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Abstract

Identification of cellular proteins, in addition to already known transcription factors such as NF-

κB, Sp1, C-EBPβ, NFAT, ATF/CREB, and LEF-1, which interact with the HIV-1 LTR, is critical 

in understanding the mechanism of HIV-1 replication in monocytes/macrophages. Our studies 

demonstrate upregulation of pyruvate kinase isoform M2 (PKM2) expression during HIV-1SF162 

infection of monocyte/macrophages and reactivation of HIV-1 in U1 cells, a macrophage model of 

latency. We observed that HIV-1SF162 infection of monocyte/macrophages and reactivation of 

HIV-1 in U1 cells by PMA resulted in increased levels of nuclear PKM2 compared to PMA-

induced U937 cells. Furthermore, there was a significant increase in the nuclear dimeric form of 

PKM2 in the PMA-induced U1 cells in comparison to PMA-induced U937 cells. We focused on 

understanding the potential role of PKM2 in HIV-1 LTR transactivation. Chromatin 

immunoprecipitation (ChIP) analysis in PMA-activated U1 and TZM-bl cells demonstrated the 

interaction of PKM2 with the HIV-1 LTR. Our studies show that overexpression of PKM2 results 

in transactivation of HIV-1 LTR-luciferase reporter in U937, U-87 MG, and TZM-bl cells. Using 

various truncated constructs of the HIV-1 LTR, we mapped the region spanning −120 bp to −80 bp 

to be essential for PKM2-mediated transactivation. This region contains the NF-κB binding site 

and deletion of this site attenuated PKM2-mediated activation of HIV-1 LTR. Immunoprecipitation 

experiments using U1 cell lysates demonstrated a physical interaction between PKM2 and the p65 

subunit of NF-κB. These observations demonstrate for the first time that PKM2 is a transcriptional 

co-activator of HIV-1 LTR.

The cellular tropism of HIV-1 is controlled predominantly by the viral envelope sequences 

that regulate viral entry and the LTR sequences (Reed-Inderbitzin and Maury, 2003). HIV-1 

replication in T-cell and monocyte/macrophage is controlled by the 5′ LTR of HIV-1 (Rohr 

et al., 2003; Sadowski and Mitchell, 2005; Kilareski et al., 2009). The HIV-1 LTR functions 

as a classic promoter that harbors a TATAA box and DNA sequences that facilitate 

regulation by host cellular factors such as TFIID and Sp1, and viral regulatory proteins such 

as Tat, Nef, and Vpr (Ahmad and Venkatesan, 1988; Harrich et al., 1989; Southgate et al., 

1990; Sakaguchi et al., 1991; Wang et al., 1995). Transcription factors, such as NF-κB, Sp1, 
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C-EBPβ, NFAT, ATF/CREB, and LEF-1, are known to positively regulate HIV-1 LTR 

(Pereira et al., 2000). In contrast, many cellular factors, such as YY1, ZNF10, and HSP70 

binding protein 1 (HspBP1), are known to regulate negatively HIV-1 LTR (Margolis et al., 

1994; Nishitsuji et al., 2015; Chaudhary et al., 2016).

Numerous studies have shown that viral infection, such as HIV-1, Herpes simplex virus 

(HSV-1), hepatitis C virus (HCV), human cytomegalovirus (HCMV), and adenovirus 5 

(Ad5), alters host cell metabolism (Mazzon and Mercer, 2014; Goodwin et al., 2015; 

Sanchez and Lagunoff, 2015). The major metabolic pathways that are altered upon infection 

by viruses, such as HIV-1, HCMV, HCV, and HSV-1, are glycolysis, pentose phosphate 

pathway, fatty acid synthesis, and glutaminolysis (Munger et al., 2006, 2008; Chan et al., 

2009; Diamond et al., 2010; Hollenbaugh et al., 2011; Vastag et al., 2011; Barrero et al., 

2013; Hegedus et al., 2014; Sen et al., 2015). This alteration in cellular metabolism is 

advantageous as it increases free nucleotide pool, amino acid, and fatty acid production that 

are required for rapid viral replication and virion assembly. We have shown earlier that 

HIV-1 Vpr modulates macrophage glycolytic, and TCA cycle enzymes (Barrero et al., 

2013), and HIV-1 infection in macrophages modulates hexokinase-1 expression and 

apoptosis (Sen et al., 2015). Therefore, elucidation of virus-mediated alteration in host cell 

metabolism can lead to novel therapeutic approaches for targeted inhibition of specific 

cellular metabolic pathways.

There are four mammalian pyruvate kinase (PK) isoforms PKM1, PKM2, PKR, and PKL 

(Imamura and Tanaka, 1982). PK catalyzes the conversion of phosphoenolpyruvate (PEP) 

and ADP to pyruvate and ATP (Imamura and Tanaka, 1982). PKM2 is allosterically 

regulated by both metabolites and intracellular signaling pathways (Israelsen and Vander 

Heiden, 2015). Studies have shown that PKM2 exists in the cytoplasm predominantly as a 

monomer while the assembly into a tetramer in the cytoplasm is a prerequisite for glycolysis 

(Israelsen and Vander Heiden, 2015). However, PKM2 dimer acts as a protein kinase in the 

nucleus (Spoden et al., 2009; Gao et al., 2012; Wong et al., 2015). Several independent 

studies demonstrated nuclear translocation of PKM2 in response to different stimuli (Yang et 

al., 2011, 2012a,b; Lv et al., 2013; Salani et al., 2015). Also, nuclear PKM2 is known to 

regulate gene expression (Yang et al., 2011, 2012b; Gao et al., 2012; Wang et al., 2014). Our 

earlier studies using SILAC-based proteomic analysis of macrophages transduced with Vpr 

showed significant upregulation of PKM2 in macrophages (Barrero et al., 2013). Studies 

have also shown upregulation of PKM2 expression in HIV-1 infected CD4+ T cells, HIV-1 

infected human astrocytes treated with cocaine, HIV-1 infected macrophages, and T-cells 

expressing HIV-1 Tat (Reynolds et al., 2006; Chan et al., 2007; Rivera-Rivera et al., 2012; 

Rodríguez-Mora et al., 2015). However, its role in activation of HIV-1 LTR remains 

unknown.

Therefore, we reasoned that HIV-1 infection of monocyte/macrophages and activation of 

HIV-1 replication in a macrophage model of HIV-1 latency may induce expression of PKM2 

and modulate HIV-1 promoter activity. Herein, we report that HIV-1 induces the expression 

of PKM2 in monocyte/macrophages, which then translocate to the nucleus. Subsequently, it 

interacts with the p65 subunit of NF-κB to induce HIV-1 promoter activity and thereby 

enhancing viral gene transcription and viral biogenesis.

SEN et al. Page 2

J Cell Physiol. Author manuscript; available in PMC 2018 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Materials and Methods

Cell lines

The U937 human monocytic cell line was obtained from ATCC (Manassas, VA). The U1 

cell line, a subclone of U937, chronically infected with HIV-1 harbors two copies of 

provirus DNA integrated into the genome (Folks et al., 1987) was obtained from Dr. Thomas 

Folks through the NIH AIDS Reagent Program, Division of AIDS, NIAID, USA. The TZM-

bl reporter cell line, a HeLa derivative containing multiple integrated copies of HIV-1 LTR-

Luc (Wei et al., 2002) was obtained from Dr. John C. Kappes, Dr. Xiaoyun Wu, and 

Tranzyme Inc through the NIH AIDS Reagent Program. The U-87 MG cell line was 

obtained from ATCC.

Cell culture

The U937 and U1 cells were grown in RPMI medium supplemented with 10% FBS and 

penicillin-streptomycin. TZM-bl and U-87 MG cells were cultured in DMEM supplemented 

with 10% FBS and penicillin-streptomycin. The cultures were incubated at 37°C in a 5% 

CO2 in air atmosphere.

HIV-1 virus preparation, infection, and quantitation

Buffy coats were provided by the Comprehensive NeuroAIDS center (CNAC) Basic Core I 

under the approval of the Temple University Institutional Review Board (IRB). No informed 

consent was obtained as the study was classified as exempt (category 4) by the IRB. PBMCs 

were isolated from buffy coats using ficoll gradient centrifugation method and cultured in 

RPMI medium containing 10% FBS, 10 μg/ml gentamicin and 5 μg/ml phytohaemagglutinin 

(PHA) from Sigma–Aldrich (St. Louis, MO). HIV-1 SF162 was obtained from Dr. Jay Levy 

through the NIH AIDS Research and Reagent Program. Infectious virus was prepared from 

PBMCs induced by PHA-induced (5 μg/ml, 48 h) and titered by TCID50 assay in TZM-bl 

cells.

Freshly isolated PBMCs were induced with PHA for 48 h (5 μg/ml) then incubated 

overnight with 10,000 TCID50/106 cells (MOI ~0.01) of HIV-1 SF162. Infection levels were 

quantified in the supernatants collected at various time points by p24Gag capture ELISA 

(ABL, Inc., Rockville, MD).

Induction of viral replication in U1 cells

U1 and U937 cells were induced to differentiate into macrophages using phorbol myristate 

acetate (PMA) (Sigma–Aldrich) as described earlier (Sen et al., 2015). PMA induction of 

U1 cells also induces HIV-1 replication and viral biogenesis (Sen et al., 2015). Viral levels in 

culture supernatants were measured by p24Gag capture ELISA (ABL, Inc.).

Preparation of cell lysates and estimation of protein concentration

Cells were lysed in lysis buffer supplemented with protease inhibitor cocktail (Pierce 

Biotechnology, Rockland, IL) as described earlier (Barrero et al., 2013; Sen et al., 2015). 

Protein concentration in cell lysates and nuclear and cytoplasmic fractions were determined 

using BCA protein assay reagent (Pierce Biotechnology).
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Preparation of nuclear and cytoplasmic extracts

The nuclear and cytoplasmic extracts were prepared from human monocyte/macrophages 

(mock and HIV-1 infected), U937, and U1 cells using NE-PER Nuclear and Cytoplasmic 

extraction kit (Pierce Biotechnology) as per the manufacturer’s protocol.

Western blot analysis

Western blot analyses were performed as previously described (Barrero et al., 2013; Sen et 

al., 2015). In brief, 50 μg of protein were resolved by SDS–PAGE, transferred to PVDF 

membranes by electroblotting. The membranes were blocked with 5% powdered milk in 

Tris-buffer saline solution (pH 7.6) containing 0.05% Tween-20 (TBS/T). Membranes were 

incubated with primary antibodies (PKM2, α-tubulin, Grb2, 1:1,000 dilution) overnight at 

4°C, washed, and then incubated with appropriate secondary antibodies conjugated to Licor 

IR dyes for 1 h. Images were captured using Odyssey CLx (LI-COR Biosciences, Lincoln, 

NE) and analyzed using Image Studio Software (LI-COR Biosciences).

Native SDS–PAGE

Native SDS–PAGE was done using 4–20% pre-cast acrylamide gradient gel (Bio-Rad, 

Carlsbad, CA) and gel running buffer (0.25 M Tris-base and 1.92 M glycine, 0.05% SDS). 

Gels were run at constant current (20 mA) at 4°C for 120 min, after which proteins were 

transferred to PVDF by electroblotting and probed for PKM2 as described in the earlier 

section.

HIV-1 LTR reporter constructs and cDNA expression vectors

The HIV-1 LTR-LUC plasmids used were described earlier (Chipitsyna et al., 2006). The 

expression plasmid pCMV-p65-V5-tag was described previously and kindly provided by Dr. 

Carl Sasaki, National Institute on Aging, National Institutes of Health, Baltimore, MD 

(Sasaki et al., 2005). The expression plasmid for PKM2 was obtained from Open 

Biosystems (GE Healthcare Bio-Sciences, Pittsburgh, PA). Endotoxin-free plasmid DNAs 

were prepared using PureYield Plasmid Maxiprep System (Promega, Madison, WI).

Transfection and luciferase assay

U937 cells in suspension were transfected with 0.3 μg of reporter plasmid HIV LTR-LUC 

full-length construct and cotransfected with 0.6 μg of PKM2 cDNA using Fugene HD 

(Promega). U87MG cells were transfected with 0.25 μg of reporter plasmid HIV LTR-LUC/

full-length or deletion constructs and cotransfected with 0.25 μg of PKM2 cDNA or p65 

cDNA using Fugene 6 (Promega). The amount of DNA used for each transfection was 

normalized with pcDNA3 vector plasmid. For assessing effects of PMA, U87MG cells were 

transfected with 0.25 μg of reporter plasmid HIV LTR-LUC/−120/+66 and cotransfected 

with 0.25 μg of PKM2 cDNA or p65 cDNA using Fugene 6 (Promega). The amount of DNA 

used for each transfection was normalized with pcDNA3 vector plasmid. Twenty-four hours 

post-transfection, media was changed and supplemented with complete media or media 

containing PMA (100 μg/ml). The TZM-bl cells were transfected 0.25 μg of pcDNA3 empty 

vector or 0.25 μg of PKM2 cDNA expression vector using Fugene HD (Promega). Cell 
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extracts were prepared 48 h after transfection, and luciferase assay (Promega) was 

performed as described earlier (Maranto et al., 2011).

Chromatin immunoprecipitation (ChIP) assay

TZM-bl (5 × 106) were treated with 10 nM PMA for 4 h at 37°C. U1 cells (5 × 106) were 

treated with 10 nM PMA for 24 h at 37°C. Cells were then cross-linked with formaldehyde, 

harvested, and ChIP assay was done as recommended by the manufacturer (Upstate 

Biotechnology, Inc., Lake Placid, New York). The sheared chromatin was then 

immunoprecipitated with PKM2 and p65 antibody (positive control) or normal IgG as 

isotype control. Antibody-bound chromatin complexes were reverse cross-linked with 0.3 M 

NaCl at 65°C, and treated with RNAse A, and proteinase K. DNA was extracted using 

phenol: chloroform extraction and subject to PCR amplification to check for the occupancy 

of PKM2 and p65 on the HIV-1 LTR promoter. The following sets of primers were used for 

PCR amplification, forward 5′-TAGAGTGGA GGTTTGACAGCCG-3′ (−201 to −180) and 

reverse 5′-GTACAGGCAAAAAGCAGCTGCT-3′ (−24 to −3) (for TZM-bl chromatin); 

and forward: 5′-TTAGCAGAACTACA CACCAGGGCC-3′ (−374 to −351) and reverse 5′-

CCGAGAG CTCCCAGGCTCAGATCT-3′ (+19 to +44) (for U1 chromatin).

Co-immunoprecipitation assay

U1 cells (5 ×107) were differentiated with 10 nM PMA overnight, washed with 1×PBS and 

replenished with fresh media. After 72 h, cells were lysed in ice-cold RIPA buffer containing 

50 mM Tris-HCl pH7.4, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.5% sodium 

deoxycholate, and 0.1% SDS, in the presence of HALT-Phosphatase-protease inhibitor 

(Pierce, Rockland, IL).

The cell lysates were centrifuged at 12,000 rpm at 4°C for 15 min. The protein concentration 

in the supernatant was estimated using BCA protein assay (Pierce). One milligram of protein 

aliquot of the lysate was pre-cleared by adding 1 μg of rabbit IgG, together with 20 μl of 

resuspended volume of Protein A/G PLUS-Agarose (Santa Cruz Biotechnology, Santa Cruz, 

CA) by incubating at 4°C for 30 min, followed by centrifugation at 12,000 rpm for 10 min 

and the supernatant was collected. Antibody against NF-κB p65 (1:100) was added to the 

supernatant and the mixture was rotated at 4°C overnight. As a negative control, the 

supernatants were incubated with IgG. On the following day, Protein A/G PLUS-Agarose 

beads (20 μl) were added to each sample and incubated for 2 h at 4°C. The beads were then 

spun down, washed three times with PBS, boiled in 2 × SDS sample buffer, and separated by 

SDS–PAGE. The separated proteins were transferred to PVDF membrane by electroblotting. 

Immunoblot analysis was done using p65 and PKM2 antibodies as described in the section 

on Western blot.

Statistical analysis

The statistical analysis was performed using Student’s t-test. The results are plotted as mean 

±SD of two or three experiments. A P-value <0.05 was considered statistically significant.
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Results

HIV-1 induces PKM2 expression in monocytes/macrophages

Our earlier studies demonstrated that HIV-1 Vpr induces PKM2 expression in macrophages 

(Barrero et al., 2013). Therefore, we explored whether HIV-1 infection of monocytes/

macrophages and reactivation of HIV-1 expression in chronically infected U1 cells 

modulates expression of PKM2. We assessed the expression levels of PKM2 by Western blot 

of cell lysates prepared from mock-infected and HIV-1SF162 infected monocyte/

macrophages after infection for 6 days wherein the p24 levels in the media were 71 ± 10.3 

ng/ml. A significant increase (~2.6-fold) in the expression of PKM2 was seen in HIV-1 

infected cells in comparison to the mock-infected cells (Fig. 1A and B). Since estimation of 

total levels of PKM2 in HIV-1 infected monocytes and macrophages limit our ability to 

discriminate whether induction occurred exclusively in productively infected cells, in 

uninfected bystander cells or both populations, we used a cell line model to mimic human 

HIV-1 infected macrophages. U1 cells are U937 cells chronically infected with HIV-1 (Folks 

et al., 1987) and used widely to study the effects of HIV-1 in macrophages (Fernandez 

Larrosa et al., 2008; Olivares et al., 2009). U1 cells were treated with PMA for 

differentiation into macrophages and induction of HIV-1 replication. Cell supernatants were 

assessed for p24 levels by ELISA 72 h after induction. The p24 level in PMA-induced U1 

cells was 8929 ± 652 ng/ml. Western blot of cell lysates showed a ~2.0-fold higher level of 

PKM2 in comparison to the control cells (Fig. 1C and D).

HIV-1 replication modulates nuclear translocation of PKM2

Since earlier studies demonstrated nuclear translocation of PKM2 in response to different 

agents (Yang et al., 2011, 2012; Lv et al., 2013; Salani et al., 2015), we assessed whether 

induction of HIV-1 replication by PMA modulates the levels of PKM2 in the nucleus. 

Western analysis of nuclear fractions prepared from monocytes/macrophages infected with 

HIV-1SF162 showed a threefold increase (P < 0.05) in the level of nuclear PKM2 in 

comparison to nuclear extracts from mock-infected cells (Fig. 2A). A similar analysis of 

nuclear extracts from U1 cells induced with PMA showed a twofold increase (P <0.05) in 

nuclear PKM2 (Fig. 2B) in comparison to U937 cell nuclear extract wherein a 1.5-fold 

increase was observed (Fig. 2B).

HIV-1 modulates PKM2 oligomeric state

Having observed approximately twofold increase in nuclear PKM2 in U1 cells, we 

questioned whether there is an alteration in the oligomeric status of PKM2. As mentioned 

earlier, the enzymatically active tetrameric form of PKM2 located in the cytoplasm converts 

PEP to pyruvate (Israelsen and Vander Heiden, 2015). The dimeric form of PKM2 in the 

nucleus has been suggested to act as a protein kinase and regulate gene transcription 

(Spoden et al., 2009; Wong et al., 2015). Native gel electrophoresis of cytoplasmic fractions 

(Fig. 3A, lanes 1–3 and 5–7) and nuclear fraction (Fig. 3A, lanes 4 and 8) isolated from 

PMA induced U937 and U1 cells demonstrated an increase in the nuclear dimeric form in 

U1 cells (Fig. 3A, lane 8) in comparison to the nuclear extract from U937 cells (Fig. 3A, 

lane 4). However, in the cytoplasmic fractions, the tetrameric form (*) was predominant (Fig. 
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3A, lanes 2, 3 and 6, 7). The purity of the nuclear and cytoplasmic fractions used in these 

studies is shown using Lamin A/C and α-tubulin as markers, respectively (Fig. 3B).

PKM2 interacts with HIV-1 LTR

To demonstrate in vivo occupancy of PKM2 at the chromatin level, we used TZM-bl and U1 

cells that harbor integrated copies of HIV-1 LTR in their genome (Folks et al., 1987; Wei et 

al., 2002). Cells were induced with PMA to ensure increased nuclear PKM2 and NF-κB p65 

expression. Cross-linked chromatin from these cells was immunoprecipitated with PKM2 

and p65 (positive control) antibodies. PCR amplification of immunoprecipitated chromatin 

show significant enrichment of amplified products using PKM2 and p65 antibody over IgG 

with U1 and TZM-bl chromatin, respectively (Fig. 4A and B). The results thus demonstrate 

that PKM2 interacts with the HIV-1 LTR.

Ectopic expression of PKM2 induces the HIV-1 LTR promoter activity

The observation that HIV-1 infection of monocyte/macrophages and activation of HIV-1 

replication in U1 cells up regulates PKM2 expression and also induces PKM2 nuclear 

translocation prompted us to assess its effect on HIV-1 LTR transactivation. HIV-1 

LTR/LUC reporter gene construct harboring a full-length promoter (−456/+66 bp) (Fig. 5A) 

and PKM2 expression vector were cotransfected into U937 and U-87 MG cells (Fig. 5B and 

C). TZM-bl cells were transfected with pcDNA3 empty vector or with PKM2 expression 

vector since this cell line has integrated copies of HIV-1 LTR (Fig. 5D). Analysis of 

luciferase activity in cell lysates demonstrates that PKM2 activates HIV-1 LTR in all cell 

models. The results show that in U937, U-87 MG, and TZM-bl cells overexpression of 

PKM2 induces HIV-LTR reporter gene activity by ~2.9-fold, ~2-fold, and ~2.6-fold 

respectively (Fig. 5B–D). These observations demonstrate that PKM2 can transactivate 

HIV-1 LTR.

The NF-κB binding site is essential for PKM2-mediated activation of HIV-1 LTR

To map the region that is involved in the induction of HIV-1 LTR by PKM2, we used U-87 

MG cells as a model. U-87 MG cells were co-transfected with −120/+66 and −80/+66 

luciferase reporter constructs and PKM2 expression plasmid. The −120/+66 construct is a 

truncated LTR that contains both NF-κB site and SP1 sites while the −80/+66 construct 

lacks the NF-κB site but retains the SP1 sites (Fig. 6A). The promoter activities in cell 

lysates were compared with the basal level of activity of each promoter construct co-

transfected with empty pcDNA3 vector. The results show that PKM2 overexpression induces 

the −120/+66 promoter activity by ~6.8-fold (Fig. 6B) but does not induce the −80/+66 

promoter activity (Fig. 5C). As a positive control, we also co-transfected the −120/+66 and 

−80/+66 luciferase reporter constructs with a p65 expression plasmid. The result shows that 

overexpression of p65 induces the −120/+66 construct (Fig. 6B) but fails to induce the 

−80/+66 construct (Fig. 6C) that is devoid of NF-κB binding sites. The results of these 

experiments suggest that the region spanning −120/+66 contains the putative binding site for 

PKM2-mediated transactivation. The overexpression levels of PKM2 and p65 are shown by 

Western blots in Figure 6D and E, respectively. These observations suggest that the NF-κB 

binding site is essential for PKM2-mediated activation of the HIV-1 LTR.
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PKM2 and NF-κB activates HIV-1 LTR synergistically

To elucidate the mechanistic details of the stimulatory effect of PKM2 on LTR-mediated 

reporter expression, we used bioinformatic analysis to predict any DNA binding motifs in 

PKM2 using iDNA-Prot (Lin et al., 2011) and DNAbinder (Kumar et al., 2007). The 

analysis revealed that PKM2 has no DNA-binding motifs and hence not a DNA-binding 

protein. Therefore, we hypothesized that PKM2 might have an indirect influence on the 

HIV-1 LTR promoter activation. PKM2 is known to interact with other proteins, like β-

catenin, and some transcriptions factors, including Oct-4, HIF-1α, and NF-κB p65 subunit, 

to exert its function (Luo et al., 2011; Yang et al., 2011; Morfouace et al., 2014; Xu et al., 

2015). We considered the possibility that PKM2 might interact with the p65 subunit of NF-

κB since this transcription factor plays a critical role in HIV-1 LTR activation. Thus, we 

assessed the effects of PKM2 and p65 overexpression on HIV-1 LTR expression in U-87 

MG cells. The results showed that both p65 and PKM2 independently activated HIV-1 LTR 

by 2.9- and 1.9-fold, respectively. However, co-expression of p65 and PKM2 induced the 

HIV-1 LTR by 6.8-fold (Fig. 7A). Since PMA is known to stimulate NF-κB p65 subunit and 

PKM2 dimerization (Amini et al., 2002; Kaminski et al., 2014; Chaman et al., 2015), we 

assessed whether PMA could modulate the synergistic effects observed with PKM2 and p65 

overexpression. The results showed that PMA alone induced HIV-1 LTR activity by 16-fold 

(Fig. 7B), while PKM2 and p65 overexpression individually in combination with PMA 

stimulated LTR activity by 5.5-fold and 15-fold, respectively. Surprisingly, overexpression 

of p65 and PKM2 together in conjunction of PMA stimulated HIV-1 LTR activity by 6.6-

fold, similar to that observed in the absence of PMA (Fig. 7A and B). These observations 

suggest that PKM2 synergistically activates p65-mediated HIV-1 LTR activation.

PKM2 interacts with NF-κB p65 subunit

To further examine whether PKM2 directly interacts with p65, we performed co-

immunoprecipitation (Co-IP) using cell extracts prepared from PMA induced U1 cells. Cell 

lysates were immunoprecipitated with anti-p65 antibodies or isotype-matched rabbit IgG 

followed by Western blot for p65 and PKM2 (Fig. 7C). The results show the presence of co-

immunoprecipitating PKM2 (Fig. 7C, lane 6) in cell lysate immunoprecipitated with p65 

antibodies but not in cell lysate immunoprecipitated with isotype-matched rabbit IgG (Fig. 

7C, lane 5).

Collectively, these results suggest that PKM2 and p65 interaction is essential for PKM2-p65 

complex binding to HIV-1 LTR and upregulation of HIV-1 LTR-mediated reporter gene 

expression.

Discussion

The expression of HIV-1 gene products essential for the biogenesis of HIV-1 is regulated by 

the interaction of numerous DNA binding proteins with cis-acting DNA sequences present 

in the LTR (Pereira et al., 2000). Numerous studies have shown that HIV-1 manipulates the 

host cellular machinery for viral biogenesis (Brass et al., 2008; König et al., 2008; Zhou et 

al., 2008; Yeung et al., 2009). In addition, HIV-1 also induces significant alterations in the 

metabolism of infected cells (Hollenbaugh et al., 2011; Hegedus et al., 2014). PKM2 levels 
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are upregulated by HIV-1 infection in different cell types such as T-cells, macrophage, and 

astrocytes (Reynolds et al., 2006; Chan et al., 2007; Rivera-Rivera et al., 2012; Rodríguez-

Mora et al., 2015). However, the functional significance of PKM2 upregulation in HIV-1 

pathogenesis is unknown.

In this study, we report that the expression of PKM2 protein is increased in monocyte/

macrophages infected with HIV-1 and in latently infected U1 cells induced with PMA. The 

mechanism of induction of PKM2 by HIV-1 infection is unknown. However, we have 

demonstrated earlier that HIV-1 Vpr induces the expression of PKM2 in an HIF-1α-

dependent manner in macrophages (Barrero et al., 2013). We also observed that viral 

replication enhances nuclear translocation of PKM2 and increases the amount of dimeric 

form of PKM2 in the nuclear fraction in PMA stimulated U1 cells. The mechanisms 

involved in the nuclear translocation of PKM2 are numerous and include phosphorylation of 

PKM2 at residue S37 by ERK2 (Yang et al., 2012), hydroxylation of residues P403 and 

P408 by PHD3 (Luo et al., 2011), and acetylation of residue K433 by p300 acetyltransferase 

(Lv et al., 2013). However, the mechanism(s) involved in HIV-1-mediated nuclear 

translocation and dimerization of PKM2 needs further investigation.

Elucidation of the non-metabolic function of PKM2 in the nucleus has revealed that it 

regulates gene expression by acting as a protein kinase (Gao et al., 2012; Wang et al., 2014). 

PKM2 is known to phosphorylate Stat3 at Y705 and histone H3 at T11 (Gao et al., 2012; 

Yang et al., 2012b). Furthermore, PKM2-mediated phosphorylation of H3-T11 induces Myc 

gene transcription following dissociation of HDAC3 (Yang et al., 2012b). In the context of 

HIV-1 latency, it is known that activation of NF-κB (p65-p50) is negatively regulated by 

HDAC3 through deacetylation. Studies have shown that HDAC2 and HDAC3 inhibition 

leads to the activation of HIV-1 in HeLa P4/R5 cell line model of latency (Keedy et al., 

2009). It remains to be investigated in future studies whether nuclear translocation of PKM2 

following stimulation of U1 cells with PMA results in phosphorylation of histone H3 and 

this, in turn, results in HIV-1 LTR induction following dissociation of HDAC3.

In this study, the functional significance of PKM2 in HIV-1 replication is shown by the 

interaction of PKM2 with HIV-1 LTR at the chromatin level and by upregulation of HIV-1 

LTR by PKM2 overexpression. The early phase of HIV-1 transcription that is Tat-

independent is initiated by the interaction of host transcription factors, such as NF-κB, SP1, 

and RNAP II, with cis-regulatory DNA sequences in the HIV-1 LTR (Kilareski et al., 2009). 

Among them, NF-κB proteins, such as p65 and p50, play a fundamental role in the 

transactivation of HIV-1 LTR (Nabel and Baltimore, 1987; Roulston et al., 1995). Studies 

have shown that NF-κB-mediated regulation of HIV-1 LTR is also modulated by interaction 

of NF-κB subunits with other cellular proteins. In this context, we have demonstrated that 

Rad51 hijacks the NF-κB pathway to enter the nucleus and in cooperation with p65 

stimulates transcription of HIV-1 promoter by interacting with the NF-κB sequence 

(Kaminski et al., 2014). Likewise, the Werner syndrome helicase protein has been shown to 

interact physically with p50 and RelA to induce HIV-1 LTR in an NF-κB-dependent manner 

(Mizutani et al., 2015), and interferon-regulatory factor 1 (IRF-1) is known to form a 

complex with NF-κB and bind to κB sites on the LTR (Sgarbanti et al., 2008). The 

observation that PKM2 elicits it action through the NFκB enhancer region located in the 
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regions −81 to −91 and −95 to −104 relative to the transcriptional start site prompted us to 

further investigate the mechanism of PKM2-mediated transactivation of HIV-1 LTR. In this 

regard, we have demonstrated that PKM2 had a synergistic effect with p65 on HIV-1 LTR 

induction and PKM2 physically interacts with the p65 subunit of NF-κB. A recent study has 

shown that PKM2 binds to the rel homology domain (amino acids 1–304) of p65, to enhance 

p65 interaction in EGR1 promoter to stimulate EGR1 expression (Xu et al., 2015).

Based on these observations, we postulate that following HIV-1 infection of monocyte/

macrophages and virus entry and core release (step 1), most likely virion-associated Vpr 

(step 2) in an HIF-1α-dependent manner induces PKM2 (Barrero et al., 2013). Following 

reverse transcription, proviral DNA (step 3) is imported into the nucleus and integrated into 

the host genome (step 4). Viral infection or reactivation of integrated virus (latent infection) 

results in the induction and nuclear translocation of PKM2 and p65 independently from the 

cytoplasm or by forming a functional complex (p65/PKM2) in the cytoplasm and subsequent 

nuclear translocation. p65/PKM2 interacts with the kB sites on HIV-1 LTR and 

synergistically activates transcription (step 5). Fully spliced mRNAs and partially spliced 

and unspliced RNAs are then transported to the cytoplasm and translated (step 6). Unspliced 

RNA is transported to the cell membrane, where Env, Gag, and Gag-Pol polyproteins 

assemble and incorporates into new virus particles (step 7). The new virus particle is then 

released after maturation (Fig. 8).

Our observations suggest an important role of nuclear translocation of PKM2 and its 

interaction with HIV-LTR at the chromatin level to activate HIV-1 LTR activity and 

subsequently enhance viral biogenesis. Since the dimeric form of nuclear PKM2 is known to 

moonlight as a transcriptional regulator, targeting PKM2 dimerization could have potential 

translational relevance in inhibiting HIV-1 replication. In this regard, small-molecule PKM2 

activators, such as TEPP-46, have therapeutic potential since it enhances association of 

PKM2 subunits into stable tetramers (Anastasiou et al., 2012) to promote glycolysis and not 

PKM2 dimer formation. Since we have shown that there is an increase in the dimeric form 

of PKM2 in the nucleus of HIV-1 infected cells, TEPP-46 or other small molecule activators 

of PKM2 can, therefore, attenuate HIV-1 biogenesis in macrophages.

In conclusion, we demonstrate for the first time that PKM2 is a non-metabolic regulator of 

HIV-1 transcription.
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Fig. 1. 
HIV-1 induces PKM2 expression in monocytes/macrophages and in PMA-induced U1 cells. 

(A) Western blot of PBMC lysates. Lane 1: mock infected (mock); lane 2: infected with 

HIV-1 SF162 (HIV-1) showing PKM2 and α-tubulin protein expression from whole cell 

lysates after infection for 6 days. (B) Densitometric analysis of PKM2 expression levels 

normalized to α-tubulin levels plotted as fold change in PKM2 levels. *P <0.05. (C) Western 

blot of undifferentiated U1 cell lysates. Lane 1: (Con) and lane 2: PMA-treated U1 cells 

(PMA) showing PKM2 and Grb2 protein expression in cell lysates after 72 h of 

differentiation. (D) Densitometric analysis of PKM2 expression levels normalized to Grb2 

levels, plotted as fold change in PKM2 levels. *P <0.05.
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Fig. 2. 
HIV-1 induces nuclear translocation of PKM2 in monocytes/macrophages and PMA induced 

U937 and U1 cells. (A) Western blot of PBMC lysates. Lane 1: mock infected (mock). Lane 

2: infected with HIV-1 SF162 (HIV-1) showing levels of PKM2 and lamin A/C protein in 

nuclear fractions obtained from cells after infection for 6 days. (B) Western blot of 

cytoplasmic fraction and nuclear fractions. Lane 1: cytoplasmic fraction (Cyto) and lane 2: 

nuclear fraction (Nuc) of U937 cells differentiated with PMA. Lane 3: cytoplasmic fraction 

(Cyto) and lane 4: nuclear fraction (Nuc) of U1 cells differentiated with PMA. Western blots 

showing levels of PKM2, tubulin in cytoplasmic fraction and lamin A/C protein in nuclear 

fractions.
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Fig. 3. 
Oligomerization status of PKM2 in cytoplasmic and nuclear fractions of PMA differentiated 

U937 and U1 cells. (A) Lane 1: 1 μg of cytoplasmic extract from U937 cells; lane 2: 2.5 μg 

of cytoplasmic extract from U937 cells; lane 3: 5 μg of cytoplasmic extract from U937 cells; 

lane 4: 40 μg of nuclear extract from U937 cells; Lane 5: 1 μg of cytoplasmic extract from 

U1 cells; lane 6: 2.5 μg of cytoplasmic extract from U1 cells; lane 7: 5 μg of cytoplasmic 

extract from U1 cells; lane 8: 40 μg of nuclear extract from U1 cells. *Tetrameric form of 

PKM2. Lane M: Molecular weight marker. (B) Western blot analysis of the cytoplasmic 

(lane 1) and nuclear fractions (lane 2) isolated from PMA induced U937, and cytoplasmic 

(lane 3) and nuclear fractions (lane 4) isolated from PMA induced U1 cells used in panel A 

to demonstrate the purity of fractionation. Tubulin was used as cytoplasmic marker and 

lamin A/C as a nuclear marker.
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Fig. 4. 
(A) The interaction of PKM2 and p65 in vivo with HIV-1 LTR in U1 cells induced with 

PMA was analyzed using ChIP analysis. DNA isolated from chromatin immunoprecipitated 

with Lane 1: normal rabbit IgG (negative control, IgG); Lane 2: p65 antibodies (p65), and 

lane 3: PKM2 antibodies (PKM2) was amplified by PCR using primers described in the 

materials and methods. Lane 4: Total chromatin used as the input (input) and amplified by 

PCR. Lane: M: DNA size ladder (B). The interaction of PKM2 and p65 in vivo with HIV-1 

LTR in TZM-bl cells induced with PMA was analyzed using ChIP analysis. DNA isolated 

from chromatin immunoprecipitated with Lane 1: normal rabbit IgG (negative control, IgG); 

Lane 2: p65 antibodies (p65) and lane 3: PKM2 antibodies (PKM2) was amplified by PCR 

using primers described in the materials and methods. Lane 4: Total chromatin used as the 

input (lane: input) and amplified by PCR. Lane: M: DNA size ladder.
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Fig. 5. 
(A) Schematic representation of the HIV-1 LTR/LUC construct. The −456/+66 construct 

harbors the C/EBP site, two NF-κB, three SP1 sites, and the TATAA box. (B) Fold induction 

of HIV-1 LTR (−456/+66) promoter activity in U937 cells transiently cotransfected with 0.3 

μg of HIV-1 LTR/Luc reporter vector and 0.6 μg of an empty pcDNA3 expression vector 

(LTR alone), and 0.3 μg of HIV-1 LTR/Luc reporter vector and 0.6 μg expression vector for 

PKM2 (LTR + PKM2). RLU/s was normalized to protein concentration and expressed as 

fold induction wherein the activity in HIV-1 LTR/Luc alone transfected cells is set at 1. 

Statistical significance (*P <0.007 between LTR alone and LTR + PKM2) was analyzed by 

Student’s t-test. (B) Fold induction of HIV-1 LTR (−456/+66) promoter activity in U-87 MG 

cells transiently cotransfected with 0.25 μg of HIV-1 LTR/Luc reporter vector and 0.25 μg of 

an empty expression vector (LTR alone), and 0.25 μg of HIV-1 LTR/LUC and 0.25 μg 

expression vector for PKM2 (LTR + PKM2). RLU/s was normalized to protein 

concentration and expressed as fold induction wherein the activity in HIV-1 LTR/Luc alone 

transfected cells is set at 1. Statistical significance (*P <0.001 between LTR alone and LTR + 

PKM2) was analyzed by Student’s t-test. (C) Transient transfection of TZM-bl cells 

harboring integrated copies of HIV-1 LTR/LUC. pcDNA represents cells transfected with 

0.25 μg of pcDNA3 empty vector and PKM2 represents cells transfected with 0.25 μg of 

PKM2 expression vector. RLU/s was normalized to protein concentration and expressed as 

fold induction wherein the activity in pcDNA3 alone-transfected cells is set at 1. Statistical 

significance (*P <0.002 between pcDNA3 and PKM2) was analyzed by Student’s t-test.
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Fig. 6. 
(A) Schematic representation of the HIV-1 LTR/LUC deletion constructs. The −120/+66 

construct harbors two NF-κB, three SP1 sites, and TATAA box. The −80/+66 construct 

harbors only three SP1 sites and TATAA box. (B) Fold induction of HIV-1 LTR (P−120/+66) 

promoter activity in U-87 MG cells transiently cotransfected with 0.25 μg HIV-1 LTR/Luc 

reporter vector and 0.25 μg of an empty expression vector (LTR alone), or an expression 

vector for p65 (LTR + p65) or PKM2 (LTR + PKM2). RLU/s was normalized to protein 

concentration and expressed as fold induction wherein the activity in HIV-1 LTR/Luc alone 

transfected cells is set at 1. Statistical significance (*P <0.002 between LTR alone and LTR + 

p65 transfected cells; **P <0.003 between LTR alone and LTR + PKM2 transfected cells) 

was analyzed by Student’s t-test. (C) Fold induction of HIV-1 LTR (−88/+66) promoter 

activity in U-87 MG cells transiently cotransfected with 0.25 μg HIV-1 LTR/Luc reporter 

vector and 0.25 μg of an empty expression vector (LTR alone) or 0.25 μg of an expression 

vector for PKM2 (LTR + PKM2) or p65 (LTR + p65). Cells were harvested 48 h post-

transfection to measure luciferase activity. RLU/s was normalized to protein concentration 

and expressed as fold induction wherein the activity in HIV-1 LTR/Luc alone transfected 

cells is set at 1. (D) Representative Western blot analysis of expression levels of PKM2 in 

U-87 MG cells. Lane 1: pcDNA 3 empty vector; lane 2: PKM2 cDNA vector. (E) 

Representative Western blot analysis of expression levels of p65 in U-87 MG cells. Lane 1: 

pcDNA empty vector; lane 2: p65 cDNA vector. p65 denotes the endogenous p65 protein 

and p65-V5 represents the V5-tagged p65 protein.
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Fig. 7. 
(A) Synergistic activation of HIV-1 LTR by p65 and PKM2. Fold induction of HIV-1 LTR 

(−120/+66) promoter activity in U-87 MG cells transiently cotransfected with 0.25 μg of 

HIV-1 LTR/Luc reporter vector and 0.5 μg of an empty expression vector (LTR alone), or 

0.25 μg of an expression vector for p65 (LTR + p65), or 0.25 μg of PKM2 (LTR + p65), and 

0.25 μg of p65 and PKM2 expression vectors (LTR + p65 + PKM2). Cells were harvested 48 

h post transfection to measure luciferase activity. RLU/s was normalized to protein 

concentration and expressed as fold induction wherein the activity in HIV-1 LTR/Luc alone 

transfected cells is set at 1. Statistical significance (*P <0.034 between LTR alone and LTR + 

PKM2 transfected cells; **P <0.016 between LTR alone and LTR+ p65; ***P <0.0003 

between LTR alone and PKM2 + p65 transfected cells) was analyzed by Student’s t-test. (B) 

Fold induction of HIV-1 LTR (−120/+66) promoter activity in U-87 MG cells transiently 

cotransfected with 0.25 μg of HIV-1 LTR/Luc reporter vector and 0.5 μg of an empty 

expression vector (LTR alone), or 0.25 μg of an expression vector for p65 (LTR + p65), or 

0.25 μg of PKM2 (LTR + p65), and 0.25 μg of p65 and PKM2 expression vectors (LTR + 

p65 + PKM2) and then treated with PMA for 24 h post transfection. Cells were harvested 48 

h post-transfection to measure luciferase activity. RLU/s was normalized to protein 

concentration and expressed as fold induction wherein the activity in HIV-1 LTR/Luc alone 

transfected cells is set at 1. Statistical significance (*P <0.0004 between LTR alone and LTR 

alone transfected cells treated with PMA; **P <0.008 between LTR alone and LTR + PKM2 

transfected cells treated with PMA; ***P <0.00005 between LTR alone and LTR + p65 

transfected cells treated with PMA; ****P <0.003 between LTR alone and LTR+ p65 and 

PKM2 transfected cells treated with PMA) was analyzed by Student’s t-test. (C) PKM2 

interacts with NF-κB p65 in U1 cells. Left panel: IP-Western analysis of whole cell lysates 

from PMA induced U1 cells immunoprecipitated with p65 antibodies or isotype specific 

antibodies and immunoblotted with p65 antibodies. Lane 1: whole cell lysate, lane 2: cell 

lysates IP with isotype specific antibody, and lane 3: cell lysates IP with p65 antibodies. 

Right panel: IP-Western analysis of whole cell lysates from PMA induced U1 cells 

immunoprecipitated with p65 antibodies or isotype specific antibodies and immunoblotted 
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with PKM2 antibodies. Lane 1: whole cell lysate, lane 2: cell lysates IP with isotype specific 

antibody, and lane 3: cell lysates IP with p65 antibodies. IgG(H): heavy chain, IgG(L): light 

chain.
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Fig. 8. 
Schematic representation of the non-metabolic role of PKM2 in HIV-1-infected 

macrophages. HIV-1 infection of monocyte/macrophages and virus entry and core release 

(step 1). Virion-associated Vpr (step 2) in an HIF-1α-dependent manner induces PKM2 

(Barrero et al., 2013). Following reverse transcription, proviral DNA (step 3) is imported 

into the nucleus and integrated into the host genome (step 4). Viral infection or reactivation 

of integrated virus (latent infection) results in the induction and nuclear translocation of 

PKM2 and p65 independently from the cytoplasm or by forming a functional complex (p65/

PKM2) in the cytoplasm and subsequent nuclear translocation. p65/PKM2 interacts with the 

kB sites on HIV-1 LTR and synergistically activates transcription (step 5). Fully spliced 

mRNAs and partially spliced and unspliced RNAs are then transported to the cytoplasm and 

translated (step 6). Unspliced RNA is transported to the cell membrane, where Env, Gag, and 

Gag-Pol polyproteins assemble and incorporates into new virus particles (step 7). The new 

virus particle is then released after maturation.
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