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Abstract

Latent infection is a major barrier for cure of HIV-1/AIDS. HIV-1 is capable of 
establishing latency and the components of the apoptotic pathways may affect 
viral latency. However, it is not well-known how anti/pro-apoptotic components 
modulate HIV-1 replication and latency. Using the susceptible A3.01 cell line, we 
investigated some long-term effects of caspase-3 activities on HIV-1 DNA levels 
using a sensitive real-time PCR assay. Here we report that viral DNA levels 
increased upon treatment with caspase-3 inhibitor, Z-DEVD and decreased 
with caspase-3 activator, PAC1. We also simultaneously measured viral RNA 
from supernatants of these cell cultures and found that the degree of HIV-1 
latency is inversely proportional to levels of viral replication. Furthermore, we 
demonstrated that inhibition of caspase-3 activities promoted viral latency and 
inhibited viral replication in several ways, which may include: 1) inhibition of viral 
RNA un coating with increased Trim5α expression; 2) deleterious mutations in 
the viral genome with increased APOBEC3G; 3) transcriptional interference with 
decreased levels of the host factors, NF-ĸB p65, Ap-1, Sp-1, NFAT, STAT1/3/5, 
IRF3/7, inactivated YB-1 and MAPK, Erk1/2 and p38, and inhibition of  full-length 
of HIV-1 mRNA and P-TEF b signaling; 4) epigenetic silencing with decreased 
PCAF; 5) blocking trafficking of the components of viral particle and budding 
with decreased Tag101 and Alix. These data suggest that HIV-1 infection can 
employ or even manipulate the cellular apoptotic status to favor viral survival 
and escape monitoring and destruction by the host immune system.
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Introduction 
Human Immunodeficiency Virus type-1 (HIV-1) infection 

destroys CD4 T lymphocytes (CD4 cells) of the immune system, 
leaving the body vulnerable to life-threatening infections and 
cancers resulting in Acquired Immunodeficiency Syndrome (AIDS). 
Since the beginning of the epidemic, 76 million people have been 
infected with the HIV virus and more than 33 million people have 
died of HIV/AIDS [1]. Antiretroviral Therapy (ART) can keep the 
virus suppressed and live long and healthy lives. However, the virus 
continues to persist in long-lived resting CD4+ T cells, macrophages 
and astrocytes which form a viral reservoir in infected individuals 
and impede complete eradication of the virus [2]. Clinical data 
indicate that cessation of ART causes a rapid rebound of viremia in 
most patients and is accompanied by the emergence of HIV drug 
resistance mutants, which have been on the increase in recent years 
[2].Therefore, to maintain control of HIV infection patients may need 
to periodically modify and change ART regimens as needed.

Apoptotic cell death induced by HIV-1 infection has been 
reported to be one of the important pathways to cause progressive 
destruction of CD4+ T cells [3,4]. Accumulating evidence indicates 
that the accelerated apoptosis of CD4+T cells in HIV infection is 
multifactorial, with direct viral cytotoxicity and/or indirect killing 
(bystander killing). HIV-1-induced apoptotic signaling events 
triggered by viral proteins, such as gp 120, Nef, Tat, Vpu, Vpr and 
protease, include upregulation of Fas/Fas lig and (FasL), activation 
of caspase-8 activities and down regulation of FLIP in death receptor 
(extrinsic)-mediated apoptotic pathways [5], up regulation of Bax, 
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and down regulation of Bcl 2 in mitochondrial (intrinsic)-mediated 
apoptotic pathways; and increased caspase-3 activation, leading to 
cell death [3-6].

After infection, HIV-1 manipulates host cells for its reproduction. 
HIV-1 infection-induced apoptosis results in release of virus from 
infected cells and virus dissemination in vivo [7]. We had reported that 
in lymphocytic cells HIV replication (a) increased with expression of 
proapoptotic proteins such as FasL, FADD, and p53, (b) decreased 
with expression of anti-apoptotic proteins, Bcl-XL, FLIP, and XIAP, 
(c) decreased with knockdown of proapoptotic proteins, Bax and 
FADD, and (d) decrease in inhibition of caspase 3 activity [8-10] 
and caspas-8 activation was reported to increase HIV-1replication 
through NF-kB pathway [11,12] suggesting that proapoptotic 
molecules (such as FasL, FADD, p53, Bax, caspase-3, or caspase-8) 
promote HIV-1 replication, while antiapoptotic components (such as 
Bcl2/Bcl-XL, FLIP, or XIAP)from apoptotic pathways inhibit HIV-1 
replication.

Cells that carry a latent provirus that is not expressed will not 
be eliminated by host immune responses [12,13]. To achieve cure 
of HIV infection, all infectious proviruses need to be eliminated, 
or replication should be permanently blocked in order to inhibit 
production of progeny virus [13,14]. However, the mechanisms 
whereby HIV-1 latent reservoirs may be irreversibly inhibited in 
vivo and in vitro are unknown at the present time. Recently, we have 
provided direct evidence that proapoptotic factors, from both death 
receptor-mediated and mitochondria-mediated apoptotic pathways, 
decrease HIV-1 latency while antiapoptotic factors increase this state, 
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suggesting that while apoptotic inhibition reduces HIV-1 replication 
and cytopathogenesis, it also promotes the seeding of latent reservoirs 
in a manner that enhances virus production when cells are activated 
[15].

Latently infected cells do not produce virus constitutively but 
can be induced by T cell activation to produce infectious virus 
[14]. The reversible lack of viral expression allows survival in long-
lived CD4+  T cells that can propagate the provirus during cell 
division [13,14]. Existing literature has indicated that the molecular 
mechanisms of latency are complex, which may include the lack of 
nuclear forms of key host transcriptional factors (e.g., NF-κB, NFAT, 
AP1), epigenetic modifications which hinder HIV-1 gene expression, 
and the interference of transcriptional efficiency and elongation 
in host cells [13,14]. Direct exposure of the latently infected pro-
monocytic (U1) and lymphoid (ACH-2) cells to activated caspases 
could induce viral replication, while pretreatment of the cells with 
the pan-caspase inhibitor Z-VAD-FMK prior to exposure to the 
cytotoxic agents inhibited apoptosis and viral activation [16]. HIV-1 
virions produced in association with host cell apoptosis were shown 
to be infectious [15]. Previously, we reported that the proapoptotic 
molecule, p53, could reactivate HIV-1 replication from its latent 
state to different levels including upregulation/activation of host 
transcription factors and recruitment of Histone Acetyl Transferase 
(HAT)/inhibition of histone deacetylation to acetylate histonetails 
and to open nucleosomes to facilitate HIV transcription [17].

Here we report that after infection with HIV-1, A3.01 cells 
treated with caspase-3 inhibitor or activator displayed different sizes 
of latent reservoirs harboring different viral DNA products. We also 
investigated mechanisms by which caspase-3 inhibition promotes 
viral latency.

Materials and Methods
Chemicals and Reagents

Rabbit polyclonal/mouse monoclonal antibodies against Alix, 
AKT, APOBEC3G, Brd4, CD3, CDK9, gp130, IRAK4, IRF3, IRF7, 
Jak2, MyD88, PI3K, PLCγ1, SP1, Trim5α, TLR1, Tsg101 and GAPDH 
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). 
Rabbit polyclonal antibodies againstAP-1, Cyclin T1, Erk1/2, NFAT, 
NF-kB p65, p38, PCAF, p-Rpb-CTD, STAT1, STAT3, STAT5, TCRβ, 
YB-1, vif and ZAP70 were bought from Cell Signaling Technology, 
Inc (Danvers, MA). Caspase-3 fmk Inhibitor Z-DEVD was obtained 
from R and D systems (Minneapolis, MN). caspase-3 activator PAC1 
and all other chemicals were from Sigma (St. Louis, MO).

Cell Culture and Treatments
A3.01 (CEM A3.01 (RRID:CVCL-6244)) cells were obtained 

from the National Institutes of Health AIDS Research Reference and 
Reagent Program (Germantown, MD) and cultured at 37°C in 5% 
CO2 in RPMI 1640 medium containing 10% fetal calf serum, 2 mM 
glutamine, 50μg/ml penicillin, and 50μg/ml streptomycin. 

To perform HIV-1 infection, cells were seeded at 2 X 105 cells/
ml for 24 h, infected with known amounts of HIV-1 (MN, 109 copies 
per 106 cells) for 2 h, washed twice with PBS, and cultured for 3 days. 
Cells were then incubated with 50 µM of Caspase-3 fmk Inhibitor 
Z-DEVD, or 25 nMof caspase-3 activator PAC1 for another 7 days 

and cultured for 7 additional days after fresh medium was added 
(Supp. Figure A).

RNA Isolation and DNA Isolation
Viral RNA was isolated from 140 µl of culture supernatant using 

the QIAamp Viral RNA Mini Kit (Valencia, CA 91355) according to 
the manufacturer’s protocol. 5 out of the 50 µl of the extracted RNA 
were used as templates for real-time RT-PCR. Known concentrations 
of HIV-1 (MN) viral RNA (serially diluted: 108 to 100 copies) were 
used as templates. Quantitative RT-PCR was performed to generate 
a standard curve. Each value shown in the figures represents the 
average concentration of 6 reactions in triple isolated repeats based 
on the standard curve. 

Total DNA isolation of approximately 1 x 107 cells was performed 
with the QIAamp DNA Mini Kit (Valencia, CA 91355) according to 
the manufacturer’s protocol.  Five out of 100 µl of the extracted DNA 
was used as templates for real-time PCR. Known concentrations of 
HIV-1 (MN) viral DNA (serially diluted: 108 to 100 copies) were used 
as templates. Quantitative PCR was performed to generate a standard 
curve. Each value shown in the figures represents the average 
concentration of 6 reactions in triple isolated repeats based on the 
standard curve.

Real-time PCR
Primers and TaqMan probes were designed for the gag p24, 

which is the variable region among most of the HIV-1 subtype 
B isolate sequences according to the Gen Bank database. The 
forward primer was 5’-GACATCAAGCAGCCATGCAA-3’, 
corresponding to nucleotides 1367–1386, and the reverse primer 
was 5’-CTATCCCATTCTGCAGCTTCCT-3’, corresponding to 
nucleotides 1430–1409. The Taq-Man probes were composed of the 
oligonucleotide sequence 5’-ATTGATGGTCTCTTTTAACA-3’, 
corresponding to nucleotides 1488–1507, coupled with a reporter dye 
[6-carboxy fluorescein] (FAM) at the 5’ end and a non-fluorescent 
quencher and a Minor Groove Binder (MGB), which is a Tm 
enhancer, at the 3’ end. The nucleic acids were amplified and detected 
in an automated TaqMan 7500 Analyzer using QuantiTectTM Probe 
RT-PCR kit (Qiagen Inc., Valencia, CA). The 25 µl PCR mixture 
consisted of 100 nM primers and 100 nM probe and underwent the 
following conditions: 95° C for 10 min, 45 cycles of two-step PCR at 
95° C for 15 s and at 60° C for 1 min.

For RT-PCR, the following thermal steps were performed: 55° C 
for 5 min, at 50° C for 30 min and at 95° C for 10 min, 45 cycles of 
two-step PCR at 95° C for 15s and at 60° C for 1 min.

Western Blot Analysis
Proteins were isolated from A3.01 cells with RIPA buffer (1×PBS, 

1% (v/v) NP-40, 0.5% (w/v) sodium deoxycholate, 0.1% (w/v) SDS, 
0.1 mg/ml PMSF, 30 μl/ml aprotinin, 1 mM sodium orthovanadate). 
Equal amounts of protein were boiled in the loading buffer (100 mM 
Tris–HCl, 200  mM DTT, 4% SDS, 0.2% bromphenol blue, 20% 
glycerol), separated on SDS-PAGE and blotted onto polyvinylidene 
difluoride membranes. Data represented are from three independent 
experiments. The relative quantitation of protein expression was 
determined using Image J (Image Processing and Analysis in Java) 
from NIH website (https://imagej.nih.gov/ij/). 
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Statistical Analysis
The unpaired Student’s t test was used for data analyses as 

indicated, and p-value < 0.05 (*) and p-value < 0.01 (**) were 
considered significant and very significant, respectively.

Results 
After infection with HIV-1 for 3 days, the A3.01 cells were 

incubated in medium containing 50 µm of Caspase-3 fmk Inhibitor 
Z-DEVD, or 25 nm of caspase-3 activator PAC1 for an additional14 
days (Supp. Figure A). Cells were tested for caspase-3 activities 
with EnzChek® Caspase-3 Assay Kit #1, Z-DEVD-AMC Substrate. 
We found that on day 14, caspase-3 activities were inhibited by 
caspase inhibitor, while the activator increased caspase-3 activities 
significantly (Supp. Figure B).

The Effects of Caspase-3 on HIV-1 Latency
Previously, we reported that when Jurkat cells were treated with 

gp120 or infected with HIV-1 and HIV-2, both Fas/FasL- and Bax/
mitochondria-mediated apoptotic signaling pathways were induced 
with increased caspase-1 activities [3,4]. To investigate whether 
caspase-3 could affect HIV-1 infection and replication, we infected A 
3.01 cells with HIV-1 for 3 days, followed by incubation in medium 
containing caspase-3 inhibitor or activator for another 14 days. 
Caspase-3 activator treatment led to significant increases in viral 
RNA yields in the supernatants of cell cultures, relative to the DMSO 
control (Figs. 1A, shaded dark bars). In contrast, caspase-3 activator 
significantly decreased the amount of viral DNA relative to DMSO 
control (Figs. 1A, unshaded white bars), suggesting that caspase-3 
activation could result in decreased reverse transcription activity 
and viral DNA integration, potentially in favor of viral replication 
and propagation.Caspase-3 inhibitor decreased HIV-1 replication as 
expected, consistent with our previous work [8,15], which confirms 
that the amount of HIV-1 replication is inversely proportional to its 
viral DNA level (Fig. 1A, unshaded white bars).Taken together, these 
data demonstrate that inhibition of apoptosis potentially attenuates 
HIV-1 latent reservoir seeding (in favor of active replication) while 
activation of apoptosis, in contrast, may potentiate this mechanism.

It is well known that the HIV-1 LTR (long terminal repeat) 
has recognition sequences for many cellular transcription factors, 
including NFAT (Nuclear Factor of Activated T-Cells), NF-ĸB 
(nuclear factor κB), AP-1 (activator protein 1) and SP-1 (specificity 
protein 1) which play important roles in HIV-1 replication [18,19]. 
In order to examine whether caspase-3 affects the expression of 
these host transcription factors, total proteins from cell pellets were 
analyzed by Western blot to detect NF-ĸB p65, Ap-1, Sp-1 and NFAT. 
As shown in (Figure 1B), caspase-3 inhibitor dramatically down 
regulated expression of NF-ĸB p65, Ap-1, Sp-1 and NFAT (Figure 
1B). In contrast, the caspase-3 activator significantly upregulated 
expression of NF-ĸB p65, Ap-1, Sp-1 and NFAT (Figure 1B).

The DNA and RNA binding protein Y-box-binding Protein 1 
(YB-1), also known as Y-box transcription factor, plays an important 
role as a cofactor to support early and late steps of HIV replication and 
YB-1 depletion resulted in a 10-fold decrease in HIV-1 replication in 
different cell lines [20]. We found that caspase-3 inhibitor dramatically 
deceased YB-1 expression, while caspase-3 activator increased YB-1 
expression (Figure 1C).

These data indicate that inhibition of caspase-3 can decrease HIV-
1 replication and increase virial latency by down regulated expression 
of host transcription factors. 

Caspase-3 Inhibitor Suppressed T-Cell Receptor (TCR)-
Related Signaling Pathways and MAPK Pathways

Latent HIV proviruses are thought to be primarily reactivated in 
vivo through stimulation of the T-cell receptor (TCR). It has been 
reported that T cell activation is required forHIV-1 replication and 
gene expression, and T cells are generally activated through TCR, and 
CD3 [19,21], or/and PI3K/Akt [19]-related cell signaling pathways. 
These pathways can trigger and activate downstream molecules, such 
as Zap-70 and PLCγ1, and serially activate transcription factors, NF-
ĸB p65, Ap-1, Sp-1 and NFAT. Total cell lysates were analyzed by 
Western blot. As shown in Fig. 2, caspase-3 inhibitor could down 
regulate the expression of receptors CD3, and TCRβ (Figure 2A), 
and decrease protein expression of Zap-70, and PLCγ1 (Figure 2A). 

Figure 1: The effects of caspase-3 activities on HIV-1 latency: A3.01 cells, infected with HIV-1 (MN) for 3 days, were incubated in medium containing caspase-3 
inhibitor, Z-DEVD, or caspase-3 activator, PAC1, for 14 days, and DMSO was used as control. (A).140 µl of culture supernatants containing HIV-1 particles and 
were used to isolate viral RNA for RT-PCR to test viral replication. 1 x 107 of live cells were used to isolate viral DNA for PCR to detect viral DNA levels. Total cell 
lysates were subjected to Western blot analysis to detect (B) NF-ĸB p65, Ap-1, Sp-1 and NFAT; and (C) YB-1.
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Caspase-3 inhibitor also reduced PI3K/Akt expression (Figure 2B) in 
A3.01 cells. In contrast, caspase-3 activator was able to increase the 
expression of CD3, TCRβ, Zap-70 and PLCγ1 (Figure 2A), and PI3K/
Akt (Figure 2B). These results indicate that the inhibition of caspase-3 
can inactivate T cells through TCR-related signaling pathways, which 
are required for T cell activation and viral replication.

MAPK (mitogen-activated protein kinase) is another type of 
signaling pathway that plays an important role in activation of host 
transcription factors, such Ap-1, and NF-ĸB [18,19,22]. To elucidate 
the MAPKs involved in the effects of caspase-3 on HIV-1 latency, 
total cell lysates were analyzed by Western blot to detect MAPK, 
Erk1/2 and p38. As shown in (Figure 2C), caspase-3 inhibitor was 
able to decrease the expression of Erk1/2 and p38 relative to DMSO 
control. These results suggest that caspase-3 inhibition increases 
HIV-1 latency at the viral transcriptional levels with blockage of host 
transcription factors, which are required for viral RNA production by 
inactivating TCR-related/MAPK signaling pathways.

Caspase-3 Inhibitor Blockedp-Tefb Signaling Pathways
The recruitment of P-TEF b (positive Transcription Elongation 

Factor b) by Brd4 (Bromodomain containing protein 4) during the 
elongation stage is very important for full-length synthesis of HIV-
1 mRNA, which is regulated by the Tat protein essential for viral 
replication. The protein cyclin T1 is tightly associated with CDK9 

(Cyclin-Dependent Kinase 9) to form a major subunit of P-TEFb [23]. 
The CDK9/cyclin T1 complex is a key factor for productive elongation 
of transcription of HIV genoms. It was found that caspase-3 inhibitor 
could dramatically decrease the protein expression of Brd4, CDK9, 
and cyclin T1 (Figure 3A).

Transcription of many viruses is dependent on host cell factors 
such as RNA polymerase II (pol II) which is made up of 12 subunits. 
The Carboxyl-Terminal Domain (CTD) of the largest subunit of 
pol II plays a central role in transcriptional and co-transcriptional 
RNA processing. CTD modification generates a code that regulates 
interaction with transcription and RNA processing factors [23,24]. 
Among the CTD modifications, the phosphorylation of Ser2 (Ser2 P) 
of pol II CTD, is catalyzed by CDK 9 subunit of P-TEFb [14,23,24]. 
We found that A3.01 cells treated withcaspase-3 inhibitor displayed 
decreased phosphorylated pol II CTD (Figure 3B).

In contrast, caspase-3 activator was able to induce P-TEFb 
signaling pathways through upregulation of proteins, Brd4, CDK9 
and Cyclin T1 (Figure 3A), which induce the elongation of HIV-1 
transcription, and activation of pol II CTD (Figure 3B) required for 
HIV-1 transcription and elongation in A 3.01 cells.

Caspase-3 Inhibitor Inactivatedgp130/Jak-Related 
Signaling Pathways

Glycoprotein 130 (gp130), a transmembrane protein with no 

Figure 2: The effects of caspase-3 activities on T-cell receptor (TCR)-related signaling pathways and MAPK pathways: A3.01 cells, infected with HIV-1 
(MN) for 3 days, were incubated in medium containing caspase-3 inhibitor, Z-DEVD, or caspase-3 activator, PAC1, for 14 days, and DMSO was used as control. 
Total cell lysates were subjected to Western blot analysis to detect (A) TCRβ, CD3, ZAP 70 and PLCγ1; (B) PI3K and Akt; and (C) Erk and p38.

Figure 3: The effects of caspase-3 activities on p-TEFb signaling pathways: A3.01 cells, infected with HIV-1 (MN) for 3 days, were incubated in medium 
containing caspase-3 inhibitor, Z-DEVD, or caspase-3 activator, PAC1, for 14 days, and DMSO was used as control. Total cell lysates were subjected to Western 
blot analysis to detect (A) Brd4, CDK9 and Cyclin T1; and (B) P-RPb-CTD.
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intrinsic tyrosine kinase activity, can be phosphorylated on tyrosine 
residues by other proteins. Phosphorylation leads to association with 
JAK and STAT protein transcription factors and/or activates other 
pathways including STAT3-MAPK signaling [25]. It was reported 
that activation of Jak-STAT pathways correlated with upregulating 
the levels of integrated viral HIV DNA and HIV replication [26]. The 
Jak-STAT pathways induced/activated by p38α could resist action of 
AZT in inhibition of HIV-1 replication [27]. To investigate whether 
the gp130-Jak-STAT signaling pathways are involved in the effects 
of caspase-3 on HIV-1 latency, total cell lysates were analyzed by 
Western blotting to detect gp130, Jak, and STATs. As shown in (Figure 
4), caspase-3 inhibitor could reduce the expression of gp130 and Jak2 
(Figure 4A), Stat5, Stat3 and Stat1 (Figure 4B). In contrast, caspase-3 
activator increased expression of gp130 and Jak2 (Figure 4A), Stat5, 
Stat3 and Stat1 (Figure 4B) to increase viral RNA production.

Caspase-3 Inhibitor Inhibited MyD88-Related Signaling 
Pathways

The MyD88 protein (myeloid differentiation primary response 
88) acts as an adaptor, connecting proteins that receive signals from 
outside the cell to the proteins that relay signals inside the cell. In innate 
immunity, the MyD88 plays a pivotal role in immune cell activation 

through Toll-like receptors  (TLRs), which are integral membrane 
glycoproteins with typical semicircular-shaped extracellular parts 
containing leucine-rich repeats responsible for lig and binding, and 
intracellular parts containing Toll-Interleukin receptor (TIR) domain 
[28]. MyD recruits IL-1 receptor-associated kinase-4 (IRAK-4) to 
TLRs through interaction of the death domains of both molecules 
[28]. MyD88-related signaling pathways then activate NF-κB, and 
IRFs (interferon-regulatory factor) [29]. IRFsis a group of proteins 
responsible for expression of type I interferons setting up the antiviral 
state of a cell [28,29]. The activation of MyD88-mediated pathways 
was reported to induce HIV-1 replication and reactivate viral 
production from latency [30]. We found that caspase-3 inhibitor 
could down regulate expression of MyD88 (Figure 5A), TLR1 
(Figure 5B), IRAK-4 (Figure 5C), and IRF-7 and IRF-3 (Figure 5D). 
These data indicate that inhibition of caspase-3 can decrease HIV-
1 replication and increase viral DNA production by blockage of My 
D88-meidated signaling pathways.

Caspase-3 Activities Affected Epigenetic Regulator, PCAF
Cellular epigenetic factors can regulate HIV latency and 

reactivation by affecting the chromatin state in the vicinity of the viral 
promoter located to the 5’ Long Terminal Repeat (LTR) sequence [31]. 

Figure 4: The effects of caspase-3 activities on gp130/Jak-related signaling pathways: A3.01 cells, infected with HIV-1 (MN) for 3 days, were incubated in 
medium containing caspase-3 inhibitor, Z-DEVD, or caspase-3 activator, PAC1, for 14 days, and DMSO was used as control. Total cell lysates were subjected to 
Western blot analysis to detect (A) gp130 and Jak2; and (B) STAT5, STAT3 and STAT1.

Figure 5: The effects of caspase-3 activities on MyD88-related signaling pathways: A3.01 cells, infected with HIV-1 (MN) for 3 days, were incubated in 
medium containing caspase-3 inhibitor, Z-DEVD, or caspase-3 activator, PAC1, for 14 days, and DMSO was used as control. Total cell lysates were subjected to 
Western blot analysis to detect (A) MyD88; (B) TLR1; (C) IRAK4; and (D) IRF7 and IRF7.
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Some modifications via methylation and acetylation at a particular 
residue of histone tails can alter accessibility of transcription factors 
and viral RNA polymerizing machinery to the HIV-1 5′ LTR [14]. 
Chromatin acetylationby histone acetyl transferases (HATs) promotes 
unfolding of chromatin, is associated with active euchromatin and 
can increase viral production. P300/CBP-Associated Factor (PCAF) 
is a human gene and transcriptional co-activator associated with 
p53. p300 (histone acetyltransferase p300) serves as histone acetyl 
transferases to transfer acetylation at residues of histone 3 and PCAF 
is involved in reactivating HIV-1 replication from latency [32]. As 
shown in (Figure 6), caspase-3 inhibitor deceased PCAF expression, 
while caspase-3 activator increased PCAF expression.

Caspase-3 Activities Modulated Viral Restriction Factors, 
TRIM5a and APOBEC3G, and HIV-1 Budding

TRIM5α is a retrovirus restriction factor which mediates a 
species-specific, early block to retrovirus infection.TRIM5a, which 
binds HIV-1 p24 capsid protein, mediates uncoating of incoming 
viral cores and blocks retroviral replication [33]. Caspase-3 inhibitor 
could increase expression of TRIM5α, while caspase-3 activator could 
decrease TRIM5α expression (Figure 7A), suggesting that inhibition 

of caspase-3 activities may block viral RNA uncoating and reverse 
transcription.

APOBEC3G is a member of a large family of cytosine deaminases 
that is able to convert cytosine to uracil during reverse transcription 
in the next round of HIV-1 infection, which leads to G-to-A 
hypermutation in the newly synthesized viral DNA, potentially 
leading to its instability [33,34]. APOBEC3G also induces defects in 
reverse transcription and DNA integration [34]. Caspase-3 inhibitor 
could increase expression of APOBEC3G, while caspase-3 activator 
could decrease APOBEC3G expression (Figure 7B). Viral infectivity 
factor (vif) is a protein expressed by HIV-1, which is essential for 
viral replication [34]. Vif inhibits the activities of APOBEC3G [27]. 
Caspase-3 inhibitor could decrease expression of vif, while caspase-3 
activator could increase vif expression (Figure 7B), suggesting that 
caspase-3 inhibition can increase the risk of viral mutation caused 
by APOBEC3G, and leading to viral instability and decreased viral 
production.

It is known that retroviral budding depends on the engagement 
of a complex network of host endosomal sorting proteins that include 
TSG101 and Alix in ESCRT (endosomal sorting complex required 
for transport) pathway [35, 36]. Tsg101 plays an important role 
in the pathogenesis of HIV [35,36], and HIV-1 Gag is able to bind 
and recruit the Tsg101 protein to gain access to the downstream 
machinery and to mediate viral budding [10,35,36]. Alix encodes a 
multimerization activity that is essential for Alix-dependent HIV-1 
release [35,36]. Caspase-3 inhibitor could decrease expression of Alix 
and Tsg101, while caspase-3 activator could increase expression of 
Alix and Tsg101 (Figure 7C). These results indicate that inhibition of 
caspase-3 down regulates expression of Tsg101 and Alix, which may 
result in inhibition of HIV-1 budding and viral maturation.

Discussion
Recently, we reported that proapoptotic components from 

apoptotic signaling pathways promote HIV-1 replication (8) and 
inhibit HIV-1 latency (15) while antiapoptotic molecules decrease 

Figure 6: The effects of caspase-3 activities on the expression of 
epigenetic regulator, PCAF. A3.01 cells, infected with HIV-1 (MN) for 3 
days, were incubated in medium containing caspase-3 inhibitor, Z-DEVD, or 
caspase-3 activator, PAC1, for 14 days, and DMSO was used as control. 
Total cell lysates were subjected to Western blot analysis to detect PCAF.

Figure 7: The effects of caspase-3 activities on the expression of viral restriction factors, TRIM5a and APOBEC3G, and HIV-1 budding: A3.01 cells, 
infected with HIV-1 (MN) for 3 days, were incubated in medium containing caspase-3 inhibitor, Z-DEVD, or caspase-3 activator, PAC1, for 14 days, and DMSO 
was used as control. Total cell lysates were subjected to (A) Trim5α; (B) APOBEC3G; and (C) Tsg101 and Alix.
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HIV-1 replication (8) and increase HIV-1 latency [15]. Caspase-3 is 
a caspase  protein that interacts with caspade-8  and caspase-9. The 
catalytic site of caspase-3 involves the sulfohydryl group of Cys-
163 and the imidazole  ring of His-121 [37]. In vitro, caspase-3 has 
been found to prefer the peptide sequence DEVDG (Asp-Glu-
Val-Asp-Gly) with cleavage occurring on the carboxy side of the 
second aspartic acid residue (between D and G) [37]. Caspase-3 is 
activated in the apoptotic cell both by extrinsic (death lig and) and 
intrinsic (mitochondrial) pathways.It has been reported that HIV-1 
replication can be induced by super infection with HIV-1 strains [22] 
or co-infection with other viruses [38] through activation of apoptotic 
pathways and increased caspase-3 activities. Inactivating caspase-3 
activities inhibits HIV-1 replication and promotes HIV-1 latency 
[15] (Figure 1A), while activating caspase-3 activities promotes HIV-
1 replication and inhibits HIV-1 latency (Figure 1A).

Evidence from literature shows that virus latency does not require 
a complete shutdown of viral gene expression, but only the absence of 
infectious progeny production [14,19]. Due to latent reservoir, ART 
is not curative, and temporarily suppresses HIV gene expression 
and replication. If the therapy is interrupted or drug resistance 
occurs, it will be result in a rapid viral rebound arising from latency 
and re-enter to acute infection stage [14,19]. Several mechanisms 
can silence HIV replication and the production of infectious viral 
particles by ART treatment, such as deleterious mutations in the 
viral genome, transcriptional interference, changes in chromatin 
structure/epigenetic silencing, and problems with RNA processing 
and transport [13,14].

I It has been reported that anti-apoptotic molecules, such as 
FLIP [10] and Bcl2 [39], or knock-down expression of proapoptotic 
component, FADD [9], inhibits HIV-1 replication and promotes 
latency in many ways/levels.

Upon HIV-1 infection, viral particles bind to CD4, the HIV 
receptor, in the raft region on the surface of host cells, and the viral 
core, in which the viral RNA genome is enclosed by a capsid shell, 
enters the cells. In order to reverse transcribe into viral cDNA, theviral 
RNA is required to be released from the capsid shell, called uncoating 
[10]. TRIM5α is a cellular protein that binds to determinants present 
on a retroviral capsid soon after the entry of the viral core into the 
cytoplasm of a target cell and resistant against uncoating of viral 
RNA [33]. FLIP can inhibit the binding of viral particles to CD3 [10], 
andboth FLIP [10] and inhibition of caspase-3 activities (Figure 7A) 
can inhibit HIV-1 uncoating with increased expression of TRIM5α 
in lymphocytes.

APOBEC3G is a member of the cellular polynucleotide cytidine 
deaminases, which catalyze the deamination of cytosine (dC) to 
uracil (dU) in single-stranded DNA. These enzymes potently inhibit 
the replication of a variety of retroviruses and retrotransposons, 
including HIV-1 [33,34]. It is possible those both FLIP [10] and 
inhibition of caspase-3 activities (Figure 7B) play roles in increased 
deleterious mutations in the viral genome with increased expression 
of APOBEC3G and decreased HIV-1 vif expression.

Host transcription factors, such NF-ĸB p65, Ap-1, Sp-1 and 
NFAT, with binding sites located within the viral Long Terminal 
Repeat (LTR), are required for HIV-1 gene expression and replication 
which can be regulated by activation/inhibition of TCR-related 

signaling pathways [9,10,17,19,21]. Knock-down of the expression 
of FADD [9] and inhibition of caspase-3 activities (Figure 1B) 
inactivates NF-ĸB p65, Ap-1, Sp-1 and NFAT through decreased/
inactivated signaling transduction of TCR-related pathways with 
down regulation of expression of TCRα/β, PKC, or PI3K/Akt [9] 
(Figure 2). In addition to transcriptional interference with NF-ĸB 
p65, Ap-1, Sp-1 and NFAT by anti-apoptotic activities [9,10] (Figure 
1), other transcription factors, such nuclear factor 1 (NF-1), IRFs, 
and STATs, are also involved in HIV-1 transcription, in which FLIP 
expression decreases NF-1C expression [10]. Inhibition of caspase-3 
activities down regulates IRF3 and IRF7 through MyD88-related 
signaling pathways (Figure 5) and STAT1/3/5 through gp130/Jak 
signaling pathways (Figure 4).

HIV-1 transcriptional transactivator (Tat) is essential for 
synthesis of full-length transcripts from the integrated viral genome 
by RNA polymerase II (Pol II). Tat recruits the host positive 
transcription elongation factor b (P-TEFb) to the HIV-1 promoter 
through binding to the transactivator RNA (TAR) at the 5’-end of 
the nascent HIV transcript [23,24]. P-TEFb functions to promote 
the transition of RNA polymerase II from abortive to productive 
elongation [24]. Inhibition of caspase-3 activities may hinder the 
full length of synthesis of HIV-1 mRNA by inhibition of P-TEFb 
pathways (Figure 3) at the HIV-1 mRNA transcription level.

Accumulated evidence verifies that epigenetic regulation, i.e., 
histone modifications via methylation and acetylation, plays an 
important role in the establishment and maintenance of HIV-
1 latency [14,31]. Generally, chromatin acetylation by Histone 
Acetyl Transferases (HATs) promotes chromatin opening and 
the accessibility of the nucleosomal DNA to transcription factors 
[14,31,32]. The inhibition of caspase-3 activities may control the 
changes in chromatin structure through decreased expression of 
PCAF (Figure 6), which can serve as HAT to loosen the structure of 
nucleosome to allow RNA polymerase II to contact and bind to viral 
DNA easily.

The ESCRT (endosomal sorting complex required for transport) 
pathway is a key mediator of MVB (Multivesicular body) biogenesis, 
but it also plays critical roles in retroviral budding, including HIV-
1 [35,36]. Many studies have indicated that HIV-1 usurps ESCRT 
machinery [35,36] to exit the cell. FLIP can block the trafficking of 
gp120 and Gag p24 capsid protein into lipid rafts with inhibition of 
the Tsg101 and Alix in ESCRT signaling pathway [10]. Knock-down 
of FADD [9] and inhibition of caspase-3 activities (Figure 7C) can 
decrease the expression of Tsg101 and Alix, and knock-down of 
FADD can also block the translocation of Tsg101 and Alix into lipid 
raft [9], where the viral budding occurs.

Once inside the cytoplasm, reverse transcriptase synthesizes 
double stranded DNA from the viral RNA genome. For integration 
to occur in the nucleus, the virus must successfully cross the nuclear 
membrane [40]. HIV-1 establishes the Pre-integration Complex 
(PIC) that is responsible for nuclear import [40]. After PIC enters the 
nucleus, the viral DNA can undergo two different pathways [41]. In 
one pathway, the viral genome circularizes by integrating onto itself. 
Recently it has reported that unintegrated HIV-1 DNA can be rescued 
to transcript to RNA and express viral genes [42]; though there exist 
controversies if the unintegrated viral DNA by NF-κB can produce 

https://en.wikipedia.org/wiki/In_vitro
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any infective virions [41,42]. The second pathway is to integrate its 
genome into the host, which leads to latent infection. In addition, 
clinically, total HIV DNA load in blood, tissues, and cells provides 
insights into HIV pathogenesis, probably because all viral forms 
participate in host cell activation and HIV pathogenesis [43]. Total 
HIV DNA is thus a biomarker of HIV reservoirs [43]. Therefore, in 
this study the total genomic DNA, including unintegrated viral DNA 
and integrated viral DNA, was used to determine to compare the size 
of latent reservoirs with each other. We have found that the larger 
HIV-1 reservoirs (more viral total DNA production), the more HIV-
1 replication during reactivation [15].

Several clinical studies reported that the proviral HIV-1 DNA 
copy number on ART is directly related to the level of persistent 
immune activation [44], although contradictory results show that 
there is no relationship of HIV-1 DNA copy number with immune 
activation [44,45]. In our experiment condition, HIV-1 latency is 
inversely proportional to viral replication.Further studies are needed 
to elucidate the mechanism of how components of the apoptotic 
pathways modulate the seeding of latent reservoirs at DNA level, 
and how the antiapoptotic activities affect the pre-integration 
complex (PIC) with inserting a larger amount of viral DNA to host 
chromosome DNA relative to the effect of proapoptotic molecules. 

In conclusion, differential modulation of caspase-3 activities can 
affect the status of HIV-1 latency, leading to decreased/increased 
viral latency marketed with differential products of viral DNA and 
viral RNA.Caspase-3 inhibitor promotes viral latency in Jurkat cells 
[15] and A3.01 cells at the different stages of HIV-1 infection and 
replication. Caspase-3 inhibition may inhibit viral RNA uncoating 
normally by increasing Trim5a expression and may increase 
the chance of viral cDNA mutation (G to A) with upregulation 
of APOBEC3G. Caspase-3 inhibition may decrease viral RNA 
transcription from genome of host cells through down regulation 
of NF-ĸB p65, Ap-1, Sp-1 and NFAT in TCR/PI3K-Akt-related 
pathways; STAT1, STAT3 and STAT5 in gp130-Jak pathways; IRF3 
and IRF7 in MyD88-related pathways; and inactivation of YB-1 and 
MAPK, ERK and p38, activity. Caspase-3 inhibition may hinder the 
full length of HIV-1 mRNA synthesis through inhibition of p-TEFb 
signaling pathways with down regulation of Brd4, CDK9, Cyclin 
T1 and p-RPb-CTD. Caspase-3 inhibition down regulates PCAF, 
which serves as Histone Acetyl Transferases (HATs) for chromatin 
acetylation, leading to blockage of reactivating HIV-1 replication 
from latency. The diminishing of the protein level of Tsg101 and Alix 
by caspase-3 inhibition may block trafficking of the components of 
viral particle through ESCRT signaling system from cytoplasm to 
plasma membrane where viral budding occurs. Our study clearly 
demonstrates the complex interplay of host factors and apoptotic 
molecules in the regulation of cell death by HIV-1 infection and 
latency which may provide new insights and targets for cure of HIV 
infection.
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