cells were harvested from the culture flasks, washed once with 1� phosphate-buffered saline
(PBS), and resuspended in resuspension buffer R (Invitrogen). The cell suspension was gently mixed with
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200 pmol of control or target-specific siRNA and then microporated at room temperature using a single
pulse of 1,350 V for 30 ms. After microporation, cells were distributed into prewarmed complete medium
and placed at 37°C in a humidified 5% CO2 incubator. At 48 h posttransfection, the cells were analyzed
for knockdown efficiency by Western blotting.

Cell fractionation and Western blotting. Cells were lysed in radioimmunoprecipitation assay (RIPA)
lysis buffer (15 mM NaCl, 1 mM MgCl2, 1 mM MnCl2, 2 mM phenylmethylsulfonyl fluoride, and protease
inhibitor mixture [Sigma]), and protein concentration estimation was performed using the bicinchoninic
acid (BCA) protein assay reagent (Pierce, Rockford, IL) according to the manufacturer’s instructions. Equal
concentrations of proteins were separated by subjecting to SDS-PAGE on a 4 to 15% Mini-PROTEAN gel
(Bio-Rad). The proteins were transferred to a 2.2-�m nitrocellulose membrane (Bio-Rad) and blocked with
5% nonfat dry milk in Tris-buffered saline (TBS) with 0.1% Tween (TBST) for 1 h. The membranes were
then probed with the appropriate specific primary antibodies, followed by incubation with species-
specific horseradish peroxidase (HRP)-conjugated secondary antibody. The immunoreactive protein
bands were detected by chemiluminescence-based detection (Pierce) method as per the manufacturer’s
protocol and processed in an autoprocessor. The bands were scanned using the FluorChem FC2 and
Alpha-Imager systems (Alpha Innotech Corporation, San Leonardo, CA), and densitometry measurements
were made using ImageJ software (NIH).

To analyze the intracellular distribution of Nrf2, TIME cells were infected with KSHV at different time
points and the nuclear and cytoplasmic protein fractions were obtained using a commercially available
kit (Active Motif) following the manufacturer’s instructions. Briefly, the cells were trypsinized and washed
twice with PBS having a phosphatase inhibitor followed by cell lysis using 1� hypotonic buffer to disrupt
the plasma membrane. The lysate was centrifuged at 14,000 � g for 30 s to pellet the nuclei and collect
the cytoplasmic fraction. The nuclear pellet was washed twice with 1� hypotonic buffer to remove any
loosely bound cytoplasmic contaminants, and the nuclear pellet was finally resuspended in complete
lysis buffer to obtain the pure nuclear protein fraction.

ROS measurement. TIME cells were treated with control and HACE1 siRNAs and infected with KSHV
for the desired times to analyze the ROS levels as described previously (14). The ROS detecting dye 5 (and
6)-chlormethyl-2=,7=-dichlorohydrofluorescein diacetate, acetyl ester (CM-H2DCFDA [C6827]; Invitrogen)
was added to cells for 30 min prior to KSHV infection. ROS were analyzed using fluorescence microscopy
and a FACS LSRII flow cytometer (Becton, Dickinson) and FlowJo software.

Glutamine starvation and glutamine uptake assay. The control as well as HACE1 knockdown TIME
cells, either left uninfected or infected with KSHV, were seeded into 24-well plates. After infection, the
cells were treated with replete medium (4 mM glutamine) and glutamine-free medium in triplicates. A
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay was performed at 24 and
48 h p.i. to analyze the cell viability as per the manufacturer’s instructions (ATCC). The glutamine uptake
assay was performed using a commercially available glutamine colorimetric assay kit (BioVision) follow-
ing the manufacturer’s instructions. Briefly, the control as well as siHACE1-treated TIME cells were either
left uninfected of KSHV infected for the desired times in a 96-well plate. The cells were incubated with
glutamine-free medium for 1 h prior to desired time points and washed 3 times with PBS, followed by
the addition of 1 mmol/liter of glutamine. The glutamine concentration was determined by comparing
the readings of test samples, after subtracting the background signal, with a standard curve. The
readings were obtained by measuring the absorbance (optical density [OD] at 450 nm) in a plate reader
(BioTek, Winooski, VT).

qRT-PCR. KSHV gene expression was assessed by extracting the total RNA from KSHV-infected cells
using an RNeasy minikit (Qiagen) followed by one-step quantitative real-time RT-PCR (qRT-PCR) analysis
using ORF50 and ORF73 gene-specific primers and TaqMan probes as described previously (6, 66). The
absolute copy number calculation of each mRNA was done using the standard curves specific for ORF50
and ORF73, obtained from in vitro-derived transcripts as described previously (6). Host gene expression
was also analyzed by extraction of total RNA followed by reverse transcription to create the cDNA library
and subsequent performance of a real-time PCR assay using gene-specific primers in SYBR green
chemistry. The fold change in expression was calculated after normalization to �-tubulin for each
condition (6).

Immunofluorescence staining of cells and tissue sections. TIME cells (uninfected and KSHV
infected) were cultured on 8-chambered glass slides and fixed with 4% paraformaldehyde for 20 min at
room temperature. The fixed cells were permeabilized using 0.2% Triton X-100 for 5 min, followed by
blocking with Image-iT FX signaling enhancer (Life Technologies) for 20 min. Staining was done using
specific primary and fluorescent Alexa Fluor-conjugated secondary antibodies as described previously
(66, 68). BCBL-1 and BJAB cells were also cultured on multispot glass slides and stained similarly except
the fixation and permeabilization steps, which were done by incubating the slides in ice-cold acetone for
10 min followed blocking and staining as described before (66).

Formalin-fixed, paraffin-embedded tissue section samples from healthy subjects and patients with
Kaposi’s sarcoma and primary effusion lymphoma were obtained from the AIDS and Cancer Specimen
Resource (ACSR; San Francisco, CA). Tissue sections were deparaffinized with HistoChoice clearing
reagent (Sigma) and rehydrated through ethanol to water. Antigen retrieval was performed by micro-
waving the tissue sections in 1 mmol/liter of EDTA (pH 8.0) for 15 min, followed by permeabilization,
blocking, and staining with specific antibodies as described for TIME cells. The stained cells were
visualized using a Nikon 80i fluorescence microscope. The relative fluorescence intensities were analyzed
for three different fields with a minimum of 10 cells each with the MetaMorph pixel intensity calculator.
Tissue sections were also stained using hematoxylin for observing tissue morphology.
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Cell viability measurement. Viability and death of the cells were measured by using the MTT-based
assay as per the manufacturer’s instructions. Briefly, the cells were treated with MTT solution and
incubated at 37°C until purple precipitate was clearly visible. The cells were then treated with detergent
reagent and the absorbance was read at 570 nm in a Synergy HT microplate reader (BioTek Instruments).

Statistical analysis. All results are expressed as means � standard deviations (SD) of at least three
independent experiments to ensure reproducibility. Significant differences between samples were
determined using two-tailed Student’s t test. A P value of �0.05 was considered significant.
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