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Murine double minute 2 (Mdm2) is known to enhance the transactivation potential of
human immunodeficiency virus (HIV-1) Tat protein by causing its ubiquitination. However,
the regulation of Mdm2 during HIV-1 infection and its implications for viral replication
have not been well studied. Here, we show that the Mdm2 protein level increases during
HIV-1 infection and this effect is mediated by HIV-1 Tat protein. Tat appears to stabilise
Mdm2 at the post-translational level by inducing its phosphorylation at serine-166
position through AKT. Although p53 is one of the key players for Mdm2 induction,
Tat-mediated stabilisation of Mdm2 appears to be independent of p53. Moreover, the
non-phosphorylatable mutant of Mdm2 (S166A) fails to interact with Tat and shows
decreased half-life in the presence of Tat compared with wild-type Mdm2. Furthermore,
the non-phosphorylatable mutant of Mdm2 (S166A) is unable to support HIV-1 replica-
tion. Thus, HIV-1 Tat appears to stabilise Mdm2, which in turn enhances Tat-mediated
viral replication. This study highlights the importance of post-translational modifications
of host cellular factors in HIV-1 replication and pathogenesis.

Introduction
Human immunodeficiency virus (HIV-1) is known to cause acquired immunodeficiency syndrome
(AIDS) by depleting the CD4+ T cell repertoire [1–4]. This virus depends completely on the host cell
for its propagation. Apart from the structural genes, gag, pol and env, HIV-1 encodes two regulatory
genes (Tat and Rev) and four accessory genes (Vpu, Vpr, Vif and Nef ), which regulate viral infectivity
and modulate pathogenesis [5]. HIV-1 exploits various cellular processes through either up-regulation
or down-regulation of key cellular proteins for its propagation [6,7]. These modulations may be at the
transcriptional, translational or post-translational level. HIV-1 Nef down-regulates CD4 and MHC
proteins to evade innate immune recognition and to prevent superinfection. Similarly, HIV-1 Vif
down-regulates APOBEC3G, Vpu down-regulates tetherin and Vpr degrades SAMHD1. In addition,
HIV-1 Tat recruits cellular factors to increase the rate of viral transcription, and Rev is involved in the
nuclear export of viral transcripts [8–12]. Similarly, cellular proteins also modulate viral pathogenesis
[13–15]. For example, p53 and murine double minute 2 (Mdm2) contribute significantly to HIV-1
pathogenesis and are also manipulated by HIV-1 during its life cycle. Although Mdm2 is known to
enhance Tat-mediated long terminal repeat (LTR) activation, its regulation has not yet been explored
[16,17].
The Mdm2 (or Hdm2 in humans) gene was initially discovered in the spontaneously transformed

mouse BALB/c cell line (3T3-DM), in which its expression was up-regulated 50-fold [18]. The over-
expression of the oncogene Mdm2 can immortalise rodent primary fibroblasts and lead to the trans-
formation of cultured cells [19]. Mdm2 serves diverse purposes; its up-regulation promotes survival of
cells, whereas its down-regulation or inhibition can lead to apoptosis [20]. Like other proteins, Mdm2
is subject to post-translational modifications that may influence its functions; for example, phosphor-
ylation by C-Abl at tyrosine-394 blocks the ability of Mdm2 to down-regulate p53 levels [21]. By con-
trast, S166 and S186 phosphorylation of Mdm2 positively influences its functions by stabilising it and
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promoting its nuclear localisation [22,23]. Under basal conditions, Mdm2 mediates p53 ubiquitination followed
by its proteasomal degradation, whereas under genotoxic stress, ATM phosphorylates Mdm2 at the
S395-position, which facilitates its interaction with p53 mRNA. This interaction stimulates p53 mRNA transla-
tion and suppresses Mdm2-E3 ligase activity for p53 [24,25]. In addition, p53 is known to be phosphorylated
at other positions, which can either inhibit the Mdm2/p53 interaction or diminish Mdm2-E3 ligase activity for
p53 [26,27]. DNA damage responses activate ATM (ataxia-telangiectasia mutated)/ATR (ATM-and Rad3-
Related) and DNA-PK (DNA-dependent protein kinase), which leads to the phosphorylation of p53. This
phosphorylation either stabilises p53 or inhibits its interaction with Mdm2. The ATM/ATR pathway partici-
pates in the activation of cell cycle checkpoints induced by DNA damage, whereas DNA-PK primarily acts
during DNA repair [28]. DNA-PK-mediated phosphorylation of p53 at S15 disrupts the Mdm2-p53 complex
in vivo and in vitro. An in vitro assay using DNA-PK shows phosphorylation of p53 at S15 and S37, which
interferes with the ability of Mdm2 to inhibit p53 transactivation. These phosphorylation events are known to
cause conformational changes in p53, which leads to p53 stabilisation during DNA damage [29,30]. ATM
phosphorylates p53 at S15 in response to DNA damage, whereas ATR phosphorylates p53 at S15 and S37
during genotoxic stress [31–33]. Studies in severe combined immunodeficiency (SCID) mice with defective
DNA-PK show that the cells are still able to induce p53 and undergo G1 arrest, suggesting that ATM and ATR
kinases are mainly involved in the p53 S15 phosphorylation [34]. Similarly, casein kinase 1-mediated phos-
phorylation at S6, S9 and T18 and checkpoint kinase 1/2-mediated phosphorylation at S20 leads to p53 stabil-
isation [26,27]. RYBP has been reported to stabilise both p53 and Mdm2, but it inhibits Mdm2-mediated p53
ubiquitination [35]. Mdm2 also performs p53-independent functions, such as cell cycle control, cellular differ-
entiation, cell fate determination, DNA repair and transcription [36].
Mdm2 has also been reported to facilitate the transcriptional activity of various viral genes and is known to

be manipulated by viruses according to their requirements. In human papillomavirus infection, Mdm2 interacts
with transcriptional regulator protein E2 and synergistically activates the type-16 promoter [37]. Epstein Barr
virus (EBV) nuclear antigen 3C (EBNA3C) forms a trimeric complex with p53 and Mdm2, which enhances the
ubiquitin ligase activity of Mdm2 for p53. This process favours the transformation and proliferation of
EBV-infected cells [38]. Specific targeting of Mdm2 by simian virus 40 (SV40) prevents Mdm2-mediated deg-
radation of p53 in SV40-transformed cells, and Mdm2 itself is known to be stabilised during this process
[39,40]. Influenza A virus uses NS1 protein to activate the PI-3-kinase (PI3K)/AKT pathway, thereby blocking
apoptosis to ensure the production of viral progeny and nuclear protein (NP1) in order to induce
p53-dependent apoptosis [41,42]. Viral interferon regulatory factor 4 (vIRF4), in Kaposi’s sarcoma-associated
herpes virus (KHSV), deregulates Mdm2 to suppress p53 and escape cell cycle arrest and other immune
responses [43].
In addition, Mdm2 appears to play a key role in HIV-1 pathogenesis through enhancing HIV-1 LTR activity

by ubiquitinating Tat [16]. HIV-1 Tat and p53, on the other hand, show reciprocal modulation; p53 acts as a
potent suppressor of Tat function while Tat protein inhibits the promoter activity of p53 [44]. Furthermore,
Tat protein inhibits SIRT1, which results in the activation of the p53 pathway and a subsequent increase in the
expression of genes that are a target of p53, namely, p21 and BAX [45]. Some reports also suggest a positive
role for SIRT1 in HIV-1 replication through deacetylation of Tat [46]. Furthermore, Mdm2 has been reported
to promote Vif degradation, thereby influencing the levels of APOBEC3G [47]. None of these studies, however,
have addressed the mechanistic basis for the effect of Mdm2 levels on HIV-1 replication. Since Mdm2 is
reported to have both positive and negative effects on HIV-1 pathogenesis, we were interested to study the
regulation of Mdm2 during HIV-1 infection as well as the viral proteins involved in this process. Here, we
report that HIV-1 Tat increased Mdm2 protein levels by stabilising it, thus creating a positive feedback loop
between Tat and Mdm2. The Mdm2 S166 phospho-form increased after HIV-1 infection and the same was
observed in Tat-transfected cells. Earlier reports have mainly suggested that Mdm2 functions only as a Tat
transactivator, but here, we report for the first time that post-translational modification of Mdm2 by Tat is also
important for HIV-1 replication.

Materials and methods
Cell culture and transfection
HEK-293T (Human Embryonic Kidney 293T cells), MCF-7 (Human breast adenocarcinoma cell line, p53 Wt),
H1299 (non-small cell lung carcinoma, p53 null), HeLa (Human cervical adenocarcinoma cell line) were
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maintained in Dulbecco’s Modified Eagle’s Medium (DMEM; Himedia Laboratories) supplemented with 10%
fetal bovine serum (Gibco, Invitrogen), 100 units penicillin, 0.1 mg streptomycin and 0.25 mg amphotericin B
per ml at 37°C in the presence of 5% CO2 in a humidified incubator. MOLT-3 (T-lymphoblastoid cell line, p53
Wt), MOLT-3 p53 knockdown cells (MOLT-3 p53 kd), Jurkat E6.1 (T-lymphocyte) were cultured in RPMI
(Himedia Laboratories) supplemented with 10% fetal bovine serum (Gibco, Invitrogen), 100 units penicillin,
0.1 mg streptomycin and 0.25 mg amphotericin B per ml at 37°C in the presence of 5% CO2 in a humidified
incubator. Transfections were carried out using Lipofectamine 2000 (Invitrogen, U.S.A.) and Polyethyleneimine,
Linear (MW 25 000, Polysciences Inc., U.S.A.) reagents using the manufacturers’ protocols.

shRNA-mediated p53 knockdaown
In total, 2 × 106 MOLT-3 cells were seeded in a 100 mm dish. After 24 h, these cells were transfected with either
pBabe-U6-Puro plasmid expressing scrambled shRNA (50-TTCTCCGAACGTGTCACGT-30) or p53-specific
shRNA (50-GACTCCAGTGGTAATCTAC-30) (20 mg/100 mm) using Lipofectamine 2000 (Invitrogen).
Transfection was carried out as per the manufacturer’s protocol. The cells were then grown in puromycin-rich
media (5 mg/ml) for 24 h to select the shRNA (scrambled or p53-specific shRNA) expressing cells. The anti-
biotic selection was performed twice in order to obtain the pure population of puromycin-resistant cells. shRNA
scrambled and p53-specific shRNA plasmids were provided by Dr. Sanjeev Das, NII, India [48].

siRNA-mediated knockdown of Mdm2
For Mdm2 knockdown, the siRNA duplex was designed and custom synthesised from Dharmacon, U.S.A.
Mdm2-specific siRNA (50-CGUACGCGGAAUACUUCGATT-30) and control siRNA corresponding to lucifer-
ase (50-CCACCUCACAGAUUCCAGCTT-30) was obtained. HeLa and HEK-293T cells were transfected after
every 24 h using Lipofectamine (Invitrogen) with 100 nM of siRNA and evaluated for Mdm2 protein levels.
After 48 h of siRNA transfection, cells were transfected with the plasmid of interest using Lipofectamine
(Invitrogen).

Plasmid constructs, proviral DNAs and recombinant proteins
Plasmid constructs (pCMV-Myc-Tat, pCMV-Myc-Rev, pCMV-Myc-Nef, pCMV-Myc-Vif, pCMV-Myc-Vpu
and pCMV-Myc-Vpr) were made by cloning pNL4-3-derived genes in the pCMV-Myc plasmid from Clontech
U.S.A., as described earlier [49]. pcDNA3.1, pcDNA3.1-Tat-HA, pBR322 SV40, pEBG and p-CMV-Myc3-Mdm2
were purchased from Addgene. pEGFP-Mdm2 Wt and pEGFP-Mdm2 S166A were a kind gift from Dr. Brian
Hemmings, Friedrich Miescher-Institut, Switzerland. Renilla luciferase plasmid was a kind gift from Dr. Vivek
Natrajan, IGIB, Delhi, India. pBabe-U6-shRNA (scrambled) puro and pBabe-U6-p53 shRNA puro were a kind
gift from Dr. Sanjeev Das, National Institute of Immunology, New Delhi, India. HPV-18 construct was a kind
gift from Dr. Lutz Gissmann, DKFZ, Heidelberg, Germany. HIV-1 Tat recombinant protein (Cat#2222) was
obtained from the NIH-AIDS reagent programme.

Western blot analysis
HEK-293T, MCF-7, H1299 and HeLa cells were transfected with plasmids expressing the gene of interest for
36 h, then the cells were harvested and lysed in RIPA (Radioimmunoprecipitation assay) lysis buffer
(1% NP-40, 20 mM TrisCl, 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% sodium deoxycholate, 1 mM
Na3VO4; pH 7.5,). MOLT-3 and Jurkat cells were similarly processed after infection. Protein estimation was
carried out using BCA Protein Assay Kit (Pierce, Thermo Scientific, U.S.A.). An equal amount of protein was
loaded on SDS-PAGE and was transferred to nitrocellulose membrane. The membranes were blocked with 5%
non-fat dry milk (Himedia Laboratories, India) in 1× PBS (phosphate buffered saline; 137 mM NaCl, 2.7 mM
KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4) and washed three times with 1X PBS containing 0.1% Tween 20
(PBST). Membranes were then incubated with primary antibody at 4°C overnight, washed with 1× PBST and
probed with horseradish peroxide (HRP)-conjugated secondary antibody. Blots were developed using ECL
(Enhanced Chemiluminescence) reagent. The primary antibodies were anti-p53, anti-Mdm2, anti-Tubulin,
anti-Tat, anti-Vif, anti-Rev (Santa Cruz Biotechnology), anti-S166 phosphorylated Mdm2, anti-S15 phosphory-
lated p53, anti-GAPDH (Cell Signalling Technology), anti-Myc, anti-HA (Clontech), anti-p24 (Cat No. 6457,
NIH), anti-Vpu, anti-Vpr, anti-Nef (NIH AIDS Reagent programme, U.S.A.), anti-laminB2 (Proteintech group,
Inc.), anti-SV40 VP1 (Abcam), and anti-HPV-18 E7 antibodies (Santa Cruz biotechnology). The secondary
antibodies used were anti-rabbit/mouse/goat-HRP conjugated antibodies ( Jackson Immuno Research).
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Cycloheximide chase assay
To study the degradation kinetics of proteins, cycloheximide chase assay was performed. HEK-293T and
H1299 cells were transfected with either 2 mg p-CMV-Myc3-Mdm2 alone or in presence of Myc-Tat for 36 h
and then treated with cyclohexamide (CHX) (100 mg/ml; Sigma). Cell lysates were prepared at indicated time
points, resolved on 10% SDS-PAGE followed by western blot analysis, as described above.

Real-time polymerase chain reaction (RT-PCR)
Real-time quantitative polymerase chain reaction (RT-PCR) is commonly used to detect mRNA expression
level in the cell. MCF-7 cells were transfected with the desired plasmid for 36 h. Total RNA was isolated using
Trizol reagent as described by the manufacturer’s protocol (Invitrogen) and reverse transcribed to form com-
plementary DNA (cDNA) using a cDNA synthesis kit (Promega). 1 mg of RNA was mixed with random
primers and incubated at 70°C for 15 min and kept at 4°C. Reverse transcriptase was added to a reverse tran-
scription mix containing 1× reaction buffer, MgCl2, dNTPs and rRNasin and it was incubated at 25°C for
5 min, 42°C for 1 h, 70°C for 15 min and then kept at 4°C. This cDNA was used for SYBR green-based
RT-qPCR amplification of the Mdm2 gene using Mdm2 forward primer 50-AAGCCTGGCTCTGTGGTAA-30)
and Mdm2 reverse primer (50-TACACCAGCATCAAGATCCG-30). Human β-actin was used as the control and
amplified using the forward primer 50-AGGCACCAGGGCGTGAT-30, and the reverse primer
50-GCCCACATAGGAATCCTTCTGAC-30.

In vivo ubiquitination assay
In vivo ubiquitination assay was performed to detect ubiquitinated proteins in transfected mammalian cells.
HEK-293T cells were grown in 35 mm dishes and co-transfected with 2 mg of pCMV-Myc3-Mdm2 and 1 mg
His-Ub (6× Histidine-ubiquitin) for 36 h. After 36 h of transfection, 25 mM of MG132 (Sigma-Aldrich) was
added and the cells were further incubated for 8 h. Thereafter, the cells were collected in 1× PBS and resus-
pended in 1 ml of lysis buffer (6 M guanidinium-HCl, 0.1 M Na2HPO4/NaH2PO4, 10 mM imidazole; pH 8.0),
sonicated, and centrifuged. Ni-NTA beads (50 ml) were added to the supernatant and the mixture was incu-
bated at room temperature for 6 h while rotating. Subsequently, the beads were washed for 5 min at room tem-
perature with 750 ml of each of the following buffers: buffer A (6 M guanidium-HCl, 0.1 M Na2HPO4/
NaH2P04, 10 mM imidazole; pH 8.0); buffer TI (25 mM Tris, 20 mM imidazole; pH 6.8). After the last wash,
ubiquitinated proteins were eluted by incubating the beads in 75 ml of buffer containing 200 mM imidazole,
5% SDS, 0.15 M Tris, 30% glycerol and 0.72 M β-mercaptoethanol at pH 6.7 for 20 min at room temperature.
The eluates were mixed in a 1:1 ratio with 2× Laemmli buffer and resolved by SDS-PAGE followed by western
blot analysis with the indicated antibodies.

Preparation of nuclear and cytoplasmic extracts
Nuclear and cytoplasmic extraction was performed using NE-PER® Nuclear and Cytoplasmic Extraction
Reagents (Thermo Scientific). MCF-7 cells were transfected with the plasmids of interest and cells were har-
vested in 1× PBS after 36 h of transfection. Cells were centrifuged and ice cold CER I was added to the cell
pellet, which was vortexed vigorously for 15 s in order to prepare the cell suspension and incubated on ice for
10 min. Ice-cold CER II was then added and vortexed for 5 s and incubated on ice for 1 min. It was again vor-
texed for 5 s and centrifuged for 5 min at 4°C. The supernatant was immediately transferred (cytoplasmic
extract) to a clean pre-chilled tube and stored at −80°C. The insoluble (pellet) fraction containing nuclei was
suspended in ice-cold NER and vortexed for 15 s; it was incubated on ice with vortexing for 15 s every 10 min,
for a total of 40 min and centrifuged for 10 min at 4°C. The supernatant was immediately transferred (nuclear
extract) to a clean pre-chilled tube at −80°C.

Luciferase assay
Luciferase assay was performed using Luciferase Reporter Assay kit (Promega, U.S.A.). MCF-7 cells were
co-transfected with the firefly reporter construct and plasmids encoding the desired gene. After 24 h of post-
transfection, cells were lysed in passive lysis buffer (Promega). Equal protein was taken for quantification of
luciferase activity using the Luminometer (Tecan, Switzerland).
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Immunoprecipitation assay
An immunoprecipitation assay was performed to study the protein–protein interaction. HEK-293T cells were
transfected with plasmids encoding the proteins of interest. After 36 h of transfection, cells were harvested and
lysed in CelLytic M (Cell Lysis Reagent, Sigma). Anti-HA antibody-conjugated agarose resin (Sigma) was
added and kept overnight at 4°C on rotation. After incubation, the resin was pelleted and washed with IP
buffer (Sigma). It was boiled in 2× SDS-PAGE loading buffer for 5 min and subjected to western blot analysis.

Statistical analysis
Results obtained are represented as mean ± standard error of the mean (s.e.m). P-values were calculated by a
two-tailed t-test. Only values with P < 0.05 were considered to be significant.

Results
Mdm2 levels increase post-HIV-1 infection
To assess the levels of Mdm2 after HIV-1 infection, MOLT-3 and Jurkat cells were infected with
VSVG-pseudotyped pNL4-3 virus at a multiplicity of infection (MOI) of 1 for different time periods and then

Figure 1. HIV-1 infection increases Mdm2 levels in a Tat-dependent manner.

(a) MOLT-3 cells were infected with VSVG-pseudotyped HIV-1 at an MOI (multiplicity of infection) of 1 for the indicated time periods. Cell lysates

were prepared at 24 and 48 h post-infection, and western blot analysis was performed to assess total Mdm2 levels. GAPDH was used as a loading

control. (b) Jurkat E6.1 cells were infected with VSVG-pseudotyped HIV-1 at MOI of 1 for 24 and 48 h. Cell lysates were prepared as described

previously and western blot analysis of total Mdm2 was performed. GAPDH was used as a loading control. Bar diagrams represent the protein

quantitation of the respective western blots using Image J software. (c) HEK-293T cells were co-transfected with p-CMV-Myc3-Mdm2 (2 mg) and

one of the six viral regulatory/accessory gene constructs (2 mg each). Cells were collected 36 h post-transfection and subjected to western blot

analysis. The bands of the viral proteins were obtained at their respective molecular sizes (Myc-Tat∼17, Myc-Rev∼19, Myc-Nef∼27, Myc-Vpr∼15,
Myc-Vif∼23 and Myc-Vpu∼16; all in kDa). Tubulin was used as a loading control. (d) pEGFP-Mdm2 (3 mg) was transfected in HEK-293T cells either

alone or with HA-Tat (1 mg) and the fluorescence of pEGFP-Mdm2 was assessed in the presence or absence of Tat. Expression of Tat was

assessed by western blot analysis using anti-HA antibody with GAPDH as a loading control. The results are representative of three independent

experiments. P-values were calculated by a two-tailed t-test (**P < 0.01).

© 2017 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-ND). 2453

Biochemical Journal (2017) 474 2449–2464
DOI: 10.1042/BCJ20160825

https://creativecommons.org/licenses/by-nc-nd/4.0/


the cells were harvested. The effect of HIV-1 infection on Mdm2 levels was assessed by western blot analysis.
Mdm2 expression increased in a time-dependent manner in both the MOLT-3 and Jurkat cell lines and corre-
lated well with the extent of HIV-1 replication (Figure 1a,b). To detect Mdm2 protein, we used monoclonal
antibodies, which produced multiple bands in western blot analysis due to the presence of Mdm2 isoforms and
their post-translational modifications. However, we showed the major Mdm2 isoform, which corresponds to a
molecular weight of 90 kDa. This isoform of Mdm2 has been represented in most of the studies [50–52]. To
investigate the viral gene involved in Mdm2 stabilisation, HEK-293T cells were co-transfected with Myc-Mdm2
along with individual viral gene constructs under the control of a CMV promoter (Tat, Rev, Vpu, Vpr, Vif and
Nef). Mdm2 levels increased in the presence of Tat (∼1.5 fold), but not with other proteins (Figure 1c). As
shown in Supplementary Figure S1, the identity of viral proteins was confirmed using specific antibodies. Since
HEK-293T cells express SV40T antigen, it cannot be ruled out that the latter affects Mdm2 levels in this
context. To eliminate this possibility, we co-transfected MCF-7 cells with Mdm2 and Tat in the presence or
absence of SV40 proviral plasmid. Tat increased the expression of Mdm2 regardless of the presence of SV40
(Supplementary Figure S2a,b). When EGFP-Mdm2 was transfected in HEK-293T cells in the presence of
HIV-1 Tat, these cells showed enhanced fluorescence (Figure 1d). This increase in EGFP-Mdm2 fluorescence
was also validated in the presence of HA-Tat and another HA-tagged protein (HA-Rev) by western blot ana-
lysis using the pEBG vector as a transfection efficiency control. HA-Tat alone increased the expression of
EGFP-Mdm2, while HA-Rev could not do so (Supplementary Figure S3). All of these experiments led to the
conclusion that during HIV-1 infection, Mdm2 is potently up-regulated, and that HIV-1 Tat protein alone
facilitates this phenomenon.

HIV-1 Tat increases Mdm2 expression at the post-translational level
To investigate the mechanism of HIV-1 Tat-mediated Mdm2 increase, MCF-7 cells were transfected to express
HA-Tat, and the levels of endogenous Mdm2 protein and mRNA were determined. Half of the cells from the
same sample were used for RNA isolation using Trizol, followed by cDNA synthesis. Real-time qPCR, as
described in materials and methods, was carried out using specific primers to analyse the effect of Tat on the
mRNA levels of Mdm2. The mRNA levels of Mdm2 were found to be unaffected in HA-Tat-transfected cells
compared with those in the control cells, whereas Mdm2 protein levels showed a significant increase compared
with control cells (P < 0.01). These findings suggested that HIV-1 Tat regulates Mdm2 at the post-translational
level (Figure 2a,b). The Mdm2 protein levels were also assessed in the presence and absence of the Tat protein
in the presence of cycloheximide. Myc-Mdm2 was stabilised to a greater extent (by at least 4 h) in the presence
of HIV-1 Tat (Figure 2c). Ubiquitination of Mdm2 was also assessed by transfecting a plasmid encoding
Myc-Mdm2 along with His-Ub in the presence and absence of Tat. The proteasomal inhibitor MG132 was
added, and, after 8 h of incubation, ubiquitinated species were detected by western blot analysis with c-Myc
antibody after pull down of the ubiquitinated species using Ni-NTA beads. Consistent with the above results,
Mdm2 ubiquitination decreased significantly in the presence of Tat, thus confirming its effect at the post-
translational level (Figure 2d).

Phosphorylation of Mdm2 is induced by HIV-1 Tat
Since the Mdm2 levels were increased at the post-translational level without any change in mRNA levels, we
assessed the presence of serine-166 phosphorylated form of Mdm2, which is known to promote its stability.
MOLT-3 cells were infected with VSVG-pseudotyped pNL4-3 virus. The cells were collected at different time
points after infection and subjected to western blot analysis using S166 phospho-Mdm2 antibody. The
MOLT-3 cells showed an increase in phospho-Mdm2 (S166) and total Mdm2 post-HIV-1 infection (Figure 3a).
To detect p-Mdm2 protein levels, we used monoclonal antibodies, which produced multiple bands in western
blot analysis due to the presence of Mdm2 isoforms and their post-translational modifications. However, we
showed the major p-Mdm2 band, which corresponds to molecular weight of 90 kDa. This p-Mdm2 band has
been represented in most of the studies [53–55]. Furthermore, in an over-expression system using HEK-293T
cells, co-transfection of Myc-Mdm2 and HA-Tat resulted in an increase of total Mdm2 and phospho-Mdm2
(S166) levels (Figure 3b). A dose-dependent increase in endogenous phospho-Mdm2 (S166) and total Mdm2
was also observed in MCF-7 cells after transfection with HIV-1 Tat (Figure 3c). These results confirm that
total Mdm2 and phospho-Mdm2 (S166) levels increase significantly in the presence of HIV-1 Tat and during
HIV-1 infection.
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HIV-1 Tat-mediated induction of Mdm2 levels is independent of p53
Since the levels of the Mdm2 protein increased during HIV-1 infection, we investigated the dependence of
Tat-mediated Mdm2 increase on the p53 protein, which is known to induce Mdm2 expression. Surprisingly,
the Mdm2 increase was accompanied by an increase in p53 during HIV-1 infection (Figure 4a). In HIV-1
infection, phospho-p53 (S15) is known to be up-regulated and this phosphorylation prevents p53 from
Mdm2-mediated degradation [17,26,29,56]. Therefore, we also examined the levels of phospho-p53 (S15)
during HIV-1 infection in MOLT-3 cells and found that both phospho-p53 (S15) and total p53 levels were
up-regulated (Figure 4a). The strong induction of S15 phosphorylation of p53 is important for Bax
up-regulation, which promotes HIV-1-mediated apoptosis. As shown in Supplementary Figure S4, HIV-1 Vpu
increases total p53 and p-p53 (S15) levels by inhibiting β-TRCP1-mediated degradation of p53 [17]. DNA
damage also up-regulates S15 phosphorylation of p53 during HIV-1 infection [57]. Since p53 is one of the
major regulators of Mdm2 induction, in order to assess the p53 dependence of the HIV-1-mediated increase in
Mdm2 levels, we used a MOLT-3 p53 knockdown cell line (MOLT-3 p53 kd), which was generated by trans-
fecting p53 shRNA in these cells followed by puromycin (5 mg/ml) selection (Figure 4b). The MOLT-3 p53 kd
cells also showed an increase in Mdm2 levels upon HIV-1 infection (Figure 4c). HIV-1 Tat-mediated increase

Figure 2. Tat increases Mdm2 levels at the post-translational level.

(a) MCF-7 cells were transfected with 0.5 mg and 1 mg HA-Tat and pcDNA 3.1 was used as a control DNA to normalise DNA concentration. Total

Mdm2 was detected by western blot analysis. GAPDH was used as a loading control. Bar diagrams represent the protein quantitation of the

respective western blots using Image J software. (b) In parallel, cells were analysed by real-time qPCR as described in the methods section. Mean

value and standard deviation were calculated from 2dCt of three independent experiments. P-values were calculated by a two-tailed t-test (*P < 0.05,

**P < 0.01; ns, not-significant). (c) HEK-293T cells were transfected with 2 mg of p-CMV-Myc3-Mdm2 either alone or in presence of Tat (1 mg). After

36 h of transfection, cycloheximide chase assay (CHX 100 mg/ml) was performed for 5 h to assess the half-life of Mdm2 in the presence or absence

of HA-Tat. (d) HEK-293T cells were co-transfected with His-Ubiquitin (His-Ub) and either with Myc-Mdm2 alone or Myc-Mdm2 along with Myc-Tat.

After 36 h, the cells were treated with MG132 for 8 h followed by lysis in denaturation buffer. Total ubiquitinated proteins were then pulled down

using Ni-NTA beads and Mdm2 ubiquitination was assessed by western blot analysis with anti-Myc antibody. Bar diagrams represent the protein

quantitation of respective western blots using Image J software. Data presented are representative (mean ± s.e.m.) of three independent

experiments. P-values were calculated by a two-tailed t-test (*P < 0.05, **P < 0.01; ns, not significant).
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in Mdm2 levels was also validated in H1299, a p53-null cell line. The H1299 cells were transfected with
Myc-Mdm2 and HA-Tat. The cells were lysed 36 h post-transfection and subjected to western blot analysis. A
significant increase in phospho-Mdm2 (S166) and total Mdm2 levels was observed, suggesting p53-independent
induction of the Mdm2 by HIV-1 Tat (Figure 4d). Cycloheximide chase assay of Mdm2 was also performed in
H1299 cells in the presence and absence of Tat. This assay also showed the enhanced stability (by at least 3 h)
of Mdm2 in the presence of Tat, further supporting the fact that Tat-mediated Mdm2 stabilisation is independ-
ent of p53 (Figure 4e).

Phosphorylation of Mdm2 promotes nuclear localisation
To assess the effect of HIV-1 Tat on the nuclear localisation of Mdm2, MCF-7 cells were transfected with
HA-Tat. Nuclear and cytoplasmic extracts were prepared according to the manufacturer’s protocol. Total

Figure 3. Stabilisation of Mdm2 in the presence of HIV-1 Tat correlates with an increase in phospho-Mdm2 (S166).

(a) MOLT-3 cells were infected with VSVG-pseudotyped HIV-1 for the indicated time at an MOI of 1. Cell lysates were prepared and probed for total

Mdm2 and phospho-Mdm2 (S166). GAPDH was used as a loading control. Band intensities of Mdm2, p-Mdm2 and GAPDH were measured by

Image J software. Mdm2/GAPDH and p-Mdm2/GAPDH ratios were calculated for each sample. After normalisation, values of Mdm2 and p-Mdm2

for uninfected/control sample were assigned a value of 1 unit and compared with those of other samples to obtain the relative protein expression

levels, as shown in the bar diagram. (b) HEK-293T cells were transfected with plasmids expressing Myc-Mdm2 (2 mg) alone or with HA-Tat (1 mg).

Cells were collected 36 h post-transfection and subjected to western blot analysis for total Mdm2 and phospho-Mdm2 (S166). (c) MCF-7 cells were

transfected with 0.5 mg and 1 mg of HA-Tat for 36 h. Endogenous Mdm2 and p-Mdm2 (S166) were detected using anti-Mdm2 and

anti-phospho-Mdm2 (S166) antibodies, respectively. GAPDH was used as a loading control. Band intensities of Mdm2, p-Mdm2 and GAPDH were

measured by Image J software. Mdm2/GAPDH and p-Mdm2/GAPDH ratios were calculated for each sample. After normalisation, values of Mdm2

and p-Mdm2 for uninfected/control sample were assigned a value of 1 unit and compared with those of other samples to obtain the relative protein

expression levels, as shown in the bar diagram. The results are representative of three independent experiments. P-values were calculated by a

two-tailed t-test (*P < 0.05, **P < 0.01).
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Figure 4. HIV-1 Tat-mediated Mdm2 increase is p53 independent.

(a) MOLT-3 cells were infected at an MOI of 1 with VSVG-pseudotyped HIV-1. The cells were collected at 12, 24 and 48 h post-infection and

subjected to western blot analysis with anti-p53 and anti-phospho-p53 (S15) antibodies. GAPDH was used as a loading control. (b) MOLT-3 cells

were transfected with shRNA scrambled (control) or p53-specific shRNA (20 mg/100 mm Petri dish) and selected using puromycin (5 mg/ml) as

described in materials and methods section. The cells were collected after selection in puromycin-rich media and subjected to western blot analysis

with p53 antibody. Bax was used as a positive control for the p53 knockdown experiment. GAPDH was used as a loading control. Band intensities

of p53, p-p53 and GAPDH were measured by Image J software. p53/GAPDH and p-p53/GAPDH ratios were calculated for each sample. After

normalisation, values of p53 and p-p53 for uninfected/control sample were assigned a value of 1 unit and compared with those of other samples in

order to obtain the relative protein expression levels, as shown in the bar diagram. (c) MOLT-3 p53 kd cells were infected with VSVG-pseudotyped

HIV-1 at an MOI of 1. The cells were collected at 12, 24 and 48 h post-infection and subjected to western blot analysis with anti-Mdm2 and

anti-phospho-Mdm2 (S166) antibodies. GAPDH was used as a loading control. Band intensities of Mdm2, p-Mdm2 and GAPDH were measured by

Image J software. Mdm2/GAPDH and p-Mdm2/GAPDH ratios were calculated for each sample. After normalisation, values of Mdm2 and p-Mdm2

for uninfected/control sample were assigned a value of 1 unit and compared with other samples in order to obtain the relative protein expression

levels, as shown in the bar diagram. (d) H1299 p53-null cells were transfected with 2 mg of Myc-Mdm2 alone or in the presence of HA-Tat, and the

cell lysates were collected 36 h post-transfection. Anti-Mdm2 and anti-phospho-Mdm2 (S166) antibodies were used for western blot analysis.

(e) Cycloheximide chase assay was performed to assess the effect of Tat on Mdm2 stability in the absence of p53 using H1299 (p53-null) cells by

treating the cells with 100 mg/ml of CHX 36 h post-transfection for the indicated time periods. The results are representative of four independent

experiments. P-values were calculated by a two-tailed t-test (**P < 0.01).
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Mdm2 and phospho-Mdm2 (S166) levels were assessed in both the cytosolic and nuclear fractions. In the cyto-
solic fraction, the increase in total Mdm2 and phospho-Mdm2 (S166) levels was less significant (Figure 5a,c),
although the levels increased to some extent in the presence of Tat as expected. By contrast, in the nuclear frac-
tion, the increase in Mdm2 and phospho-Mdm2 (S166) levels was significant in the presence of Tat (Figure 5b,
c), compared with that in the cytosolic fraction. The significant increase in Mdm2 and phospho-Mdm2 (S166)
indicates that Tat promotes nuclear localisation of Mdm2 by increasing its phosphorylation at S166 position, as
described earlier [21,23].

Mdm2 phosphorylation is important for HIV-1 replication
The effect of Mdm2 phosphorylation on HIV-1 replication was investigated using the wild-type Mdm2 and
Mdm2 S166A. Co-transfection of pNL4-3 with either Mdm2 or Mdm2 S166A in HEK-293T and HeLa cells
was performed and the cells were harvested 36 h post-transfection. p24 levels were assessed by western blot
analysis. A significant increase in p24 levels was observed in the presence of wild-type Mdm2, whereas p24
levels in the presence of Mdm2 S166A were either marginally up-regulated or similar to those with pNL4-3
alone (control) (Figure 6a,b). This result shows that an increase in phosphorylation of Mdm2 at S166 is
important for HIV-1 replication and that Mdm2 S166A does not support viral replication. We also validated
the role of Mdm2 in HIV-1 replication with siRNA-mediated knock down of Mdm2 in HEK-293T and HeLa
cells. Western blot analysis demonstrated a marked decrease in Mdm2 expression levels in these cells. The con-
sequence of Mdm2 knockdown on viral replication was also analysed by transfecting Mdm2 kd cells and
control siRNA-treated cells with proviral DNA of pNL4-3. p24 levels were assessed in both the control siRNA
and Mdm2 siRNA-treated cells. Down-regulation of Mdm2 was found to lead to reduced virus production, as
reported earlier [16] (Supplementary Figure S5). Since HeLa cells express HPV gene product HPV-18, in order
to rule HPV-18’s potential contribution to Tat-mediated Mdm2 up-regulation in our experimental system, we
co-transfected MCF-7 cells with Mdm2 and Tat in the presence or absence of HPV-18 proviral plasmid. Tat
increased the expression of Mdm2 irrespective of the presence or absence of HPV-18 (Supplementary
Figure S2a,c).
Since, HIV-1 p24 levels in the presence of Mdm2 S166A were comparable to those with pNL4-3 alone, we

next investigated the role of Mdm2 S166A in Tat-mediated LTR promoter activity. In LTR-luciferase assay,
Mdm2 S166A showed remarkably reduced LTR promoter activity compared with that of the wild-type Mdm2.
This finding indicates the role of serine-166 phosphorylation of Mdm2 in the LTR promoter activity of Tat,
which correlates with HIV-1 replication (Figure 6c).

Figure 5. HIV-1 Tat induces nuclear-cytoplasmic re-distribution of Mdm2.

(a) and (b) MCF-7 cells were transfected with 1 mg HA-Tat. Nuclear and cytoplasmic fractions were prepared 36 h post-transfection using NE-PER®

Nuclear and Cytoplasmic Extraction Reagents Kit (Thermo Scientific). After preparing the fractions, western blot analysis was performed. LaminB2

was used as a loading control in the nuclear fraction whereas GAPDH was used as a loading control in the cytosolic fraction. (c) Relative protein

expression in each fraction was calculated using Image J software. The results are representative of three independent experiments. P-values were

calculated by a two-tailed t-test (*P < 0.05, **P < 0.01).
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S166A mutation of Mdm2 interferes with its stabilisation and interaction with Tat
The effect of S166A mutation on the stability of Mdm2 was investigated in the presence of HIV-1 Tat.
Co-transfection of HIV-1 Tat with either wild-type Mdm2 or Mdm2 S166A was performed in HEK-293T cells.
Cycloheximide chase assay was performed 36 h post-transfection to assess the stability of wild-type Mdm2 and
Mdm2 S166A in the presence of Tat. Wild-type Mdm2 was found to be more stable in the presence of HIV-1
Tat, whereas Mdm2 S166A could not be stabilised (Figure 6d). Thus, S166 phosphorylation of Mdm2 is
important for its Tat-mediated stabilisation.
The effect of S166A mutation of Mdm2 on its interaction with HIV-1 Tat was also investigated. An

immuno-precipitation assay was performed using cell lysates transfected with HA-Tat, wild-type Mdm2 and
Mdm2 S166A using anti-HA antibody conjugated beads. Wild-type Mdm2 showed strong interaction with
Tat while Mdm2 S166A showed significantly decreased interaction with Tat as compared with wild-type
Mdm2 (Figure 6e). The above results highlight the significance of S166 phosphorylation of Mdm2 because,
in the presence of Tat, both Mdm2 stabilisation and the interaction of Mdm2 with Tat are compromised by
the S166A mutation.

Figure 6. S166A mutation abrogates Mdm2-mediated increase in HIV-1 replication by decreasing Mdm2 stability and its interaction with Tat.

(a) HeLa cells were transfected with pNL4-3 (1 mg) and EGFP-Mdm2 Wt (2 mg) or its mutant EGFP-Mdm2 S166A (2 mg), and p24 levels were

assessed by western blot analysis. GAPDH was used as a loading control. (b) HEK-293T cells were transfected with pNL4-3 (500 ng) and Mdm2 Wt

or Mdm2 S166A (3 mg each) and p24 levels were determined by western blot analysis. Bar diagrams represent the protein quantitation of respective

western blots using Image J software. (c) MCF-7 cells were co-transfected with a LTR-luciferase construct (100 ng) along with the EGFP-Mdm2 Wt

(3 mg), EGFP-Mdm2 S166A (3 mg) and HA-Tat (500 ng). pcDNA3.1 was used as a control DNA in order to normalise DNA concentration.

LTR-luciferase acitivity was measured after 24 h using a luminometer. (d) HEK-293T cells were transfected with HA-Tat (1 mg) and EGFP-Mdm2 Wt

(2 mg) or EGFP-Mdm2 S166A (2 mg). Cycloheximide chase assay was performed 36 h post-transfection after treatment of the cells with CHX (100 mg/

ml) for the indicated time periods. (e) HEK-293T cells were transfected with HA-Tat (1 mg) and EGFP-Mdm2 Wt (2 mg) or EGFP-Mdm2 S166A (2 mg).

Cell extracts were subjected to immuno-precipitation using anti-HA antibody-conjugated Protein A agarose beads (Sigma), followed by western blot

analysis using anti-GFP antibody. The results are representative of three independent experiments. P-values were calculated by a two-tailed t-test

(**P < 0.01; ns, not significant).
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Involvement of AKT in Tat-mediated Mdm2 stabilisation
To assess the dependence of Tat-mediated Mdm2 stabilisation on AKT, Myc-Mdm2 was transfected alone or
together with HA-Tat in HEK-293T cells. At 36 h post-transfection, the cells were treated with 4 mM AKT
inhibitor for 8 h. The cells were then collected, lysed and subjected to western blot analysis. Total Mdm2 and
phospho-Mdm2 (S166) levels decreased in the presence of AKT inhibitor (AKTi) compared with those of the
control, thus showing the dependence of Tat-mediated stabilisation of Mdm2 on AKT (Figure 7a). Since AKT
inhibition abrogated Tat-mediated Mdm2 up-regulation, we next investigated whether any components of the
PI3K/AKT pathway were affected by Tat. HEK-293T and Jurkat T cells were serum starved for 36 h and then
incubated with the Tat protein. Serum starvation was performed in order to rule out the influence of growth
factors on the PI3K/AKT pathway. Both HEK-293T and Jurkat T cells showed an increase in p-AKT (S473)
and p-Mdm2 (S166) levels (Figure 7b,c).

Discussion
HIV-1 is known for its ability to exploit the host cellular machinery for its successful propagation. In the initial
phase of its life cycle, HIV-1 needs healthy cells for replication and virus production. Apoptosis of host cells is
required in the later stages to facilitate viral spread and to evade the immune response [58–61]. HIV-1 Tat
protein is one of the early expressed proteins. It activates several cellular pathways and exerts apoptotic and
anti-apoptotic effects, with a number of reports suggesting that it has a role in the activation of PI-3-kinase
(PI3K)/AKT pathway [62–65]. This pathway has several important target proteins that promote cell survival
either by inhibiting apoptotic factors or activating the anti-apoptotic factors. In addition, Mdm2 is a well-
known downstream target of AKT [66,67]. AKT stabilises Mdm2 by causing its deubiquitination and it also
promotes its nuclear localisation [22,23]. Direct modulation of Mdm2 in HIV-1 infection has not been
reported. Therefore, we investigated the effect of HIV-1 infection on Mdm2. Mdm2 expression levels increased

Figure 7. HIV-1 Tat stabilises Mdm2 through the PI3K/AKT pathway.

(a) HEK-293T cells were transfected with p-CMV-Myc3-Mdm2 (2 mg) alone or with HA-Tat (1 mg). At 36 h post-transfection, the cells were treated

with AKT inhibitor (4 mM) for 8 h. Total Mdm2 and phospho-Mdm2 (S166) levels were determined by western blot analysis. (b) HEK-293T cells were

serum starved for 36 h and then incubated with the Tat protein (10 ng/ml) for 30 min before harvesting the cells. The cells were then subjected to

western blot analysis with anti-AKT, anti-phospho-AKT (S473), anti-Mdm2 and anti-phospho-Mdm2 (S166) antibodies. Total AKT was used as a

loading control. (c) Jurkat T cells were serum starved for 36 h and incubated with the Tat protein (10 ng/ml) for the indicated time periods. The cells

were collected and subjected to western blot analysis with anti-AKT, anti-phospho-AKT (S473), anti-Mdm2 and anti-phospho-Mdm2 (S166)

antibodies. Total AKT was used as a loading control. Bar diagrams represent the protein quantitation of respective western blots using Image J

software. The results are representative of three independent experiments. P-values were calculated by a two-tailed t-test (*P < 0.05, **P < 0.01).
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post-HIV-1 infection in both MOLT-3 and Jurkat T cells. Furthermore, HIV-1 Tat alone was responsible for
increasing the Mdm2 levels in a co-transfection system. This observation was also confirmed by co-transfection
of GFP-Mdm2 and Tat using fluorescence microscopy.
Since the Tat protein down-regulates p53 at the transcriptional level [44], we investigated whether Tat affects

mRNA levels of Mdm2 using real-time qPCR analysis. In Tat-transfected MCF-7 cells, Mdm2 mRNA levels
remained the same whereas expression of Mdm2 protein was up-regulated. This effect at the post-translational
level was further validated by cycloheximide chase assay of Mdm2 in the presence of Tat in HEK-293T cells.
We also performed an ubiquitination assay to determine the effect of Tat on the ubiquitination of Mdm2.
HIV-1 Tat was found to decrease the levels of ubiquitinated Mdm2. To investigate the mechanism involved in
Tat-mediated Mdm2 stabilisation, we assessed the phosphorylation status of Mdm2 in the presence of Tat. A
number of phosphorylation sites are known to be present in Mdm2. Phosphorylation of Mdm2 at these sites
serves diverse purposes such as cellular stress response (e.g., DNA damage) sub-cellular localisation, protein
interactions and Mdm2 stabilisation [21,22]. Phosphorylation of Mdm2 at S166 is critical because it regulates
the stability and localisation of Mdm2 [22,23]. We found that phospho-Mdm2 (S166) increases post-HIV-1
infection and also in the presence of Tat alone. This explains the post-translational regulation of Mdm2, which
was also confirmed by the cycloheximide chase and the ubiquitination assay.
p53 levels are known to be up-regulated during HIV-1 infection and stabilisation of this protein by phosphor-

ylation at the serine-15 residue is well documented [24,45,46]. Our laboratory has previously shown that
phospho-p53 (S15) levels increase post-HIV-1 infection [17]. This contributes to HIV-1-directed apoptosis in
the late stages of its life cycle. The data presented here also confirms this observation with both total p53 and
phospho-p53 (S15) levels increasing upon HIV-1 infection. Since p53 is one of the crucial regulators of Mdm2
at the transcriptional level, we investigated the role of p53 in HIV-1 Tat-mediated stabilisation of Mdm2. p53
was knocked down in MOLT-3 cells followed by infection with HIV-1 virus. Total Mdm2 and p-Mdm2 (S166)
levels increased upon HIV-1 infection of these cells. Mdm2 levels also increased in the presence of Tat in H1299
cells (a p53-null cell line). Furthermore, stabilisation of Mdm2 by Tat was also confirmed in H1299 cells by the
cycloheximide chase assay. This showed that Tat-mediated Mdm2 stabilisation was independent of p53.
Mdm2 is known to enhance the transcriptional activity of Tat by causing its ubiquitination and thus promot-

ing HIV-1 replication [16]; therefore, we investigated whether phospho-Mdm2 (S166) had any role in LTR
transactivation and viral replication. A co-transfection based study in MCF-7 and HeLa cells clearly suggested
that phosphorylation of Mdm2 at the serine-166 position increased HIV-1 replication, as shown by p24 levels.

Figure 8. Mechanistic model showing HIV-1 Tat-mediated stabilisation of Mdm2.

HIV-1 Tat protein is expressed in the initial phase of the HIV-1 life cycle and its activity is modulated by several cellular

proteins. The present study shows that HIV-1 Tat protein induces phosphorylation of AKT at S473 position, which leads to the

activation of AKT. Activated AKT in turn phosphorylates Mdm2 at serine-166, which is essential for stability of Mdm2 and its

interaction with the Tat protein. Phosphorylated Mdm2 (S166) increases HIV-1 Tat-mediated transactivation of the viral

promoter and hence HIV-1 replication. Thus, HIV-1 Tat and Mdm2 operate in a positive feedback manner resulting in the

enhancement of viral replication. Arrows (→) indicate enhancement in activity.
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However, Mdm2 S166A showed significantly reduced LTR promoter activity compared with that of the wild-
type Mdm2. The stabilisation of Mdm2 S166A by Tat was compromised and its interaction with Tat was sig-
nificantly diminished, as illustrated in the Figure 6d,e. We also found that nuclear levels of total Mdm2
increased markedly in the presence of Tat. Thus, Mdm2 might alter the known functions of Tat in the nucleus.
The results obtained with HEK-293T and HeLa cells need to be interpreted with caution since HEK-293T cells
express SV40T antigen and HeLa cells harbour HPV-18 virus, both of which could influence the results.
Hence, we separately investigated the effect of SV40 and HPV-18 on Tat-mediated Mdm2 stabilisation
(Supplementary Figure S2) and we concluded that neither SV40 nor HPV-18 affected our results.
HIV-1 Tat-mediated stabilisation of Mdm2 was found to be dependent on the PI3K/AKT pathway as inhib-

ition of AKT abrogated the effect of HIV-1 Tat on Mdm2. Tat protein was found to increase the levels of
p-AKT and p-Mdm2 in both HEK-293T and Jurkat T cells. In summary, we show that the HIV-1 Tat protein
potently stabilises Mdm2 through the PI3K/AKT pathway. Tat increases S166 phosphorylation of Mdm2,
which leads to its stabilisation and phospho-Mdm2 (S166) in turn promotes HIV-1 gene expression and repli-
cation, thus creating a positive feedback loop between Mdm2 and Tat (Figure 8). Thus, the present study high-
lights the novel role of HIV-1 Tat-mediated post-translational modification in stabilising Mdm2, with
significant implications for HIV-1 gene expression, replication and pathogenesis.
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