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Human immunodeficiency virus-1 (HIV-1) Tat is degraded in
the host cell both by proteasomal and lysosomal pathways, but
the specific molecules that engage with Tat from these pathways
are not known. Because E3 ubiquitin ligases are the primary
determinants of substrate specificity within the ubiquitin-de-
pendent proteasomal degradation of proteins, we first sought to
identify the E3 ligase associated with Tat degradation. Based on
the intrinsic disordered nature of Tat protein, we focused our
attention on host cell E3 ubiquitin ligase CHIP (C terminus of
HSP70-binding protein). Co-transfection of Tat with a CHIP-
expressing plasmid decreased the levels of Tat protein in a dose-
dependent manner, without affecting the corresponding mRNA
levels. Additionally, the rate of Tat protein degradation as mea-
sured by cycloheximide (CHX) chase assay was increased in the
presence of CHIP. A CHIP mutant lacking the U-box domain,
which is responsible for protein ubiquitination (CHIP�U-box),
was unable to degrade Tat protein. Furthermore, CHIP pro-
moted ubiquitination of Tat by both WT as well as Lys-48 –
ubiquitin, which has only a single lysine residue at position 48.
CHIP transfection in HIV-1 reporter TZM-bl cells resulted in
decreased Tat-dependent HIV-1 long-terminal repeat (LTR)
promoter transactivation as well as HIV-1 virion production.
CHIP knockdown in HEK-293T cells using CRISPR-Cas9 led to
higher virion production and enhanced Tat-mediated HIV-1
LTR promoter transactivation, along with stabilization of Tat
protein. Together, these results suggest a novel role of host cell
E3 ubiquitin ligase protein CHIP in regulating HIV-1 replica-
tion through ubiquitin-dependent degradation of its regulatory
protein Tat.

The majority of cellular protein degradation occurs through
the lysosomal and proteasomal pathways (1, 2). The protea-
somal protein degradation is accomplished either by the
attachment of ubiquitin to substrate protein followed by its
degradation through the 26S proteasomal pathway or by the
ubiquitin-independent 20S proteasomal pathway (3, 4). The
ubiquitination of proteins occurs by sequential action
of ubiquitin-activating enzyme E1, ubiquitin-conjugating
enzyme E2, and ubiquitin ligase E3 using ubiquitin, substrate
protein, and ATP. The ubiquitination process is finely regu-
lated by E3 ubiquitin ligases that control its final step and are
central to the recognition of the substrate proteins (5). Human
genome contains �600 E3 ubiquitin ligase proteins, many of
which are responsible for the ubiquitination of multiple sub-
strate proteins (5, 6). In addition to protein degradation, ubiq-
uitination of proteins also controls various other cellular pro-
cesses like protein localization or protein–protein interaction.
Different functions or fates of the ubiquitinated proteins are
governed by the type of ubiquitin chain branches and by num-
ber of ubiquitin molecules attached (7, 8). Proteins ubiquiti-
nated through lysine 48-linked ubiquitin chains are mainly
targeted for degradation, whereas lysine 63– ubiquitinated pro-
teins are targeted for altered localization or association (8). Pro-
teins ubiquitinated through nonconventional ubiquitin chains,
i.e. non-Lys-48 or non-Lys-63, are also reported to be degraded
through the 26S proteasomal pathway (9, 10). Protein ubiquiti-
nation also play important roles in host–pathogen interactions,
and the pathway is exploited by many viruses for their own
survival and expansion. It is used in regulating viral replication,
progeny virus generation, protection of viruses by the host
immune system, and neutralization of host cell restriction
factors (11, 12). HIV-1 Vif utilizes cellular ubiquitin ligase
CULLIN5 to promote the ubiquitination and degradation of
APOBEC3G, which causes hypermutation in the HIV-1
genome (13). Similarly, Vpr uses CULLIN4 for G2 cell cycle
arrest for enhanced viral replication and virion production (14).
Recently, we have shown that Vpr redirects the ubiquitin pro-
teasome system by suppressing the whole-cell ubiquitination
process and enhancing the ubiquitination of its substrates for
optimal viral replication (15).

Replication and production of HIV-1 virions are primarily
regulated by the regulatory protein Tat, which enhances viral
replication by multiple orders by promoting the formation of
full-length viral transcripts (16, 17). Tat protein is not a fully
folded protein but is structurally disordered. The intrinsically
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disordered nature of Tat is important for its recruitment of host
cell proteins for viral promoter transactivation and viral RNA
synthesis (18). The presence of intrinsic disorder in Tat was
demonstrated by multiple approaches, including CD and NMR
spectroscopy. NMR studies have shown the lack of a fixed con-
formation and fast dynamics that provide the ability of Tat to
interact with multiple proteins and nucleic acids (18, 19). Inter-
action of Tat with TAR RNA promotes folding of disordered
Tat protein, and Tat interaction with TAR RNA maintains Tat
in the folding competent state, which is important for binding
of Tat with cellular factors for transactivation function (20).
The level of Tat protein to control HIV-1 replication is
extremely small, which is required for optimal replication and
for causing pathogenicity (21).

In addition to viral replication, Tat also regulates other cel-
lular and viral pathways to support pathogenicity of HIV-1. Tat
plays a critical role in breaking the viral latency, and the
secreted Tat protein induces the death of uninfected bystander
cells (22, 23). Recent studies revealed multiple novel functions
of Tat in addition to its role as HIV-1 LTR4 transcriptional
activator. In the brains of HIV-1–infected patients, Tat causes
neurotoxicity by promoting the aggregation of A� fibrils into
rigid and mechanically-resistant thick fibers, which make pores
in membranes; Tat also increases the adhesion capacity of these
fibers to cell membranes thereby increasing the damage (24).
Tat is also involved in gene translocation–mediated cancer for-
mation in HIV-1–infected patients, as treatment to B lympho-
cytes with of Tat protein results in the elevation cellular RAG-1
gene expression, which causes DNA damage in the cells. DNA
damage in the MYC gene locus results in the localization of
MYC with immunoglobulin heavy chain gene IGH, which
causes enhanced MYC expression and cellular transformation
(25). Recent reports also show that Tat and RNA interaction in
the cell regulates HIV-1 genome splicing at the major splice
donor site (5�splice site) located in the untranslated leader of
the HIV-1 transcript. Tat-mediated splicing results in optimal
production of all viral RNAs and proteins (26). Nonprocessive
transcription from HIV-1 LTR promoter produces short TAR
RNAs, which act as precursors to miRNAs and are cleaved by
DICER enzyme to yield miRNAs. Production of these miRNAs
is stimulated by HIV-1 Tat, and hence it promotes miRNA for-
mation from the HIV-1 genome without its cleavage from the
viral genome (27). Tat protein is cleared from infected cells as it
is degraded by multiple pathways. Recent studies show that
HIV-1 Tat is degraded through the lysosomal pathway (28). Tat
is also degraded through the ubiquitin-independent 20S pro-
teasomal pathway due to its disordered nature (29, 30). Tat
protein is reported to be ubiquitinated through the lysine
48 –linked ubiquitin chain, which is then recognized by the 26S
proteasome for its degradation (31). NRON, an lncRNA
expressed in resting CD4� T cells, promotes Tat degradation
through the ubiquitin proteasome system (UPS). NRON

directly links Tat to components of UPS (CUL4B and PSMD11)
resulting in ubiquitination and subsequent proteasomal degra-
dation (32). Similar to accessory proteins, Tat also hijacks cel-
lular ubiquitination machinery. Tat binds to host cell E3 ubiq-
uitin ligase UBE2O and hijacks it to promote ubiquitination of
host cell P-TEFb kinase inhibitor HEXIM1. Ubiquitination of
HEXIM1 leads to its cytoplasmic sequestration and the release
of P-TEFb. The released P-TEFb is recruited to the HIV-1 pro-
moter leading to transcriptional activation (33). Similarly, Tat
recruits HDM2 (human MDM2), E3 ubiquitin ligase, to pro-
mote ubiquitination of interferon regulatory factor 1 (IRF-1) to
inhibit host immune responses during HIV-1 infection (34).

The cellular U-box E3 ubiquitin ligase protein CHIP controls
the stability of various cellular proteins by promoting their
ubiquitination (35). CHIP is associated with molecular chaper-
ones HSP90 and HSP70 through its TPR domain and is
involved in the degradation of unfolded proteins through ubiq-
uitination and proteasomal degradation (35, 36). CHIP pro-
motes ubiquitination and degradation of prematurely termi-
nated proteins, destabilized mutant proteins, as well as proteins
involved in a diverse range of cellular functions (37, 38). Here,
we report that HIV-1 Tat protein is degraded by CHIP and
show that its U-box ubiquitin ligase domain is important for
this process. CHIP promotes Tat degradation by its ubiquitina-
tion and subsequent proteasomal degradation. The Tat-medi-
ated LTR promoter transactivation and virus production are
also inhibited by CHIP. The knockdown of endogenous CHIP
resulted in Tat protein stabilization with increased HIV-1 pro-
duction. Thus, host cell E3 ubiquitin ligase CHIP controls
HIV-1 replication by promoting ubiquitin-dependent protea-
somal degradation of Tat.

Results

Tat protein is degraded through the ubiquitin proteasome
pathway

To investigate the mechanism of HIV-1 Tat protein degra-
dation, the Myc-Tat– expressing plasmid was transfected in
HEK-293T cells. The cells were treated with CHX in the pres-
ence or absence of the proteasomal inhibitor MG132 or the
lysosomal inhibitor ammonium chloride for different time
periods and probed for Tat protein. CHX treatment resulted in
rapid degradation of Tat. However, in the presence of MG132,
the degradation is reduced, but treatment with ammonium
chloride did not affect the rate of Tat protein degradation (Fig.
1, A and B). This stabilization of Tat by proteasomal inhibitor
MG132 but not by ammonium chloride suggested that the deg-
radation of Tat occurs predominantly through the proteasomal
pathway.

CHIP enhances degradation of Tat by promoting its
ubiquitination

CHIP is a U-box E3 ubiquitin ligase that catalyzes the ubiq-
uitination reaction by transferring the ubiquitin molecule from
E2 to the substrate (35, 36). The specificity of substrate is gov-
erned by their physical interaction with CHIP. The previous
results of Tat stabilization by MG132 suggested that Tat might
be ubiquitinated and degraded by the proteasomal pathway.
Recent reports have also shown Lys-48 ubiquitination and deg-

4 The abbreviations used are: LTR, long terminal repeat; CHIP, C terminus
of Hsp70-binding protein Hsp70; CHX, cycloheximide; Ni-NTA, nickel-nitri-
lotriacetic acid; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
TNF�, tumor necrosis factor-�; UPS, ubiquitin proteasome system; HRP,
horseradish peroxide; PNK, phosphonucleotide kinase; VSV-G, vesicular
stomatitis virus envelope glycoprotein.
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radation of Tat by the cellular E3 ubiquitin ligase (31, 32). Tat is
an intrinsically unstructured protein with major structural dis-
order along its entire length (29). The intrinsically unstructured
cellular proteins as well as proteins under the conditions of
unfolding and misfolding are recognized by HSP70-associated
U-box E3 ubiquitin ligase CHIP. These proteins are then ubiq-
uitinated by CHIP and degraded through the 26S proteasome.
We have hypothesized that CHIP, which is an abundantly
expressed cellular E3 ubiquitin ligase, might be promoting deg-
radation of Tat because HIV-1 Tat is completely unstructured.
To test this hypothesis, HEK-293T cells were co-transfected
with Myc-Tat- and CHIP- or CHIP�U-expressing plasmids.
The results showed that CHIP but not CHIP�U resulted in the
reduction of the levels of Tat protein (Fig. 2A and Fig. S4, A).
Similar to CHIP�U, expression of CHIPK30A, which does not
bind with HSP70, was unable to reduce the levels of Tat protein
(Fig. S1). To rule out the nonspecific effect of CHIP on the
reduction of protein levels in transfected cells, HEK-293T cells
were co-transfected with CHIP and Gag or Nef, and immuno-
blotting was carried out with their respective antibodies. Com-
pared with the effect of CHIP on Tat, the levels of Gag and Nef
proteins were largely unaffected by the expression of CHIP (Fig.
2, B and C and Fig. S4B). The p53 tumor suppressor protein is a
known target of CHIP, and it promotes ubiquitination and deg-
radation of p53 (40). To confirm the effect of CHIP on Tat, the
endogenous p53 protein levels of CHIP-transfected cells were
also probed as a positive control. As shown in Fig. 2D, the level
of p53 was decreased in CHIP-transfected cells, which con-
firmed the functional activity of CHIP. To study the dose-de-
pendent effect of CHIP on Tat protein, the indicated amounts
of Tat were co-transfected with increasing doses of CHIP. The
immunoblotting of Tat showed a dose-dependent decrease of

Tat protein with CHIP (Fig. 2E). We then wanted to find out
whether the decrease in the levels of Tat protein is at transcrip-
tional or translational levels. Tat mRNA levels were unchanged
in the same cells in response to the expression of CHIP (Fig. 2F).
These results confirmed that CHIP specifically promoted the
degradation of Tat protein, and it was not due to decreased
transcription. Because Tat is reported to be degraded both
through lysosomal and proteasomal pathways, hence to
investigate the pathway involved with CHIP-induced Tat deg-
radation, HEK-293T cells were transfected with Tat and CHIP
followed by treatment with chloroquine or MG132. The result
showed that CHIP reduces Tat in untreated and chloroquine-
treated cells but not in MG132-treated cells, which suggested
that the degradation of Tat by CHIP occurred through the pro-
teasomal pathway (Fig. 2G). Red fluorescence protein–tagged
HIV-1 Tat (RFP–Tat) was co-transfected with CHIP or
CHIP�U in HEK-293T cells, and the red fluorescence of the
cells was measured, which showed a reduction by CHIP but not
by CHIP�U (Fig. S2). To investigate the effect of CHIP on the
degradation kinetics of Tat, HEK-293T cells were co-trans-
fected with Tat- and CHIP- or CHIP�U-expressing plasmids,
and the cells were treated with CHX for different time periods.
The level of Tat protein was measured by immunoblotting.
CHX treatment resulted in a time-dependent decrease of Tat,
but the rate of degradation is significantly enhanced in the pres-
ence of CHIP (Fig. 2, H and I). CHIP�U did not affect the rate of
Tat protein degradation when compared with WT CHIP (Fig. 2,
H and I).

To investigate whether HIV-1 Tat is ubiquitinated in the
presence of MG132, HEK-293T cells were co-transfected with
Tat- and ubiquitin-expressing plasmids followed by MG132
treatment. The ubiquitinated proteins were purified and sepa-

Figure 1. A, HEK-293T cells were transfected with Myc-Tat– expressing plasmid; 24 h post-transfection, the cells were either treated with CHX (100 �g/ml) alone
or CHX with ammonium chloride or MG132 for the indicated time periods. Tat protein level was measured by immunoblotting. The blot shown is representative
of three different independent experiments. B, Tat protein intensity was measured using ImageJ and plotted with reference to CHX treatment time.
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rated on SDS-PAGE followed by immunoblotting for Tat. This
experiment showed increased ubiquitination of Tat in the pres-
ence of MG132 (Fig. 3A). It was reported earlier that cellular E3
ubiquitin ligase MDM2 ubiquitinates Tat through lysine 63
linkages, which result in the enhancement of its transactivation
potential (41). However, Lys-63–linked ubiquitination does not
target the proteins for proteasomal degradation (5), and hence
it does not accumulate after MG132 treatment. Thus, the accu-
mulation of ubiquitinated Tat protein in response to MG132
treatment indicated Lys-48 –linked ubiquitination of Tat.
Because Lys-48 – ubiquitinated proteins are degraded through
proteasomes, blocking the proteasomal action should result in
their accumulation. To assess whether CHIP promotes Tat
ubiquitination, Tat was co-transfected with ubiquitin and
CHIP in HEK-293T cells. MG132 treatment was carried out as
described before, and ubiquitinated proteins were purified. Tat
was immunoblotted, which showed that CHIP enhanced Tat
protein ubiquitination (Fig. 3B). Furthermore, HEK-293T cells

were transfected with Tat and ubiquitin in the presence of
CHIP or CHIP�U expression plasmids. The ubiquitinated Tat
was probed by anti-HA antibody after Ni-NTA affinity purifi-
cation. The result showed that ubiquitination of Tat in CHIP-
transfected cells is significantly higher than observed with
CHIP�U-expressing cells (Fig. 3C). To investigate whether Tat
protein ubiquitination by CHIP occurs by Lys-48 –linked ubiq-
uitin chains, HEK-293T cells were co-transfected with Tat,
ubiquitin R48K, and CHIP. The transfected cells were treated
with MG132, and ubiquitinated proteins were purified with Ni-
NTA and immunoblotted for Tat protein. Expression of CHIP
enhanced the ubiquitination of Tat in a dose-dependent man-
ner by Lys-48 –linked ubiquitin chains (Fig. 3D). CHIP is an E3
ubiquitin ligase that interacts with the substrate protein as well
as E2 ubiquitin-conjugating enzyme leading to transfer of ubiq-
uitin from E2 to the substrate. Thus, CHIP physically interacts
with its substrate proteins. Our experiments have clearly shown
that CHIP promotes degradation of Tat by its ubiquitination,

Figure 2. A, HEK-293T cells were co-transfected with Myc-Tat-, Myc-CHIP-, or Myc-CHIP�U– expressing plasmids, and Tat protein was immunoblotted 36 h
post-transfection. B, HIV-1 Gag was transfected with CHIP into HEK-293T cells, and 36 h after transfection, Gag was immunoblotted with anti-Gag antibody. C,
HIV-1 Nef was co-transfected with CHIP or CHIP�U in HEK-293T cells, and Nef was immunoblotted. D, CHIP was transfected into HEK-293T cells, and after 36 h,
p53 protein was measured by immunoblotting. E, HEK-293T cells were co-transfected with Tat (05 �g) and increasing concentrations of CHIP (05, 1, and 2 �g).
After 36 h, cells were harvested and divided into two parts. One part was lysed and immunoblotted for Tat protein. F, the other part of cells from E was used for
total RNA isolation followed by cDNA synthesis, and HIV-1 Tat cDNA was amplified using Tat-specific primers by RT-PCR assay. G, HA-Tat was transfected with
CHIP into HEK-293T cells, and after 24 h, cells were treated either with chloroquine or MG132 for 8 h, and Tat was immunoblotted. H, HEK-293T cells were
co-transfected with Tat and CHIP or CHIP�U, after 24 h, CHX treatment was done for the time periods as shown in figure, and Tat protein was immunoblotted.
I, band intensity of Tat and GAPDH was measured and plotted with reference to CHX treatment times. The images shown here are representative of three
different independent experiments.
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and hence we hypothesize that it might be interacting with Tat.
To investigate the interaction of CHIP with Tat, GST-pulldown
assay was performed using Myc-Tat expressed in HEK-293T
cells and bacterially expressed and purified GST–CHIP. GST
was used as a negative control. GST pulldown assay was per-
formed as described under “Experimental procedures,” and the
eluted proteins were immunoblotted for Tat. Tat interacted
specifically with GST–CHIP but not with GST confirming the
interaction of Tat with CHIP (Fig. 3E). To investigate the role of
chaperones in the interaction of Tat with CHIP, HA-Tat was
co-transfected separately with Myc-CHIP, Myc-CHIP-K30A,
and Myc-CHIP�U in HEK-293T cells. Immunoprecipitation

was carried out using anti-HA antibody followed by immuno-
blotting. Myc-CHIP and Myc-CHIP�U but not Myc-CHIP
K30A were detected in HA-Tat immunoprecipitated samples
(Fig. 3F). Inability of interaction between Tat and CHIP K30A
suggests that the association between Tat with CHIP depends
on Hsp70. The mutation in chaperone-binding domain of
CHIP resulted in the loss of interaction between CHIP and Tat.

HIV-1 replication is inhibited by CHIP

Tat alone is responsible for activation of the HIV-1 promoter
and regulates the replication of viral genome and expression of
its proteins. Thus, an increase or decrease in the level of Tat

Figure 3. A, Myc-Tat and His6-ubiquitin were transfected into HEK-293T cells, and after 24 h, the cells were treated with MG132 for 8 h. Ubiquitinated proteins
were purified as described under “Experimental procedures,” and ubiquitination of Tat was detected with Myc antibody. The blot is representative of three
different independent experiments. B, Myc-Tat was transfected along with His6-ubiquitin (6�His-Ub) in the absence or presence of CHIP; the cells were treated
with MG132 for 8 h, and the ubiquitinated proteins were purified and immunoblotted with anti-Myc antibody. The blot is representative of three different
independent experiments. C, HEK-293T cells were co-transfected with Tat and His6-ubiquitin, and CHIP or CHIP�U MG132 treatment was done for 8 h followed
by purification of ubiquitinated proteins using Ni-NTA, and Tat was detected by immunoblotting using anti-Myc antibody. D, HEK-293T cells were transfected
with HA-Tat, His6-Myc-ubiquitin, R48K, and increasing doses of CHIP. After 24 h, MG132 was added for 8 h, and ubiquitinated proteins were purified using
Ni-NTA. Tat ubiquitination was detected using anti-HA antibody. E, GST and GST–CHIP were expressed in E. coli DH5�, and Myc-Tat was expressed in HEK-293T.
Pulldown assay was performed using cell lysates and GSH-agarose beads as described under “Experimental procedures” followed by immunoblotting with
anti-Myc and anti-GST antibody. The blot is representative of three different independent experiments. F, HEK-293T cells were transfected with plasmids
expressing HA-Tat either with Myc-CHIP, Myc-CHIP K30A, or Myc-CHIP�U. Lysates were prepared, and rabbit-raised anti-HA antibody was added followed by
pullout of antibody-binding proteins using protein-A–agarose beads. Immunoblotting of pulled out proteins was done using mouse-raised anti-Myc antibody
for CHIP protein detection and rabbit anti-HA for Tat protein detection.
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must correlate with the extent of HIV-1 promoter activation
and viral gene expression. To study the effect of CHIP on Tat-
mediated HIV-1 LTR promoter transactivation, TZM-bl cells
were transfected with Tat- and CHIP-expressing plasmids fol-
lowed by measurement of luciferase activity. Expression of Tat
in TZM-bl cells resulted in HIV-1 LTR promoter activation as
expected. However, simultaneous expression of CHIP but not
CHIP�U led to the reduction of Tat-dependent HIV-1 LTR
transactivation (Fig. 4A). The pNL4-3.Luc.R�E� expresses
luciferase, which is an indirect measurement of HIV-1 replica-
tion or virus production. HEK-293T cells were co-transfected
with pNL4-3.Luc.R�E� and CHIP or CHIP�U followed by mea-
surement of luciferase activity. We observed a significant
decrease in luciferase activity in the presence of CHIP but not
CHIP�U confirming the role of CHIP in Tat protein degrada-
tion (Fig. 4B). The decrease of LTR luciferase activity by CHIP
once again confirmed the destabilizing effect of CHIP on Tat
protein, which supports our previous results. To assess the role

of CHIP in virus production, HIV-1 proviral construct pNL4-3
was co-transfected with CHIP in HEK-293T followed by immu-
noblotting for Gag protein. The expression of CHIP resulted in
the reduction of Gag protein levels (Fig. S3A). We also observed
a dose-dependent reduction in the levels of Gag protein in
CHIP-transfected cells (Fig. 4C). However, under similar con-
ditions CHIP�U did not decrease the levels of Gag protein (Fig.
4D). To investigate the effect of CHIP on HIV-1 production in
CD4 T lymphocytes, pNL4-3 was co-transfected with CHIP or
CHIP�U in Jurkat cells. The transfected cells were incubated
for 48 h followed by immunoblotting for Gag to measure HIV-1
production. CHIP-transfected cells showed reduction in Gag
protein levels. However, there is no significant decrease in Gag
level in CHIP�U-transfected cells. The result shows that CHIP
controls HIV-1 replication and virus production in CD4 T-lym-
phocytic Jurkat cell line (Fig. 4E). To study the effect of CHIP on
HIV-1 production, we used APOBEC3G as a positive control.
HEK293T cells were transfected with pNL4-3 and CHIP or

Figure 4. A, TZM-bl cells were co-transfected with Tat along with CHIP- or CHIP�U-expressing constructs, and 36 h post-transfection, cells were lysed, and
luciferase activity was measured. As a transfection control, GFP was used, and the luciferase readings were normalized with GFP fluorescence and plotted. B,
pNL4-3Luc.R�E� was transfected with CHIP- or CHIP�U-expressing plasmids into TZM-bl cells, and luciferase activity was measured and plotted after normal-
ization with GFP. C, pNL4-3 was co-transfected with increasing doses of CHIP in HEK-293T cells, and after 36 h, the Gag was immunoblotted. The blot is
representative of three different independent experiments. D, increasing doses of CHIP�U were co-transfected with 10 �g of pNL4-3. The Gag level was
monitored by immunoblotting after 36 h of transfection. The blot is representative of three different independent experiments. E, Jurkat cells were transfected
with pNL4-3 and CHIP or CHIP�U, and the Gag protein levels were measured by immunoblotting after 48 h of transfection. F, HEK-293T cells were transfected
with pNL4-3 and CHIP or A3G, and the Gag protein levels were measured by immunoblotting. The blot is representative of three different independent
experiments. G, TZM-bl cells were transfected with CHIP, and after 24 h, the cells were infected with VSVG-pseudotyped HIV-1. Cells were further cultured for
24 h followed by staining for �-gal activity as described under “Experimental procedures.” The image is representative of three different independent
experiments. H, �-gal staining intensity was measured by ImageJ and plotted. I, HEK-293T cells were transfected with CHIP, and after 24 h, the cells were
infected with VSVG-pseudotyped HIV-1. Cells were cultured for 24 h, and immunoblotted for Gag. The blot is representative of three different independent
experiments. J, Gag level was measured with ImageJ and plotted. K, HEK-293T cells were transfected with CHIP�U, and after 24 h, the cells were infected with
VSVG-pseudotyped HIV-1. Cells were further cultured for 24 h and immunoblotted for Gag. The blot is representative of three different independent experi-
ments. L, Gag level was measured with ImageJ and plotted. The blot is representative of three different independent experiments.
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APOBEC3G and immunoblotted for Gag to assess the effect of
these proteins on virus production. We found that Gag was
reduced both in APOBEC3G- and CHIP-transfected cells fur-
ther confirming the negative role of CHIP on HIV-1 virion pro-
duction (Fig. 4F). To further evaluate the role of CHIP on HIV-1
production, TZM-bl cells were transfected with CHIP followed
by infection with VSV-G pseudotyped HIV-1. After 24 h, �-gal
staining was carried out to measure HIV-1 virion production.
The viral production was reduced by �60% in CHIP transfected
TZM-bl cells (Fig. 4, G and H, and Fig. S3, B and C). HEK-293T
cells were transfected with CHIP or CHIP�U, and the cells were
infected with VSV-G–pseudotyped HIV-1. The HIV-1 produc-
tion was measured by immunoblotting the Gag protein. Gag
protein was reduced significantly in CHIP-transfected cells
(Fig. 4, I and J), whereas its level was unaffected in CHIP�U-
transfected cells (Fig. 4, K and L). Gag was also reduced in a
dose-dependent manner in CHIP-transfected HEK-293T cells
infected with VSV-G–pseudotyped HIV-1 (Fig. S3D). These
results support the conclusion that CHIP reduces the Tat-me-
diated HIV-1 LTR transactivation by promoting Tat protein
degradation leading to reduction of HIV-1 replication and virus
production.

CHIP knockdown increases the stability of Tat as well as HIV-1
virion production

Human cells express a substantial amount of endogenous
CHIP, and therefore to determine its effect on Tat protein sta-
bility, viral replication, and virion production, CHIP levels
should be reduced sufficiently. To reduce endogenous CHIP,
knockdown was performed using CRISPR-Cas9 as described
under “Experimental procedures.” Two guide RNAs (sgRNA)
targeting CHIP at 7–26 and 76 –95 nucleotides at the N termi-
nus were synthesized and cloned in pX458 plasmid (Fig. 5A).
The sgRNA constructs were transfected in HEK-293T cells and
selected by fluorescence-activated cell sorting (FACS) using
green fluorescence because pX458 also expresses GFP. A
scrambled control sgRNA targeting firefly luciferase was also
designed and cloned in pX458 plasmid that was used as a con-
trol. The cells were cultured further, and the expression of
CHIP was measured by immunoblotting that was found to be
reduced by �95% in CHIP sgRNA-transfected cells but not in
control sgRNA-transfected cells confirming the specificity of
CHIP sgRNA 2 expression (Fig. 5B). The cell population was
cultured and used for further experiments. The effect of endog-

Figure 5. A, diagram showing the position of sgRNA in CHIP cDNA. B, HEK-293T cells were transfected with CHIP sgRNA1- and sgRNA2-expressing pX458
plasmid; after 48 h, the GFP-expressing cells were subjected to FACS. Cells were lysed, and endogenous CHIP level was monitored by immunoblotting.
C, Myc-Tat was transfected into WT or CHIP knockdown HEK-293T cells, and after 36 h, Tat protein was detected by immunoblotting. The blot is
representative of three different independent experiments. D, both WT and CHIP knockdown HEK-293T cells were transfected with Myc-Tat, and after
24 h, CHX chase was performed, and Tat protein was immunoblotted. The blot is representative of three different independent experiments. E, Tat
amount was measured by ImageJ and plotted with reference to CHX treatment time. F, pNL4-3Luc.R�E� was transfected into both WT and CHIP
knockdown HEK-293T, and after 36 h the luciferase activity was measured. GFP was also transfected as a transfection control, and the graph was plotted
after normalization of luciferase readings with GFP fluorescence. G, pNL4-3 was transfected both into WT and CHIP knockdown HEK-293T, and after 36 h
of post-transfection, Gag was immunoblotted. The blot is representative of three different independent experiments. H, Gag protein level was measured
with ImageJ and plotted.
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enous CHIP on HIV-1 Tat protein was observed by transfecting
Myc-Tat in both control and CHIP knockdown HEK-293T cells
followed by immunoblotting for Tat protein. The levels of Tat
protein were significantly increased in CHIP knockdown cells
but not in control knockdown cells (Fig. 5C). Furthermore, to
study the effect of CHIP on Tat protein degradation kinetics,
Myc-Tat was expressed both in control and CHIP knockdown
HEK-293T cells followed by CHX chase assay. The stability of
Tat protein was increased in CHIP knockdown cells compared
with control knockdown cells (Fig. 5, D and E). Furthermore,
the functional activity of Tat was also measured in both WT and
CHIP knockdown HEK-293T cells using pNL4-3.LucR�E�.
Transfection of pNL4-3.LucR�E� in CHIP knockdown cells
resulted in enhanced luciferase activity compared with control
knockdown cells (Fig. 5F), showing the negative effect of CHIP
on Tat. Effect of endogenous CHIP on virus production was
measured by transfection of pNL4-3 in both control and CHIP
knockdown HEK-293T cells followed by immunoblotting for
Gag protein. The Gag protein levels were increased in CHIP
knockdown HEK-293T cells confirming the negative regula-
tion of CHIP on HIV-1 virus production (Fig. 5, G and H).
Altogether, these results confirmed that CHIP promotes Tat
protein degradation, which results in decreasing HIV-1
replication.

Endogenous CHIP protein level is unaffected by HIV-1

Previous experiments have clearly shown the involvement of
CHIP E3 ubiquitin ligase in the ubiquitination and degradation
of HIV-1 Tat. Because of CHIP-mediated degradation of Tat,
virus production was also reduced in the presence of CHIP but
not CHIP�U. To investigate the effect of HIV-1 infection on
endogenous CHIP protein levels, HEK-293T cells were infected
with VSVG-pseudotyped HIV-1, and the CHIP level was mon-
itored by immunoblotting. The endogenous CHIP protein in
HEK-293T remains more or less constant after the HIV-1 infec-
tion from 6 to 48 h post-infection. The Gag protein was also
probed for confirming HIV-1 infection (Fig. 6A). To study the
effect of HIV-1 infection on endogenous CHIP, its level was also
measured after viral induction in latently infected cells. Latently
infected CD4 T lymphocyte J1.1 and monocytic cell line U1
were treated with tumor necrosis � (TNF�) to induce viral pro-
duction followed by immunoblotting for CHIP. Gag was also
probed to monitor virus production in the cells. TNF� treat-
ment resulted in an increased Gag protein level, which con-
firmed virus production. CHIP immunoblotting in these cells
did not show any variation in the level of CHIP after virus
induction (Fig. 6B). Both of these experiments show that the
level of CHIP protein in the host cells is unaffected by virus
production.

Discussion

Tat is a master regulator of HIV-1 gene expression, and intra-
cellular levels of Tat directly regulate the amount of virus pro-
duced in virus-infected cells (21). The intracellular Tat protein
is degraded by multiple pathways, including ubiquitination and
proteasomal degradation (28 –31, 32). The stabilization of Tat
by the treatment of proteasomal inhibitor MG132 confirmed
the role of proteasome in Tat degradation. Earlier studies have

shown that Tat is ubiquitinated through Lys-48 –linked ubiq-
uitin chains for proteasomal degradation (31), and we also con-
firmed the same in our experiments (Fig. 7). Recently, it was
also shown that HIV-1 Tat is ubiquitinated through Lys-48 –
linked ubiquitin chains with the help of long-noncoding RNA
NRON, which promotes interaction of Tat with cellular E3
ubiquitin ligase. NRON-mediated decrease of the cellular Tat
level promotes viral latency in the resting T cells (32). Tat is also
ubiquitinated through Lys-63–linked ubiquitin chains for
enhancing its transcriptional activity (41). Lys-63–linked Tat
ubiquitination is also carried out by cellular E3 ubiquitin ligase,
MDM2, and Tat translocates MDM2 into the nucleus to pro-
tect it from proteasomal degradation (42). Tat also uses MDM2
for suppressing immune activation by promoting IRF-1 degra-
dation (34). Tat is an intrinsically unstructured protein (18 –20)
because it is rapidly degraded by the 20S proteasome (29, 30).
The stability of several intrinsically unfolded proteins is also
reported to be regulated by CHIP-dependent ubiquitination
and proteasomal degradation (38). The CHIP-mediated down-

Figure 6. A, HEK-293T cells were infected with VSV-G–pseudotyped HIV-1,
and the infected cells were harvested at the indicated time points. Cells were
lysed and immunoblotted for CHIP, GAPDH, and HIV-1 Gag. The blot shown is
representative of three different independent experiments. B, latently
infected cells J1.1 and U1 were cultured in RPMI 1640 medium and stimulated
by TNF�. After incubating 12 h in TNF�, the cells were transferred in fresh
medium and further incubated for 24 h. Cell lysates were prepared, and pro-
teins were separated on SDS-PAGE. CHIP, Gag, and GAPDH antigens were
immunoblotted with respective antibodies.
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regulation of Tat and the reduction of Tat t1⁄2 in CHX chase
assay clearly suggest the important role of CHIP in promoting
ubiquitin-dependent proteasomal degradation of Tat. GST-
pulldown assay showed the specific association of Tat with
CHIP, which suggested that CHIP might be binding and pro-
moting Tat ubiquitination. The stability of cellular protein is
central to the regulation of cellular processes, and their degra-
dation involves various E3 ubiquitin ligases. The p53 tumor
suppressor protein is known to be ubiquitinated by multiple
ubiquitin E3 ligases under different cellular conditions. We
hypothesized that HIV-1 Tat stability might be similarly regu-
lated by various degradation pathways. We had earlier shown
that the degradation of Tat is also regulated by HIV-1 Rev
through indirect means by the host cell protein NQO1 (22). Rev
down-regulates the cellular level of NQO1, which results in Tat
destabilization as NQO1 protects Tat from 20S proteasomal
degradation (29, 30). The down-regulation of Tat by CHIP but
not Nef and Gag in co-transfection assay systems suggested the
specificity of CHIP toward Tat degradation. Other HIV-1 pro-

teins are also degraded by cellular E3 ubiquitin ligases. MDM2
has been earlier shown to promote ubiquitination and degrada-
tion of Vif (43).

Regulation of Tat stability by autophagic (lysosomal), 20S
proteasomal, and CHIP-mediated ubiquitination and 26S pro-
teasomal degradation does not rule out the possibility of
involvement of other cellular E3 ligases in HIV-1 Tat degrada-
tion. Fine regulation of protein levels in the cell also involves
their deubiquitination by the cellular deubiquitinase enzymes.
We recently showed that HIV-1 Tat is deubiquitinated by the
cellular deubiquitinase enzyme USP7 by removing Lys-48 –
linked ubiquitin chains from ubiquitinated Tat and provides
stability to Tat protein in virus-infected cells. Tat deubiquitina-
tion by USP7 led to Tat protein stability resulting in enhanced
viral replication. Hence, in virus-infected cells, Tat is regulated
by both the cellular E3 ubiquitin ligases and deubiquitinases for
its optimal function in viral replication. In the CHIP-expressing
cells, reduction of Tat-dependent HIV-1 LTR promoter activa-
tion measured by luciferase activity as well as reduction of Gag

Figure 7. Model showing the ubiquitination of HIV-1 Tat by CHIP. The multiply-spliced HIV-1 mRNA is translated resulting in expression of Tat leading to
transcriptional activation of HIV-1 genome. Tat protein is degraded through the lysosomal and 20S proteasomal pathway. Tat is also ubiquitinated by host cell
E3 ligase CHIP leading to its Lys-48 –linked ubiquitination. Ubiquitinated Tat is recognized by 26S proteasome and degraded resulting in the inhibition of HIV-1
replication and virion production.
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in provirus-transfected or virus-infected cells by CHIP clearly
established the role of CHIP in Tat degradation. Thus, CHIP
functions as an inhibitory factor for HIV-1. The decreased rate
of Tat degradation and the enhancement of HIV-1 production
after endogenous CHIP knockdown using the CRISPR-Cas9
method further confirmed the inhibitory role of CHIP for
HIV-1. Thus, CHIP is protecting host cells from HIV-1 replica-
tion by facilitating Tat degradation. Negative effect of CHIP on
Tat and HIV-1 suggests that endogenous CHIP is critically
important in Tat destabilization and HIV-1 control in the virus-
infected cells. Thus, in this study we have clearly established
that CHIP mediates Tat degradation and subsequently inhibits
HIV-1 production. Therefore, CHIP is an attractive target for
inhibiting HIV-1 replication and pathogenesis. In summary, it
can be argued that intracellular stability of HIV-1 Tat is a com-
plex process involving multiple mechanisms.

Experimental procedures

Cell culture and transfection

HEK-293T (human embryonic kidney-293T cells) and
TZM-bl (human microglial cells) were maintained in Dulbec-
co’s modified Eagle’s medium (Himedia Laboratories, India)
with heat-inactivated 10% fetal bovine serum (Biological Indus-
tries, Israel) and 100 units of penicillin, 0.1 mg of streptomycin,
and 0.25 �g of amphotericin B per ml at 37 °C in the presence of
5% CO2 in a humidified incubator. TZM-bl cells contain �-gal,
and the luciferase gene downstream of HIV-1 LTR promoter
was obtained from AIDS Research Reagent Program, National
Institutes of Health (44). Jurkat, human CD4 T lymphocytic cell
line, J1.1, latently infected Jurkat, and the U1 latently-infected
human monocytic cell line were maintained in RPMI 1640
medium (Himedia Laboratories, India) with heat-inactivated
10% fetal bovine serum (Biological Industries, Israel) and 100
units of penicillin, 0.1 mg of streptomycin, and 0.25 �g of
amphotericin B per ml at 37 °C in the presence of 5% CO2 in a
humidified incubator. Transfections were performed using
Lipofectamine 2000 (Invitrogen) or polyethyleneimine (PEI, Mr
25,000; Polysciences Inc.) linear reagents using the manufactu-
rer’s protocol. For virus production from latently infected cells,
J1.1 and U1 cells were induced with 20 ng/ml tumor necrosis
factor-� for 12 h.

Plasmids

Myc-tagged HIV-1 Tat expression plasmid pCMV-Myc-Tat
was prepared by cloning pNL4-3– derived Tat gene in pCMV-
Myc plasmid (Clontech) as described before (29). pcDNA3.1-
HA-Tat was obtained from Addgene (45). His6-Myc-CHIP,
Myc-CHIP K30A, and Myc-CHIP�U were obtained from Cam
Patterson (38). His6-Ubiquitin was kindly provided by Dmitri
Xirodimas, Dundee University, Scotland, UK (46). HA-ubiqui-
tin R48K, which contains lysine residue only at position 48 and
all of the other lysines mutated, was kindly provided by Shigeru
Yanagi (47) and was subcloned in pCMV-Myc plasmid to yield
His6-Myc ubiquitin R48K. The ubiquitin mutant with all seven
lysines substituted with alanine, HA-ubiquitin KO, was pro-
vided by Ted Dawson, Johns Hopkins University (48). Codon-
optimized HIV-1 Gag (Gag-Opt) (49), HIV-1 proviral construct
pNL4-3, and luciferase reporter HIV-1 proviral construct

pNL4-3.Luc.R�E� (50) were obtained through the AIDS Refer-
ence and Reagent Program, National Institutes of Health,
Bethesda. CRISPR-Cas9 expression vector pX458 was kindly
provided by Feng Zhang, Massachusetts Institute of Technol-
ogy (51). GST–CHIP was cloned in GST-expressing pGEX-2T
plasmid.

Immunoblot analysis

For immunoblotting purposes, the cells were harvested and
resuspended in RIPA lysis buffer (1% Nonidet P-40, 20 mM Tris-
Cl, pH 7.5, 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1%
sodium deoxycholate, 1 mM Na3VO4), followed by centrifuga-
tion. The supernatant was collected, and the protein concen-
tration was estimated using BCA protein assay kit (Pierce,
Thermo Fisher Scientific). The lysates were separated on SDS-
PAGE and transferred onto nitrocellulose membrane, followed
by blocking of membranes with 5% nonfat dry milk (Himedia
Laboratories, India) in 1� PBS (PBS: 137 mM NaCl, 2.7 mM KCl,
10 mM Na2HPO4, 1.8 mM KH2PO4) and washed three times
with 1� PBS containing 0.1% Tween 20 (PBST). Primary anti-
body was added to the membranes and incubated overnight,
followed by washing with PBST and further incubation in the
horseradish peroxide (HRP)– conjugated secondary antibody.
The blots were developed using enhanced chemiluminescent
reagent.

Antibodies

Anti-c-Myc mAb (Clontech; 1:1000), anti-HA tag polyclonal
antibody (Clontech; 1:1000), anti-GAPDH antibody (Cell Sig-
naling Technology; 1:10,000), anti-His6 mAb (Sigma; 1:1000),
anti-p53 polyclonal antibody (SCBT; 1:2000), anti-GST (SCBT;
1:2000), anti-p24 mAb (AIDS Reagent Program, National Insti-
tutes of Health; 1:3000), anti-rabbit IgG conjugated to HRP
(Jackson ImmunoResearch; 1:10,000), and anti-mouse IgG con-
jugated to HRP (Jackson ImmunoResearch; 1:10,000) were used
for the Western blotting experiments.

CHX chase assay

The degradation kinetics of Tat protein in the presence of
CHIP overexpression or knockdown effect was studied by CHX
chase assay as described before (52). Plasmids expressing Tat
and CHIP were transfected into HEK-293T cells, and 24 h post-
transfection the cells were treated with CHX (100 �g/ml;
Sigma) for the indicated time periods and harvested. The lysate
was prepared and resolved on 12% SDS-PAGE followed by
immunoblotting as described above.

Luciferase reporter assay

To study the effect of CHIP on the replication of the
HIV-1, luciferase expressing HIV-1 proviral construct
pNL4-3.Luc.R�E� was co-transfected with CHIP, and 36 h
post-transfection, the cells were harvested and lysed in Pas-
sive Lysis Buffer (Promega). The supernatant was collected
after centrifugation of the lysate, and the luciferase activity
was measured in the luminometer (TECAN) using the lucif-
erase reporter assay kit (Promega). For normalization, GFP-
expressing plasmid pEGFP-N1 was co-transfected in each
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sample, and the luciferase reading was divided by GFP values
in each sample.

RT-PCR

The mRNA level of a gene is a measure of its expression in the
cell and is quantified by RT-PCR assay. To carry out RT-PCR,
Tat- and CHIP-expressing plasmids were transfected into
HEK-293T cells for 36 h, and subsequently, the total RNA was
isolated by TRIzol extraction as described by the manufacturer
(Invitrogen). Reverse transcription was performed using the
RNA obtained after TRIzol treatment to obtain cDNA using the
cDNA synthesis kit (Promega). RNA (1 �g) was mixed with
random primers followed by incubation at 70 °C for 15 min.
The mixture was kept at 4 °C, and the reverse transcription mix
containing 1� reaction buffer (MgCl2, dNTPs, RNasin, and
reverse transcriptase) was added. The reaction mixture was
incubated at 25 °C for 5 min and 42 °C for 1 h. The cDNA was
obtained and used as a template for the PCR amplification of
the Tat gene using primers of Tat. The Tat forward primer
5�-ATGGAGCCAGTAGATCCTAGACTAGAG-3� and the
Tat reverse primer 5�-CGTCGCTGTCTCCGCTTCTTCCT-3�
were used.

We have standardized the semi-quantitative PCR and found
that 15 cycles is in the log range of amplification, where the
amount of template is directly proportional to the band inten-
sities of PCR products. Thus, the PCR was carried out for 15
cycles, and we compared the amount of Tat in the presence and
absence of CHIP. GAPDH was used as a control and amplified
using the following primers: GAPDH forward primer, 5�-ACC-
ACCATGGAGAAGGCTGG-3�, and GAPDH reverse primer,
5�-CTCAGTGTAGCCCAGGATGC-3�.

In vivo ubiquitination assay

To study the effect of CHIP on the ubiquitination of Tat,
in vivo ubiquitination assay was performed as described pre-
viously by us (52). HEK-293T cells were co-transfected with
plasmids encoding CHIP, Tat, and His6-ubiquitin, as
described in the figures, and 24 h after transfection cells were
treated with MG132 for 8 h. The cells were harvested and
lysed in the denaturing lysis buffer containing guanidine
hydrochloride and centrifuged. The supernatant was used to
purify the His6-ubiquitin–tagged proteins using Ni-NTA
affinity chromatography. The purified proteins were sepa-
rated on SDS-PAGE and immunoblotted for Tat protein.

GST-pulldown assay

Plasmid expressing GST and GST–CHIP were transformed
in Escherichia coli DH5�. Gene expression was induced by 0.4
�M isopropyl 1-thio-�-D-galactopyranoside treatment for 4 h.
Expression of the proteins was verified by analyzing the cell
lysate on SDS-PAGE and immunoblotted using anti-GST anti-
body. Myc-Tat– expressing plasmid was also transfected simul-
taneously in HEK-293T cells for 36 h, and cell lysate was pre-
pared. For pulldown assay, lysate containing Myc-Tat protein
was mixed with GST or GST–CHIP and incubated overnight
with rotation at 4 °C followed by addition of GSH-agarose
beads for 1 h. The beads were washed, and the proteins were
eluted by boiling the beads in SDS loading buffer. The proteins

were resolved on 12% SDS-PAGE and immunoblotted using
anti-Myc and anti-GST antibody.

Cloning of sgRNA in CRISPR-Cas9 vector

The knockdown of endogenous CHIP was performed using
CRISPR-Cas9 plasmid containing CHIP sgRNA (51). The
sgRNA was designed using the sgRNA designer tool provided
by the Broad Institute, Massachusetts Institute of Technology.
Two pairs of DNA oligonucleotides corresponding to the
N-terminal region of the CHIP cDNA sequence were synthe-
sized. Similarly scrambled control oligonucleotides from firefly
(Photinus pyralis) luciferase gene were also synthesized. The
sequences of sgRNAs are provided in Table S1. For cloning of
sgRNA, each pair of oligonucleotides was mixed in equal pro-
portions in 10� phosphonucleotide kinase (PNK) buffer, 10 �M

ATP, PNK enzyme and incubated at 37 °C for 40 min. This
mixture was further incubated followed by addition of 0.1 M

NaCl and followed by further incubation at 65 °C for 20 min.
For annealing, the nucleotide mixture was boiled at 100 °C for 5
min and left to cool at room temperature. The phosphorylated
and annealed oligonucleotides were diluted and ligated to the
BbsI-digested pSpCas9 (BB)-2A-GFP (pX458) plasmid (51).
The positive clones were confirmed by sequencing. Plasmid
DNA was then transfected into HEK-293T cells and subjected
to FACS for GFP.

VSV-G pseudotyped pNL4-3– derived HIV-1 preparation

To prepare the vesicular stomatitis virus envelope glycopro-
tein (VSV-G)-pseudotyped HIV-1, 18 �g of pNL4-3 was co-
transfected with 2 �g of VSV-G– expressing plasmid in a
100-mm cell culture dish of HEK-293T cells using Lipo-
fectamine 2000 (Invitrogen). Cell culture medium (superna-
tant) harboring the virus particles was collected 48 h post-
transfection. The supernatant was filtered through a 0.45-�m
pore-size filter and used for infecting the cells. Infectivity of the
virus was determined by �-gal staining of HIV-1 reporter cell
line TZM-bl. The viral stock was stored at �80 °C.

Virus production from latently infected cells

The latently infected J1.1 and U1 cells were maintained in
RPMI 1640 medium and were treated with 20 ng/ml TNF� (39,
53). After 12 h, the medium was replaced with fresh complete
RPMI 1640 medium, and the cells were further incubated for
24 h. Subsequently, the lysate was used to measure p24 level by
immunoblotting as an indicator of virus production. The CHIP
was also immunoblotted using anti-CHIP antibody to measure
the endogenous level in the virus-producing cells.

Co-immunoprecipitation assay

Protein–protein interaction was studied by co-immunopre-
cipitation. Plasmids encoding the HA-Tat and the Myc-CHIP
variants were transfected into HEK-293T cells, and after 24 h
the cells were harvested and lysed in CelLytic M (cell lysis re-
agent from Sigma). Antibody was added to cell lysate and incu-
bated at 4 °C overnight with rotation followed by addition of
0.1% BSA-saturated protein A–agarose beads and further incu-
bated for 2–3 h. Subsequently, the beads were pelleted and
washed with IP buffer (Sigma) four times. The 2� SDS-PAGE
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loading buffer was added to the beads and boiled for 5 min.
Protein was resolved on 12% SDS-PAGE and immunoblotted.
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