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Abstract 

Background Activation of RNA-dependent stress kinase PKR, especially by viral double-stranded RNA, induces 
eukaryotic initiation factor 2 α-chain (eIF2α) phosphorylation, attenuating thereby translation. We report that this 
RNA-mediated negative control mechanism, considered a cornerstone of the cell’s antiviral response, positively regu-
lates splicing of a viral mRNA.

Results Excision of the large human immunodeficiency virus (HIV) rev/tat intron depends strictly on activation of PKR 
by the viral RNA and on eIF2α phosphorylation. Rev/tat mRNA splicing was blocked by viral PKR antagonists Vaccinia 
E3L and Ebola VP35, as well as by a trans-dominant negative mutant of PKR, yet enhanced by overexpressing PKR. 
Expression of non-phosphorylatable mutant eIF2αS51A, but not of wild type eIF2α, abrogated efficient splicing of rev/
tat mRNA. By contrast, expression of eIF2αS51D, a phosphomimetic mutant of eIF2α, left rev/tat mRNA splicing intact. 
Unlike eIF2αS51A, eIF2αS51D does not inhibit eIF2α phosphorylation by activated PKR. All HIV mRNA species contain 
terminal trans-activation response (TAR) stem-loop sequences that potentially could activate PKR, yet even upon 
TAR deletion, HIV mRNA production remained sensitive to inhibitors of PKR activation. Bioinformatic and mutational 
analyses revealed a compact RNA pseudoknot upstream of 3′-terminal TAR that promotes splicing by activating PKR. 
Supporting its essential role in control of splicing, this pseudoknot is conserved among diverse HIV and nonhuman 
primate SIVcpz isolates. The pseudoknot and 3′-terminal TAR collaborate in mediating PKR-regulated splicing of rev/tat 
intron, the pseudoknot being dominant.

Conclusions Our results on HIV provide the first example of a virus co-opting activation of PKR by its RNA, a cellular 
antiviral mechanism, to promote splicing. They raise the question whether other viruses may use local activation of 
host kinase PKR through RNA elements within their genome to achieve efficient splicing of their mRNA. Our experi-
ments reveal an indispensable role for eIF2α phosphorylation in HIV rev/tat mRNA splicing that accounts for the need 
for PKR activation.
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Background
Stress induces a reversible phosphorylation of the eukar-
yotic initiation factor 2 α-chain (eIF2α) [1, 2], block-
ing GDP/GTP exchange needed for recycling of eIF2 
between rounds of protein synthesis [3]. A prominent 
eIF2α kinase is PKR, an RNA-dependent serine/threo-
nine protein kinase expressed in latent form in most 
cells. PKR plays an essential role in the interferon (IFN)-
mediated antiviral response. Once activated by double-
stranded RNA, PKR phosphorylates eIF2α and thereby 
inhibits mRNA translation, blocking virus spread and 
inducing apoptosis of infected cells [4, 5]. To enable 
trans-autophosphorylation needed for kinase activation, 
PKR must transiently form a homodimer on the activat-
ing RNA [6, 7]. Binding and activation of PKR are related 
in a complex manner. Stable binding of RNA to PKR can 
inhibit its activation, emphasizing the need for transient 
binding. Thus, by binding tightly to PKR, adenovirus 
VA RNA sequesters PKR in an inactive state, to prevent 
kinase activation [8].

Viral double-stranded RNA is not the only inducer of 
PKR activation. Short intragenic RNA elements can con-
trol cellular gene expression at translation or splicing by 
strongly activating PKR and inducing eIF2α phosphoryla-
tion [9, 10]. Human IFN-γ mRNA activates PKR and uses 
this mechanism to attenuate its own translation through 
eIF2α phosphorylation, thus preventing overexpression; 
the IFN-γ RNA activator of PKR is a pseudoknot that 
spans the 5’-untranslated region (5′-UTR) and first 26 
codons and undergoes dynamic refolding upon ribosome 
passage [9, 11]. While the canonical role of activated PKR 
is to control protein synthesis, splicing of tumor necro-
sis factor-α (TNF-α) pre-mRNA depends on its ability 
to activate PKR [10, 12, 13]. A cis-acting RNA element 
within the 3′-UTR of TNF-α pre-mRNA, containing a 
pseudoknot, potently activates PKR, to render mRNA 
splicing highly efficient yet dependent on phosphoryla-
tion of eIF2α, without repressing translation [10, 13].

Control of mRNA splicing by PKR activation and 
eIF2α phosphorylation extends beyond the inflammatory 
response. Spliceosome assembly on human globin pre-
mRNA and splicing depend strictly on activation of PKR 
by an intragenic activator element and on nuclear eIF2α 
phosphorylation [14]. Thus far, these are the only genes 
for which this control mechanism has been shown and 
it is exceptional, as witnessed by the fact that the closely 
related TNF-β gene, reflecting the majority of genes, lacks 
an RNA element that can activate PKR and its mRNA is 
spliced an order of magnitude less efficiently than TNF-α 
mRNA [10].

The cis-acting nature of the intragenic TNF-α RNA 
element [10] is accounted for by the fact that trans-
autophosphorylation of PKR needed for its activation 

and eIF2α phosphorylation both are local, transitory 
events in the cell in close proximity to the activating 
RNA molecule, followed promptly by dephosphoryla-
tion [15–17]. Upon dephosphorylation, PKR returns 
to its inactive state while eIF2α can resume initiation 
of translation. Global levels of activated PKR and phos-
phorylated eIF2α in the cell are not affected. Mere 
insertion of the cis-acting TNF-α RNA element into the 
TNF-β gene sufficed to increase TNF-β mRNA splicing 
efficiency by an order of magnitude [10], showing that 
an intragenic RNA activator of PKR can locally render 
splicing far more efficient. Localized PKR activation 
accounts also for the cis-acting nature of the IFN-γ acti-
vator of PKR, which does not inhibit translation glob-
ally [9].

Activation of PKR by viral RNA and phosphorylation of 
eIF2α, a negative control mechanism that inhibits trans-
lation, is considered to be a cornerstone of the cell’s anti-
viral response. Here, we examined the hypothesis that a 
virus could subvert this cellular antiviral mechanism to 
its advantage. Specifically, we asked whether activation of 
PKR and eIF2α phosphorylation might control splicing of 
human immunodeficiency virus-1 (HIV) RNA. Consider-
ing that all HIV mRNA species contain at both termini 
a stem-loop, the trans-activation response (TAR) RNA 
element, that potentially could activate PKR [18, 19], we 
hypothesized that HIV mRNA splicing might depend on 
PKR activation by its RNA and on eIF2α phosphoryla-
tion. Our finding is that this is indeed the case. HIV-1 
has co-opted this cellular antiviral mechanism for its own 
benefit.

Methods
Plasmid constructs
HIV-1 molecular clone pLAI [20], doxycycline-depend-
ent derivatives HIV-rtTA-TARm [21] and HIV-rtTA-
ΔTAR (ER2 variant) [22] were described previously. A 
plasmid expressing the 3′ half of HIV-1 (pcDNA-3’HIV) 
was generated by PCR using pLAI as template with prim-
ers RevAUGmut (5′ACC TAA GCT TGC AGG AAG AAG 
CGG AGACA) and pLAI-3′seq [22]. The resulting frag-
ment was TA-cloned into pCR2.1-TOPO (Invitrogen) 
and insertion confirmed by DNA sequencing. The vali-
dated clone was digested with EcoRI and the fragment 
containing the 3’ half of HIV-1 inserted into the corre-
sponding site of pcDNA3, allowing expression from the 
constitutive CMV promoter. Vectors expressing human 
PKR [13], K296R trans-dominant negative mutant 
PKR [23], eIF2αS51A and eIF2αS51D [9, 10, 24] were 
described previously. eIF2αwt expression vector was gen-
erated from eIF2αS51A DNA by PCR using phosphoryl-
ated DNA primers [10].
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Mutagenesis
To generate mutations in rev/tat, pcDNA-3′HIV DNA 
was used as template for PCR using phosphorylated 
mutant DNA primers and KOD polymerase (Novagen) 
to generate linear full-length plasmid DNA carrying 
blunt ends; the product was purified on a 1% agarose 
gel and self-ligated. Primer sequences will be supplied 
on request. DNA sequencing was used to verify the 
constructs.

Transient transfection
For transfection with full-length HIV vectors, human 
embryonic kidney (HEK-293  T) cells were cultured as 
monolayer in Dulbecco’s modified Eagle’s medium (Inv-
itrogen) supplemented with 10% fetal bovine serum 
(FBS), penicillin (100 U/ml) and streptomycin (100  μg/
ml) at 37 °C and 5%  CO2. Cells were cultured in 10-cm2 
wells and transfected with 5 μg HIV plasmid DNA using 
Lipofectamine 2000 (Thermo Fisher Scientific), in the 
absence or presence of PKR inhibitor PKRi {8-(imida-
zol-4-ylmethylene)-6H-azolidino(5,4-g)benzothiazol-
7-one}(C16, Calbiochem CAS 608512-97-6) [25, 26], 
E3L expressing plasmid pEF5-E3L [23], or empty vector 
pcDNA3; the total amount of pEF5-E3L and pcDNA3 
was kept constant at 500 ng. Cells transfected with HIV-
rtTA vectors TAR m and ΔTAR were cultured in presence 
of 1 μg/ml doxycycline (dox; Sigma D-9891).

pcDNA-3′HIV DNA was transiently transfected into 
baby hamster kidney (BHK-21) cells, the cell line used to 
analyze PKR-dependent regulation of IFN-γ, TNF-α and 
globin genes [9, 10, 12, 14]. pEGFP-N3 DNA (Clontech)
(0.5  μg) was included to assess transfection efficiency. 
BHK-21 cells cultured in 2 ml DMEM medium contain-
ing 10  mmol HEPES pH 7.2, 2  mmol L-glutamine, 5% 
fetal calf serum,  104 units/ml penicillin, 1,250 units/ml 
Nystatin, 10  mg/ml streptomycin (Biological Industries, 
Beit Haemek), 5% tryptose phosphate broth (Gibco) in 
35-mm diameter dishes were transiently transfected 
with > 75% efficiency with a mixture of 1.5  μg each of 
pcDNA-3′HIV plasmid and pcDNA3 control DNA 
or pEF5-E3L, vector expressing VP35 [27], or vector 
expressing PKR, eIF2αS51A, eIF2αS51D, or eIF2αwt. The 
DNA was mixed with 6  μl Turbofect (Fermentas) and 
100 μl 150 mmol NaCl for 10 min before addition to the 
cell culture. After 5 h, the medium was replaced by fresh 
culture medium.

Northern blot analysis
Cells were washed with phosphate buffered saline, briefly 
incubated with 0.5  ml 0.05% trypsin-EDTA (Invitrogen) 
until they detached from the plate and resuspended 
in 1  ml 10% fetal bovine serum-containing medium to 

inactivate trypsin. Cells were pelleted at 2750 × g for 
5 min, washed in 1 ml phosphate buffered saline, centri-
fuged at 2750 × g for 5 min, resuspended in 0.6 ml RLT 
buffer (QIAGEN) and homogenized with a QIAshred-
der column (QIAGEN). Total RNA was isolated with 
the RNeasy kit (QIAGEN), and contaminating DNA 
removed with RNase-free DNase (QIAGEN) added 
during the isolation procedure. Gel electrophoresis 
of RNA was performed at 100  V in a 1% agarose gel in 
3-(N-morpholino)-propanesulfonic acid (MOPS) buffer 
(40 mmol MOPS, 10 mmol sodium acetate, pH 7.0) with 
7% formaldehyde. To examine equal sample loading, 
the gel was stained with 2  µg/ml ethidium bromide for 
20 min. Ribosomal RNA bands (18S and 28S) were visu-
alized with UV light. The RNA was transferred overnight 
onto a positively charged nylon membrane (Boehringer 
Mannheim) by means of capillary force and crosslinked 
to the membrane using UV (254  nm, 0.12  J). The 373-
bp EcoRV-HindIII fragment of HIV-rtTA encoding the 
U3/R region was 32P-labeled using High Prime DNA 
Labeling kit (Roche Diagnostics) and used as HIV-spe-
cific probe. Prehybridization and hybridization was done 
in ULTRAhyb buffer (Ambion) at 55  °C for 1 and 16  h, 
respectively. The membrane was then washed twice at 
room temperature for 5  min in low-stringency buffer 
(2 × saline-sodium citrate (SSC), 0.2% sodium dodecyl 
sulfate (SDS)) and twice for 10 min at 50 °C in high-strin-
gency buffer (0.1 × SSC, 0.2% SDS). Images were obtained 
using the PhosphorImager (Amersham Biosciences) and 
band density quantified with ImageQuant software.

Splicing assay by RNase protection analysis
Total RNA was isolated with TRIZOL Reagent (Invit-
rogen) and after DNase I digestion (Promega) was sub-
jected to RNase protection analysis with RNases A and 
T1, using a genomic riboprobe to analyze splicing of 
HIV rev/tat intron. PCR on pcDNA-3’HIV DNA, using 
forward primer 5′-GGA TGG AGT GGG ACA GAG  and 
reverse primer 5′-GCA CAG GCT CCG CAG ATC G, gen-
erated a DNA fragment that was inserted into pGEM-T 
(Promega) and after SacII digestion, used for riboprobe 
transcription. In the 32P-labeled antisense RNA probe 
(SP6 transcript), unspliced pre-mRNA protects 413 nt 
from cleavage and spliced mRNA protects 140 nt. Pro-
tected RNA fragments were separated by electrophoresis 
in 4% polyacrylamide/8  M urea gels. Band intensity in 
autoradiograms was quantitated using TotalLab software.

Splicing assay by qRT‑PCR
Total cellular RNA was harvested using TRIZOL Rea-
gent (Invitrogen) and after DNase I digestion (Pro-
mega), cDNA synthesized in a 20-μl reaction volume 
from 500  ng RNA using Verso RT-PCR Kit containing 
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RT Enhancer to remove contaminating DNA (ABgene). 
Quantitative real-time PCR was performed in triplicate 
using 5  μl diluted cDNA, 1  μl primers/probe mix with 
Taqman detection chemistry and 10 μl 2 × ABsolute Blue 
QPCR Mix (ABgene). Reactions were performed for 40 
cycles (95 °C for 15 s, 60 °C for 30 s, and 72 °C for 15 s) 
using a Rotor-Gene 6000 instrument (Corbett Life Sci-
ence). A standard curve was generated in each run to 
quantify the amount of amplicons. Amounts of unspliced 
precursor RNA and spliced mRNA were normalized to 
EGFP mRNA for transfection efficiency and to β-actin 
mRNA as internal normalizing standard [10]. Amplifi-
cation efficiency of spliced and unspliced forms, deter-
mined by CT slope, was similar and at least 99%.

Rev/tat qRT‑PCR primers and probes
Spliced and unspliced rev/tat transcripts were deter-
mined by qRT-PCR, using primers and probes from 
PrimerDesign, UK specific for spliced RNA (primers: 
5′-GCA GGA AGA AGC GGA GAC A, 5′-TTG GGA GGT 
GGG TTG CTT T; probe: 5′-CTC CTC AAG GCA GTC 
AGA CTC ATC AAGTT) and unspliced RNA (primers: 
5′-AGA CTA ATA GAA AGA GCA GAA GAC A, 5′-GTA 
GCA CTA CAG ATC ATC AAT ATC C; probe: 5′-TGC CCC 
ATT TCC ACC CCC ATC TCC A).

Activation of recombinant PKR
To express rPKR in a form that can be activated by 
RNA, human PKR cDNA was inserted into pHTT7K 
[28] between the NdeI and PstI sites and λ protein phos-
phatase cDNA (New England Biolabs) at the PstI site; 
PKR was expressed in Escherichia coli Rosetta(DE3)pLysS 
(Invitrogen) as full-length N-terminally hexahistidine-
tagged protein. rPKR was recovered from inclusion bod-
ies by solubilization in 6 M urea buffer and loaded onto 
a His∙Bind column (Novagen) that was eluted stepwise 
with imidazole. rPKR recovered after dialysis was > 98% 
pure on SDS-12% PAGE and was stored in 0.05 M Tris-
HCl pH 7.4, 0.05 M KCl, 5 mmol DTT and 20% glycerol.

DNA templates encoding the 3′-terminal TAR ele-
ment and upstream pseudoknot under the T7 promoter 
were generated from wild-type, TAR 3R or P1b mutant 
pcDNA-3′HIV DNA using forward primer 5′-TGT AAT 
ACG ACT CAC TAT AGG ACT GGG GAG TGG CGA GC 
and reverse primer 5′-GCA AGC TTT ATT GAG GCT 
TAAG. For activation of PKR, uncapped 123-nucleo-
tide transcripts were generated using T7 transcription 
kit (Promega) and purified twice by Sephadex G-50 gel 
chromatography followed by chromatography on CF-11 
cellulose, washing with ethanol and eluting with water as 
described [29].

Activation of rPKR by RNA was determined in the 
presence of [γ-32P]ATP in 50  mmol Tris–HCl pH 7.5, 

50 mmol KCl, 2 mmol  MgCl2, and 0.02 mmol unlabeled 
ATP; mixtures (10 μl) were incubated for 20 min at 25 °C 
and resolved by SDS-10% PAGE. A master mix of rPKR 
and labeled ATP was distributed to all reaction vessels 
and only the RNA was added individually. Hence, identi-
cal amounts of rPKR substrate were present in the differ-
ent samples.

Computational analysis of RNA structure
The HIV-1 and SIVcpz TAR motifs and surrounding 
sequences were analyzed for RNA secondary structure, 
including pseudoknots, using the PknotsRG tool (https:// 
bibis erv2. cebit ec. uni- biele feld. de). The pre-made align-
ment of all complete sequences for HIV-1 group M iso-
lates (2017; without recombinants) from the Los Alamos 
HIV databases (www. hiv. lanl. gov) was used to analyze 
conservation of the RNA structure.

Statistical analysis
Splicing efficiency and activation of recombinant PKR 
were compared using the one-tailed unpaired Stu-
dent’s t-test; *p < 0.05, **p < 0.005, ***p < 0.001; ns, not 
significant.

Results
Inhibitors of PKR activation repress HIV mRNA expression
TNF-α, a cytokine pivotal for protective immunity, is 
expressed promptly during inflammatory responses; 
in human peripheral blood mononuclear cells, TNF-α 
mRNA becomes maximally expressed within 3  h [12]. 
Efficient TNF-α mRNA splicing is achieved through a 
104-nucleotide RNA element in the 3’-UTR that acti-
vates PKR [13]. The TNF-α RNA activator of PKR causes 
mRNA splicing to be sensitive to 2-aminopurine, an 
eIF2α kinase inhibitor [12, 13]. The RNA element in TNF-
α pre-mRNA that activates PKR renders splicing not only 
fully dependent on PKR activation but also highly effi-
cient [10, 13]. The 59-nucleotide TAR stem-loop element 
that is present at the 5′ and 3′ termini of HIV transcripts 
(Fig.  1A, B) activates purified recombinant human PKR 
in  vitro [18]. Potentially, therefore, TAR might, as for 
TNF-α, serve in the function of PKR activator to render 
splicing of HIV mRNA efficient.

HIV expresses a full length ~ 9  kb transcript, used as 
mRNA for Gag and Pol production and as viral genome, 
and a large variety of singly spliced (~ 4 kb) and multiply 
spliced (~ 2  kb) transcripts for all other viral proteins, 
including Rev [30, 31]. To examine whether the produc-
tion of HIV mRNA might depend on PKR, we trans-
fected human HEK-293  T cells with a plasmid carrying 
the complete wild type HIV-1 genome (LAI strain) and 
quantitated the expression of various HIV mRNA species 
in the presence of increasing doses of a small-molecule 

https://bibiserv2.cebitec.uni-bielefeld.de
https://bibiserv2.cebitec.uni-bielefeld.de
http://www.hiv.lanl.gov
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Fig. 1 Production of HIV-1 mRNA species is sensitive to PKR antagonists. A Proviral DNA genome maps of HIV-1 LAI (TAR wt), HIV-rtTA (TAR m) and 
HIV-rtTA-ΔTAR (ΔTAR), with the long terminal repeat (LTR) subdivided into U3, R, and U5 domains. B TAR secondary structures followed by the first 
five nucleotides of the adjacent poly(A) hairpin (light gray). The Tat/TAR axis of transcriptional regulation was inactivated in TAR m by nucleotide 
substitutions in the bulge and loop. The HIV-rtTA variant lacking TAR (ΔTAR) has a new transcription start site at the second nucleotide of the poly(A) 
hairpin [22]. C Human HEK-293 T cells were transfected with a vector carrying the HIV-1, TAR m or ΔTAR genome, in the absence or presence of the 
indicated concentrations of PKR inhibitor (PKRi). Total RNA was isolated 48 h after transfection and analyzed by northern blot using a probe that 
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inhibitor of the kinase catalytic site in PKR, PKRi. North-
ern blot analysis showed that PKRi progressively inhib-
ited production of all HIV mRNA species, including 
singly spliced and multiply spliced mRNAs (Fig. 1C and 
Additional file 1: Fig. S1). A similar pattern of inhibition 
of mRNA species encoded by HIV was observed when 
instead of PKRi, we co-expressed the Vaccinia E3L pro-
tein, a viral PKR antagonist [23] that strongly attenuates 
the action of the intragenic IFN-γ RNA activator of PKR 
[9] (Fig.  1D). E3L competes with PKR in binding to the 
activating RNA, forming an E3L-PKR-RNA complex in 
which the N-terminal half of E3L interacts physically with 
the protein kinase domain of PKR [23]. The independent 
results with PKRi and E3L support a role for PKR activa-
tion in the control of HIV mRNA expression.

To study the possible role of TAR in PKR activation, 
we used an HIV genomic construct (TAR m) in which the 
Tat-TAR transcription mechanism is inactivated through 
mutations in Tat and TAR (nucleotide substitutions in 
the bulge and loop sequence) and functionally replaced 
by the integrated doxycycline-inducible Tet-On gene reg-
ulation system [21]. TAR m does not depend on TAR for 
the activation of transcription, which makes it possible 
to study other functions of TAR in gene expression. As 
for the wild type virus, expression of the various mRNA 
classes by TAR m was sensitive to PKRi (Fig. 1C and Addi-
tional file 1: Fig. S1). We also tested RNA production of a 
TAR m derivative that lacks both 5’ and 3’ TAR elements 
and, like TAR m, replicates efficiently in infected cell cul-
tures [22]. This ∆TAR variant produced similar amounts 
of the different viral RNA classes as TAR m and their pro-
duction was inhibited likewise by PKRi (Fig.  1A, C and 
Additional file 1: Fig. S1). These results suggest that the 
HIV RNA genome may harbor, in addition to the TAR 
element, another activator of PKR.

Splicing of rev/tat mRNA is regulated by activation of PKR
The inhibition of the production of all size classes of 
HIV mRNA by PKRi and by E3L, including that of the 
unspliced RNA (Fig.  1C, D), did not resolve whether 
splicing or another expression step requires the activa-
tion of PKR. Splicing effects are difficult to interpret 
within the complete HIV genome context. For example, 
decreased splicing will lower the production of the reg-
ulatory Tat and Rev proteins, both encoded by multiply 
spliced mRNAs [32]. Tat activates viral transcription and 
influences splicing of the viral RNAs [33, 34], whereas 
Rev stimulates nuclear export of unspliced and singly 
spliced RNAs, which reduces splicing [35, 36]. Unspliced 
RNA precursors that are retained in the nucleus may be 
degraded.

Given the complexity of full-length HIV expression 
and its multiple splicing products, we created a vector 

expressing the 3’ half of the HIV genome, including the 
large rev/tat intron whose excision constitutes the sole 
splicing event for RNA encoded by this vector (pcDNA-
3′HIV) (Fig. 2A). Compared to full-length HIV (Fig. 1A), 
the 3′HIV construct covers 40% of the nucleotide 
sequence, including the complete 3′ domain (Fig. 2A). To 
avoid confounding effects on splicing by the Tat and Rev 
proteins, the viral sequences in this vector start down-
stream of the rev and tat AUG translation start codons, 
so that no functional Tat and Rev can be produced. 
Moreover, the construct lacks the 5’ TAR element that 
enhances splicing at the major splice donor site via the 
Tat protein [33, 34]. Upon transfection of this vector into 
cells, we monitored splicing of the pre-mRNA transcript 
containing the rev/tat intron by quantitating unspliced 
and spliced RNA. Ribonuclease protection analysis 
(Fig.  2B, C; the ratio of spliced over unspliced RNA 
within each individual lane in Fig.  2B reflects splicing 
efficiency plotted in Fig.  2C) and quantitative real-time 
polymerase chain reaction (qRT-PCR) analysis (Fig. 2D) 
each showed that the transcript was spliced efficiently, 
resulting in a high mRNA/pre-mRNA ratio.

Excision of the rev/tat intron was inhibited strongly 
by co-expression of the viral PKR antagonist proteins, 
Vaccinia E3L and Ebola VP35 [27, 37], resulting in accu-
mulation of the unspliced pre-mRNA and reducing the 
mRNA/pre-mRNA ratio which denotes splicing effi-
ciency (Fig.  2B–D). By contrast, overexpression of PKR 
in the cell enhanced rev/tat intron excision, reflected by 
a significant increase in mRNA/pre-mRNA ratio (Fig. 2E 
and F). Notably, as shown in Fig.  2F, splicing of rev/tat 
mRNA was abrogated by expression of a trans-dominant 
negative mutant of PKR, K296R, that blocks the activa-
tion of PKR in the cell [23].

These results demonstrate a positive and indispensable 
role for PKR activation in HIV rev/tat mRNA splicing.

Phosphorylation of eIF2α controls rev/tat mRNA splicing
Repression of mRNA translation by PKR depends 
strictly on phosphorylation of the translation initiation 
factor protein chain, eIF2α, at its sole phosphorylation 
site, Serine51 [3, 38]. Expression of non-phosphoryl-
atable mutant eIF2α, eIF2αS51A, but not of wild type 
eIF2α, abrogates efficient splicing of TNF-α [10] and 
globin pre-mRNA [14], showing that splicing driven by 
the TNF-α and globin RNA activators of PKR depends 
tightly on eIF2α phosphorylation. eIF2αS51A inhib-
its eIF2α phosphorylation by activated PKR [10]. 
Indeed, expression of non-phosphorylatable mutant 
eIF2αS51A, but not of wild type eIF2α, abrogated effi-
cient splicing of rev/tat mRNA encoded in pcDNA-
3’HIV (Fig. 3). qRT-PCR analysis shows that pre-mRNA 
was converted effectively into mRNA when empty 
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control vector or wild type eIF2α vector was expressed, 
whereas co-expression of eIF2αS51A led to a strong 
decline in splicing efficiency. By contrast, as for splic-
ing of TNF-α [10] and globin pre-mRNA [14], expres-
sion of eIF2αS51D, a phosphomimetic mutant of eIF2α 
that inhibits translation [39], did not significantly 
affect rev/tat mRNA splicing, indicating a requirement 
for authentic phosphorylated eIF2α (Fig.  3). Unlike 
eIF2αS51A, eIF2αS51D does not inhibit eIF2α phos-
phorylation by activated PKR [10].

These results reveal an essential function for eIF2α 
phosphorylation in HIV rev/tat mRNA splicing that 
accounts for the need for PKR activation.

Nature of the RNA activator of PKR in HIV pre‑mRNA
The 59-nucleotide TAR stem-loop is present at the 3′ 
end of the transcript encoded by the pcDNA-3’HIV vec-
tor (Fig.  2A). The 123-nucleotide 3’-terminal fragment 
of rev/tat pre-mRNA, including TAR (Fig. 4A), can acti-
vate recombinant human holo-PKR in vitro [18] and this 
activation was impaired severely by the TAR 3R muta-
tion [18] that replaces 4 nucleotides in the TAR stem, 
thereby abolishing base-pairing (Fig.  4A, B). Quantita-
tion of phosphorylated recombinant PKR band intensity 
in Fig.  4B is presented in Fig.  4C. To examine whether 
TAR supports rev/tat mRNA splicing, we introduced the 
TAR 3R mutation into pcDNA-3’HIV and analyzed the 
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production of spliced and unspliced transcripts in trans-
fected cells. Indeed, qRT-PCR analysis showed that the 
TAR 3R mutation causes a significant reduction in rev/tat 
intron excision (Fig. 4D).

As noted above, the finding that production of mRNA 
by TAR-deficient HIV ∆TAR is sensitive to PKRi (Fig. 1C 
and Additional file 1: Fig. S1), supports the concept that 
the HIV genome contains an additional activator of PKR. 
As shown by mutational analysis, the activators of PKR in 
TNF-α pre-mRNA and IFN-γ mRNA fold into compact 
RNA pseudoknots [9–11]. Using bioinformatic analysis, 
we observed that the sequence just upstream of TAR in 
the 3′-terminal region of HIV-1 mRNA has the poten-
tial to fold into an RNA pseudoknot (Fig. 4A). This small 
pseudoknot had not been detected by chemical probing 
analysis of full-length HIV-1 RNA [40]. Yet, within the 
sequence just upstream of TAR, chemical probing sup-
ports two pseudoknot stems having moderate stability, 
consistent with dynamic refolding of the compact pseu-
doknot (Additional file 1: Fig. S2). Within the cell, HIV-1 
RNA is highly dynamic in its folding, evident from the 
widespread heterogeneous nature of HIV-1 RNA struc-
ture conformation [41]. Notably, the short AGU linker 
connecting pseudoknot stems P1 and P2 is unreactive to 
chemical probing (Additional file  1: Fig. S2), indicative 
of structural constraint that may reflect the properties of 
the compactly folded TNF-α pseudoknot that functions 
as activator of PKR in splicing [10].

To evaluate whether the HIV pseudoknot might func-
tion as an activator of PKR in splicing, we examined 
PKR activation by a mutant 123-nucleotide 3’-terminal 
transcript in which formation of the putative pseudo-
knot RNA helix P1 is abrogated by base substitutions in 
the following strand (P1b) that replaces 5 nucleotides by 
the nucleotide sequence in the complementary strand, 
thereby abolishing base-pairing (Fig.  4A). As seen in 
Fig.  4B and C, not only TAR 3R but also the P1b muta-
tion impaired the ability to activate recombinant human 
PKR. PKR was phosphorylated far less when the RNA 
was mutated, reflecting strongly reduced PKR activation 
(Fig. 4B, C). Moreover, introduction of the P1b mutation 
into pcDNA-3’HIV strongly reduced the splicing effi-
ciency of HIV rev/tat intron, even exceeding the reduc-
tion in splicing by the TAR 3R mutation (Fig. 4D, E). The 
clear splicing phenotype of mutant P1b motivated muta-
tion of the leading strand in helix P1, to yield mutant 
P1a that also replaces 5 nucleotides by the nucleotide 
sequence in the complementary strand, to abolish base-
pairing (Fig.  4A). The P1a mutation likewise impaired 
splicing efficiency of rev/tat mRNA, though less severely 
than did P1b (Fig. 4E). These mutations validate the posi-
tive role of the pseudoknot in promoting splicing.

In view of the pronounced splicing phenotypes of 
mutants P1b and P1a (Fig.  4D, E), we created dou-
ble mutant P1ab in which 5 base pairs in helix P1 are 
restored, albeit in the inverse orientation. In this regard, 
it should be noted that the pseudoknotted RNA activa-
tors of PKR in human IFN-γ mRNA [11] and TNF-α pre-
mRNA [10] each lost the ability to activate PKR when 
only a single base pair was inverted within their RNA 
structure. However, upon transfection of the P1ab dou-
ble mutant vector, in which 5 base pairs were inverted, 
no expression of pre-mRNA or mRNA could be detected 
using qRT-PCR (data not shown), documenting the sen-
sitivity of this stem and precluding further analysis.

The extensively linear double-stranded RNA motif 
within the TAR element (Fig.  4A) allows the TAR 3R 
mutation to be compensated by the complementary 
TAR 3 mutation for activating PKR in vitro [18]. Indeed, 
although the TAR 3R and TAR 3 mutations each dimin-
ished rev/tat intron excision, albeit less severely than did 
pseudoknot mutation P1b, splicing within the cell could 
be restored in part by the double mutation TAR 3R3 
(Fig.  4F). These results demonstrate a collaborative role 
for the pseudoknot and the 3’-terminal TAR stem-loop in 
mediating PKR-regulated splicing of the rev/tat intron, 
the pseudoknot being dominant (Fig. 4D–F).

We next examined whether the two pseudoknot 
stems P1 and P2 are conserved among different HIV-1 
strains and related simian immunodeficiency viruses 
(SIV). In both TNF-α pre-mRNA and IFN-γ mRNA, the 
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pseudoknot elements show phylogenetic conservation 
[9–11]. Indeed, the potential to form the HIV pseudo-
knots is conserved broadly among isolates belonging to 
different HIV group M subtypes (Fig.  5). HIV-1 com-
prises three major groups: M, N, and O. Group M (Major) 
viruses causes more than 90% of all HIV/AIDS cases and 
is divided into subtypes A-K. Its zoonotic origin is SIV 
chimpanzee (SIVcpz). Group N stands for “Non-M and 
Non-O” and its occurrence is very rare. Until recently, 
only 20 group N cases have been recorded [42]. HIV-1 

Group O (Outlier) and HIV-2 both originated from a 
zoonotic origin distinct from that of group M. The origin 
of group O is SIV gorilla (SIVgor), resulting from trans-
mission of SIVcpz to gorilla and the source of HIV-2 was 
sooty mangabey (SIVsmm) [43]. SIV isolates show major 
differences from HIV in their TAR domains [44]. Notably, 
although the nucleotide sequence in the region preceding 
TAR differs markedly in closely related SIV chimpanzee 
(SIVcpz) isolates, it can fold into a similar pseudoknot 
structure by base pairing of different sequence segments, 
exemplified for two representative isolates (Fig. 6A, B).
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Fig. 4 3’-Proximal RNA pseudoknot is essential for activation of PKR and splicing. A Secondary structure of the 123-nucleotide region in the HIV-1 
3’-UTR that contains the 3’-terminal TAR element and upstream pseudoknot. Pseudoknot stems P1 and P2 are indicated. Boxed nucleotides in 
P1 were mutated to the nucleotide sequence in the complementary strand (P1b, UUGCC > AGCGG; P1a, AGCGG > UUGCC). The 3R mutation in 
TAR was CUAG > UGGC; the 3 mutation in TAR was CUGG > GCCA [18]. B, C Both intact 3′-terminal TAR and pseudoknot stem P1 are required for 
PKR activation. Activation of PKR was assayed using rPKR (85 ng per lane) in the absence of RNA (-) or in the presence of wild type (wt), TAR 3R or 
P1b mutant transcript at 0.1 μg/ml RNA. Position of phosphorylated rPKR (68 kDa) is indicated. A representative experiment is shown (B). Band 
intensity was quantitated and is plotted in bar graph (C), subtracting the value in the absence of RNA (error bars, SEM; n = 3). D Mutation of TAR or 
pseudoknot stem P1 impairs rev/tat splicing efficiency. BHK-21 cells were transfected with 3 µg of pcDNA-3’HIV DNA wt, TAR 3R or P1b. Total RNA 
was isolated at 20 h and spliced and unspliced rev/tat transcripts were determined by qRT-PCR. Splicing efficiency, expressed as mRNA/pre-mRNA 
ratio, was determined for each DNA construct and corrected for between-session variation [58] (error bars, SD). E Mutation of each strand within 
pseudoknot stem P1 affects rev/tat splicing efficiency. BHK-21 cells were transfected with 3 µg of pcDNA-3’HIV DNA wild type (wt) or mutant forms 
P1b, P1a or TAR 3R. Total RNA was isolated at the indicated times post-transfection. Spliced and unspliced rev/tat transcripts were determined by 
qRT-PCR. Splicing efficiency is expressed as mRNA/pre-mRNA ratio (error bars, SEM; n = 3). A representative experiment is shown. F Reduction in 
rev/tat intron splicing within the cell by TAR 3 and TAR 3R mutations and partial restoration by double mutation TAR 3R3. BHK-21 cells were transfected 
with 3 µg of pcDNA-3’HIV DNA wild type (wt) or mutant forms P1b, TAR 3, TAR 3R or TAR 3R3. Total RNA was isolated at 18 h post-transfection. Spliced 
and unspliced rev/tat transcripts were determined by qRT-PCR. Splicing efficiency is expressed as mRNA/pre-mRNA ratio (error bars, SEM; n = 3)
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The impairment of rev/tat pre-mRNA splicing medi-
ated by a TAR mutation, together with the clear splic-
ing-defective phenotypes of the pseudoknot mutations, 
demonstrate that the conserved pseudoknot and TAR 
each promote splicing independently by activating PKR 
and inducing eIF2α phosphorylation. Thus, unlike the 
case for TNF-α and globin pre-mRNA, the HIV-1 RNA 
activator of PKR that drives splicing of rev/tat mRNA is 
composite in nature. Conceivably, HIV evolved to harbor 
dual RNA activators of PKR to ensure efficient splicing.

Discussion
The canonical function of the RNA-dependent stress 
response kinase PKR is to downregulate translation by 
phosphorylating the initiation factor eIF2α chain. Our 
finding is that this negative translational control mecha-
nism, hitherto thought to be a cornerstone of antiviral 
defense, positively regulates HIV mRNA splicing. We 
show that splicing of the large rev/tat intron, located 
in the 3’-proximal region of the HIV genome, requires 
the activation of PKR and phosphorylation of eIF2α 
(Fig.  7). As such, HIV employs the same mechanism to 

upregulate its mRNA splicing that is used exceptionally 
by the human inflammatory cytokine TNF-α gene and 
the globin genes to render splicing of their pre-mRNAs 
highly efficient [10, 14].

Conceivably, HIV may have acquired PKR-dependent 
control of its rev/tat mRNA splicing in the course of its 
evolution, becoming integrated into the host genome 
where once entering active replication, its expression 
needed to become highly efficient as if it were a cellular 
gene essential for survival, as exemplified by the human 
TNF-α and globin genes.

Experiments monitoring expression of full-length 
HIV-1 revealed that different PKR inhibitors did not 
only cause a decrease of the multiply spliced rev/tat 
mRNAs (Fig.  1), but production of all HIV mRNA spe-
cies, including unspliced and singly spliced ones, was 
reduced in a dose-dependent manner by Vaccinia E3L 
and by a small-molecule inhibitor of PKR. However, as 
pointed out above (Section: Splicing of rev/tat mRNA 
is regulated by activation of PKR), splicing effects are 
difficult to interpret within the complete HIV genome 
context, as a decrease in splicing will also decrease the 

Fig. 5 Conservation of HIV pseudoknot stems P1 and P2. Nucleotide sequence alignment of the pseudoknot and TAR start in LAI and other HIV-1 
isolates. Colors mark base-paired nucleotides in pseudoknot stems P1 (red) and P2 (blue), in the stem of the TATA box loop (nucleotides 27–40 
in Fig. 4A) (magenta) and in TAR (green). Grey boxes denote nucleotide differences that prevent base pairing; cyan boxes denote nucleotide 
differences that do not abolish base pairing. Black boxes denote bulged nucleotides. HIV-1 group M isolate sequences (region 9481–9547) 
corresponding to different subtypes were retrieved from http:// www. hiv. lanl. gov/ (year 2017). Representative examples from a deeper conservation 
analysis are shown. For subtypes with more than 150 entries, the 1st, 50th, 100th and 150th isolates are presented (subtype B and C); for subtypes 
occurring less than 150 times, the 1st, 10th and 20th isolate are presented (A1, D, F1 and G); and for subtypes occurring less than 20 times, the 1st 
and 5th isolate are presented (H and J). In case of sequence uncertainty or incompleteness, the next complete isolate was selected

http://www.hiv.lanl.gov/
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production of Tat and Rev proteins that will, in turn, 
affect RNA production and processing, masking thereby 
a specific effect on splicing. To deconvolute the molecu-
lar mechanism that controls PKR-dependent splicing of 
HIV-1, we created a vector harboring 40% of the HIV 

nucleotide sequence, including its complete 3’ domain, 
in which excision of the large rev/tat intron could be 
studied without confounding effects of Tat and Rev pro-
teins. Co-expression of proteins used by viruses to inhibit 
the activation of PKR in order to evade the interferon-
induced antiviral response, Vaccinia E3L and Ebola VP35, 
led to severe inhibition of HIV rev/tat intron excision, as 
did co-expression of a trans-dominant negative mutant of 
PKR that blocks phosphorylation of the kinase essential 
for its activation, whereas overexpression of PKR stimu-
lated splicing significantly. Consistent with the need for 
PKR activation in HIV rev/tat mRNA splicing, a portion 
of PKR resides in the nucleoplasm in an underphospho-
rylated state [45]. Co-expression of a non-phosphoryl-
atable mutant of eIF2α, eIF2αS51A, strongly inhibited 
splicing whereas expression of a phosphomimetic mutant 
of eIF2α, eIF2αS51D, failed to stimulate rev/tat mRNA 
splicing, even though eIF2αS51D mimics phosphoryl-
ated eIF2α in inhibiting translation [39]. This supports 
the conclusion that, as for the TNF-α gene and the globin 
genes [10, 14], authentic phosphorylated eIF2α is needed 
to render rev/tat mRNA splicing efficient.

The exceptional stability of β-globin pre-mRNA per-
mitted the analysis of PKR-dependent splicing in nuclear 
extract of human cells, including interaction of this pre-
mRNA with the splicing machinery during spliceosome 
formation [14]. Early spliceosome assembly on β-globin 
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Fig. 6 Pseudoknot stems P1 and P2 are conserved between HIV-1 and SIVcpz. A Alignment of the region upstream of 3’-TAR in the HIV-1 LAI strain 
(Genbank reference K03455) with simian immunodeficiency virus strains SIVcpzEK505 (DQ373065, SIVcpz65) and SIVcpzLB7 (DQ373064, SIVcpz64). 
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Fig. 7 Activation of PKR by rev/tat pre-mRNA triggers splicing 
via eIF2α phosphorylation. Activation of PKR occurs through 
collaborative action of the 3′-terminal TAR element and the 
pseudoknot (PK) located just upstream in rev/tat pre-mRNA. 
The helical structures generated by the pseudoknot and by TAR 
facilitate PKR dimerization and activation. Once activated, PKR 
catalyzes phosphorylation of eIF2α, which mediates efficient 
splicing. Activation of PKR is inhibited by mutations in TAR or 
pseudoknot stem P1, as well as by PKRi and expression of E3L or 
VP35; phosphorylation of eIF2α by PKR is inhibited by expression of 
non-phosphorylatable mutant eIF2S51A. The need for PKR activation 
and eIF2α phosphorylation links HIV-1 mRNA splicing to the 
integrated stress response



Page 12 of 14Namer et al. Cell & Bioscience           (2023) 13:28 

pre-mRNA, formation of complex A, depends strictly on 
the activation of PKR and on phosphorylated eIF2α [14]; 
hence, this requirement plausibly underlies the present 
observations on splicing of rev/tat mRNA.

The BHK-21 and human HEK-293 T cell lines used in 
this study were used previously to deconvolute the mech-
anisms of PKR-dependent regulation of the human IFN-γ  
and TNF-α genes, as well as of the α-globin and β-globin 
genes [9, 10, 14]. Using similar experimental designs, 
these cells allowed for in-depth analysis of the molecular 
mechanism underlying PKR-dependent control of HIV 
rev/tat splicing, revealing a mechanism that had eluded 
research on HIV-1 biology during several decades. Even 
though the control of globin gene expression has long 
served as a paradigm in molecular biology, including in 
the demonstration of splicing of cellular mRNA [46, 47], 
the PKR dependence of this process was revealed only 
recently [14]. In the case of TNF-α, it was possible to vali-
date that the dependence of pre-mRNA splicing on eIF2α 
phosphorylation in BHK cells operates in human periph-
eral blood mononuclear cells that are the natural cells 
expressing this gene [10]. Moreover, mutations that affect 
base pairing within a critical helix of the RNA activator 
of PKR in β-globin pre-mRNA and thereby impair splic-
ing in HEK-293  T cells [14] are associated with human 
β-thalassemia [48]. It should be noted that several break-
through findings on HIV-1 gene regulation are based on 
experiments where a vector expressing part of the HIV-1 
genome in cell lines was used to deconvolute molecular 
mechanisms that control HIV-1 gene expression [49–52]. 
These findings strengthen the concept that the present 
results have direct relevance to HIV-1 biology.

We describe a highly conserved RNA pseudoknot 
structure, located just upstream of the 3’-terminal TAR 
element in rev/tat pre-mRNA. Mutations within this 
pseudoknot impaired splicing efficiency, showing its 
essential role in HIV rev/tat mRNA splicing. Such a 
mutation impaired the ability of the 3’-terminal frag-
ment of HIV RNA to activate PKR. The finding that the 
potential of the viral RNA to fold into this pseudoknot is 
conserved across a broad range of HIV isolates supports 
the concept that its function in virus replication is essen-
tial. Within the IFN-γ RNA pseudoknot that activates 
PKR, the kinase protects at least one of the nucleotides in 
each of four orientation-sensitive base pairs from cleav-
age [11]; likewise, PKR may well stabilize the HIV pseu-
doknot through RNA–protein contacts. In this context, 
the 3 and 3R mutations in the RNA stem of TAR, which 
impair the ability of TAR RNA to activate PKR in  vitro 
[18], each also impaired excision of rev/tat intron. The 
results of Fig. 4 show that the TAR element activates PKR 
within the cell and thereby impacts positively on splicing 
of the viral RNA.

Based on how mutation of these two distinct RNA ele-
ments impacts on their function in activating PKR and 
in enabling splicing (Fig. 4), we demonstrated here a col-
laborative role for the pseudoknot and TAR in inducing 
PKR-regulated splicing of the rev/tat intron. Splicing at 
other 5’ and 3’ splice sites may depend similarly on these 
elements. RNA secondary structures reported previously 
to impact HIV splicing do not act by activating PKR. 
Earlier work on HIV splicing dealt with RNA stem-loop 
structures, such as the major 5’ splice donor site, that 
affect splice site efficiency by recruitment of splicing reg-
ulatory proteins, an altogether different subject [53–55]. 
Multiple levels of inhibition by PKR during HIV replica-
tion were described [56].

Interaction of eIF2 with the 5’-terminal TAR loop 
structure allows HIV-1 mRNA to compete more effec-
tively during protein synthesis [19], indicating that the 
association of eIF2 with 5’-terminal TAR does not rein-
force local phosphorylation of eIF2α by PKR.

Conclusions
The present results on HIV provide the first example of 
a virus co-opting activation of PKR by its RNA, a cellular 
antiviral mechanism, to promote splicing. In this respect, 
HIV subverts the strategy of the cellular pro-inflamma-
tory TNF-α gene for its own benefit. Our findings raise 
the question whether other viruses may use local activa-
tion of PKR through RNA elements within their genome 
to achieve efficient splicing of their mRNA.
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