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Appended to the 50 end of nascent RNA polymerase II transcripts is
7-methyl guanosine (m7G-cap) that engages nuclear cap-binding
complex (CBC) to facilitate messenger RNA (mRNA) maturation.
Mature mRNAs exchange CBC for eIF4E, the rate-limiting trans-
lation factor that is controlled through mTOR. Experiments in
immune cells have now documented HIV-1 incompletely processed
transcripts exhibited hypermethylated m7G-cap and that the down-
regulation of the trimethylguanosine synthetase-1–reduced HIV-1
infectivity and virion protein synthesis by several orders of magni-
tude. HIV-1 cap hypermethylation required nuclear RNA helicase
A (RHA)/DHX9 interaction with the shape of the 50 untranslated
region (UTR) primer binding site (PBS) segment. Down-regulation
of RHA or the anomalous shape of the PBS segment abrogated
hypermethylated caps and derepressed eIF4E binding for virion
protein translation during global down-regulation of host transla-
tion. mTOR inhibition was detrimental to HIV-1 proliferation and
attenuated Tat, Rev, and Nef synthesis. This study identified mutu-
ally exclusive translation pathways and the calibration of virion
structural/accessory protein synthesis with de novo synthesis of
the viral regulatory proteins. The hypermethylation of select, viral
mRNA resulted in CBC exchange to heterodimeric CBP80/NCBP3
that expanded the functional capacity of HIV-1 in immune cells.

RNA fate j virus–host interaction j m7G-cap methylation j eIF4E
inactivation j nuclear RNA helicase

During transcription by RNA polymerase II, the 50 end of
nascent RNAs is covalently modified by monomethylated

guanosine (m7G-cap) (1), and the m7G-cap binds the nuclear
cap-binding complex (CBC) (2). Both capping and CBC acqui-
sition are prerequisites for the assembly of ribonucleoproteins
(RNPs) that catalyze RNA processing and facilitate nuclear
export and cap-dependent translation (3). CBC is heterodi-
meric CBP80 tethered to the m7G-cap by CBP20/NCBP2 (4).
The m7G-cap of select, RNA Pol II–transcribed RNAs can be
hypermethylated at the N2 position of guanosine to create a tri-
methylguanosine 2, 2, 7-capped RNA (TMG-cap). The most
well-defined substrates of TGS1 are small nuclear RNA, small
nucleolar RNA, and telomerase RNA (5). Selected HIV-1
RNAs exhibit TMG-caps that has been identified to promote
Rev/Rev-responsive element (RRE)–dependent posttranscrip-
tional expression, although the role in viral replication has
remained unanswered for a decade (6). More recently, TGS1
has been shown to hypermethylate selected selenoprotein mes-
senger RNAs (mRNAs) (5) that are oxidative stress reducers,
anti-inflammatory actors, and facilitators of wound healing (7).
Translation of HIV-1 Rev/RRE-dependent mRNAs or seleno-
protein mRNAs maintains during eIF4E down-regulation, but
the translation mechanism remains controversial (8–10).

Cap exchange is the replacement of CBC with eIF4E, the
rate-limiting translation initiation factor for global protein syn-
thesis (11). eIF4E serves as a central node for translation of
mRNA templates involved in proliferation and survival
(12, 13). eIF4E requires activation of serine–threonine kinase

mTOR (mechanistic target of rapamycin) to phosphorylate
4E-BP1. Hypophosphorylated 4E-BP1 is the allosteric repressor
of eIF4E binding that promptly attenuates m7G-capped mRNA-
to-protein translation (13–16). mTOR-regulated translational
control couples immune cell signaling to the inflammatory
response and is fundamental to effective antiviral response (17).

Recent studies have challenged the dictum that cap-dependent
translation is exclusively attributable to eIF4E. At least 20% of
host mRNAs have been shown to utilize eIF4GI homologs that
bypass eIF4E binding to initiate translation [e.g., DAP5 (18) and
CTIF (19)]. Moreover, eIF3d binding the 50 untranslated region
(50-UTR) of the c-jun early response mRNA has been shown to
bypass eIF4E (20). The junD mRNAmaintains translation during
mTOR inhibition yet fails conventional tests for cap-independent
translation by an internal ribosome entry mechanism (20). Recently,
the heterodimeric CBP80/NCBP3 has been shown to assemble
JUND polysomes (21). The CBP80-NCBP3 heterodimer had been
characterized in conditions of metabolic stress and viral infection
and has been assigned roles in antiviral defense and RNA export
that remain under investigation (22, 23). An emerging paradigm
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posits alternative, cap-binding proteins, and select mRNA templates
engage in specialized translation pathways that are unaffected by
global down-regulation of translation, ultimately providing poly-
peptides important for stress responsiveness and recovery from
down-regulation of eIF4E-dependent translation.

HIV-1 primary RNA is processed into three classes of mature
viral transcripts (24). Early HIV-1 gene expression is charac-
terized by alternative splicing of HIV-1 primary RNA to mul-
tiply spliced (MS) transcripts encoding Tat, Rev, or Nef. The
newly synthesized Rev binds RRE within the unspliced (US)
and singly spliced (SS) RNAs to transactivate CRM1-dependent
nuclear export of incompletely spliced viral transcripts (25).
TGS1 was shown to hypermethylate the 50-caps of the Rev/
RRE-dependent HIV-1 RNAs and enhance CRM-1–dependent
posttranscriptional expression by a process that remains poorly
understood (6). Other investigations identified that the Rev/
RRE-dependent HIV-1 RNAs fail cap exchange to eIF4E and
engage polysomes composed of CBP80 and DHX9/RNA heli-
case A (RHA) (10, 26). Herein, we evaluated the following
question: What is the role of hypermethylated caps and host
cap-binding proteins in HIV-1 translation control?

Results
Hypermethylation of HIV-1 m7-G Cap Significantly Bolsters Infec-
tious Virus Production. TGS1 down-regulation studies were
conducted in HeLa cells transfected with TGS1 small interfer-
ing RNA (siRNA) or nontargeting siRNA (siNT) for 24 h fol-
lowed by HIVNL4-3 transfection for 24 h. The cell lysates and
cell-free culture medium were collected, and Western blot
(WB) of cell lysates validated that TGS1 was down-regulated
by the specific siRNA, whereas the Tubulin-loading control was
maintained (Fig. 1A). Gag ELISA (enzyme-linked immunosor-
bent assay) identified that siRNA-targeting TGS1 (siTGS1)
treatment reduced Gag in culture medium to 10% of the con-
trol (Fig. 1A, Bottom). RNA was isolated from the cells and
subjected to RT-qPCR with HIV-1 and control primer pairs.
The results from three independent experiments demonstrated

that the copies of HIV-1 US mRNA and control host RNAs
were similar between siNT- and siTGS1-treated cells, suggest-
ing that TGS1 down-regulation had diminished Gag translation
efficiency (Fig. 1B). Next, these RNA samples were incubated
with the commercial, TMG-specific antibody (6), and immuno-
precipitation (IP) was conducted. The IP eluates and flow-
through (FT) RNAs were subjected to RT-qPCR. The HIV-1
US transcripts were enriched in TMG precipitates compared to
FT (Fig. 1B, row 1). Taken relative to input, TMG IP enriched
HIV-1 US (80%) and positive control Sno-U3 (95%) and SelR
transcripts (75%) in siNT-treated cells (Fig. 1B, row 1). After
the TGS1 down-regulation, these transcripts enriched in the FT
and TMG IP collected less than 5% of input (Fig. 1B, row 2).
The results recapitulated prior findings that HIV-1 US RNAs
exhibit m7G hypermethylation attributable to TGS1 (6).

Next, MT-4 T cells were spinoculated with virus samples nor-
malized to Gag p24. After 6 h, cells were washed, and the cells
were cultured for 48 h. Results from three independent experi-
ments demonstrated that TGS1 down-regulation significantly
reduced infectivity of normalized virus (factor of ≥1,000) (Fig.
1C). We concluded the hypermethylation of HIV-1 m7-G cap
significantly bolsters infectious virus production, and the drastic
effect involves translation control.

HIV-1 TMG-Capped US/SS mRNAs Fail to Enrich eIF4E and Engage
NCBP3. Since TGS1 adds methyl groups to the m7G cap that may
disrupt eIF4E interaction, the TMG-cap of Rev-RRE–dependent
mRNAs may engage a different cap-binding protein. Indeed, the
polysomes of HIV-1 Rev/RRE-dependent RNAs have failed to
enrich eIF4E and instead engage a CBP80 mRNP (27). Recently,
NCBP3/CBP80 heterodimer has been shown to assemble JUND
polysomes for cap-dependent translation without eIF4E (21). To
test whether TMG-capped HIV-1 mRNPs enriched eIF4E or
NCBP3, the messenger ribonucleoproteins (mRNPs) were col-
lected from HIV-infected, primary CD4+ T lymphocytes and sub-
jected to RT-qPCR, as summarized in Fig. 2A. The RT-qPCR
readily detected the HIV-1 US, SS, MS, and GAPDH RNA

Fig. 1. Hypermethylation of HIV-1 m7-G cap significantly bolsters infectious virus production. HeLa cells were transfected with siTGS1 or siNT for 24 h and
then HIVNL4-3. Around 24 h later, cell lysates and cell-free culture media were collected for analyses. (A) Western blot of cell lysates with antiserum against
TGS1 or the loading control tubulin and results of Gag ELISA on cell-free medium (box). Data are representative of three experiments. (B) RNA was isolated
from the cells treated with siNT or siTGS1 followed by isolation of TMG immune complexes (IP) or IgG control. RT-qPCR using random hexamer and gene-
specific primers detected HIV-1 US RNA, SnoU3, or SelR RNA in the input, TMG IP, and FT samples relative to IgG control. RNA copies were calculated
relative to standard curves with detection limit of sensitivity 102 copies and the distribution in IP or FT was compared to Input; (), percentage of Input.
(C) MT-4 cells were spinoculated with equivalent Gag (200 ng) from supernatant of HeLa cells experiencing TGS1 down-regulation (from A). After 48 h,
MT-4 culture medium was collected and subjected to Gag ELISA. Gag production (log10) from three independent experiments with SD and significance
determined by Student’s t test (***P < 0.001).
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copies in the input cytoplasm (Fig. 2B, row 1). Immunoblotting val-
idated the IPs enriched NCBP3 or eIF4E relative to IgG controls
(Fig. 2C). HIV-1 US and SS transcripts were readily detectable in
the NCBP3 IP, whereas MS or GAPDHRNAs were less than min-
imum detectable (<MD) (Fig. 2B, row 2). HIV-1 MS or GAPDH
RNAs were readily detectable in the eIF4E RNP, whereas US or
SS transcripts were <MD (Fig. 2B, row 3), indicating the HIV-1
Rev/RRE-dependent US/SS RNAs, and the MS RNAs were com-
ponents of distinct mRNPs, as suggested previously (8).

Next, the RNA samples were incubated with a commercial,
TMG-specific antibody (6), and the IP eluates and FT RNAs
were subjected to RT-qPCR. The HIV-1 US/SS transcripts were
enriched in TMG precipitates but not FT (Fig. 2D, row 1). More-
over, HIV-1 TMG-capped, Rev/RRE-dependent transcripts were
components of the NCBP3 mRNPs (Fig. 2D, row 2). Input MS
and GAPDH transcripts failed precipitation by TMG antiserum
(Fig. 2D, row 1). As expected, MS and GAPDH transcripts
were in the eIF4E mRNPs collected in the FT, verifying failed
precipitation by TMG antiserum (Fig. 2D, row 3). The results
confirmed and extended the prior observations that HIV-1
Rev/RRE-dependent US/SS RNAs are TMG-capped, whereas
HIV-1 MS transcripts are not (6). We concluded that NCBP3
mRNPs engaged TMG-capped HIV-1 US/SS mRNA, whereas
eIF4E mRNPs engaged MS transcripts and GAPDH. Given
that the MS mRNAs, but not US/SS mRNAs, are components
of eIF4E mRNPs, the results posited that mTOR regulates the
translation of HIV-1 MS transcripts, whereas US/SS mRNAs
are unaffected by mTOR. Hence, mTOR inhibition of HIV
MS RNA translation would be expected to down-regulate Tat
and Rev protein and diminish HIV proliferation.

mTOR Inhibition Down-regulates HIV-1 Regulatory Proteins. Torin-1
is a selective catalytic site mTOR inhibitor that up-regulates

hypophosphorylated 4E-BP1 (21, 28, 29). Lymphocytes were
infected with HIVNL4-3 for 6 h (multiplicity of infection [MOI]
= 1), washed, and continuously cultured with or without Torin-
1. The lowest dose of Torin-1 was selected (50 nM) that lacked
off-target effects on cell viability while activating hypophos-
phorylated 4E-BP1 (21). At regular intervals, cell-free super-
nates were collected, and virus proliferation was measured by
Gag ELISA. Torin-1 significantly diminished virus growth in
primary CD4+ T cells, and similar trends were observed in
MT-4 and CEM×174 lymphocytes (SI Appendix, Fig. S1 A–C).
The observed decline in HIV-1 proliferation by Torin-1 agreed
with prior studies with mTOR inhibitors in HIV-infected cells
attributed to defective Tat activity (30–33). To determine
changes in proviral RNA levels, CEM×174 RNA was harvested
from day 2 to the peak of virus proliferation, and RT-qPCR was
performed. At day 2 and 4, HIV-1 US, SS, and MS RNA copies
and control GAPDH RNA copies were similar in cultures with
or without Torin-1 (SI Appendix, Fig. S1 D–G). By day 6, US
RNA copies in Torin-1 cultures dropped by two orders of mag-
nitude (SI Appendix, Fig. S1D), whereas the completely proc-
essed MS RNA displayed an upward trend (SI Appendix, Fig.
S1F). The HIV-1 SS and GAPDH RNA copies remained simi-
lar irrespective of Torin-1, indicating no change in steady state
(SI Appendix, Fig. S1 E and G). Prior research has shown that
Rev/RRE transactivation does not affect the steady state of SS
mRNAs but increases the steady state of US viral transcripts
(34). We considered that the precipitous drop in US RNA in
response to Torin-1 could be attributable to diminished regula-
tory protein synthesis.

CEM×174 cultures at day 4 postinfection were collected, and
WB with anti–HIV-1 antibodies identified Torin-1–diminished,
viral Tat, Rev, and Nef proteins and GAPDH, as observed in an
earlier study (21) (SI Appendix, Fig. S1H). Env (gp160/gp120) and

Fig. 2. TMG-capped HIV-1 US/SS transcripts are components of NCBP3 mRNP and fail to enrich eIF4E. Primary CD4+ T cells were infected with HIVNL4-3

(multiplicity of infection = 1), mRNPs were isolated, and coprecipitated RNAs were quantified by RT-qPCR with gene-specific primers. (A) Approach used
to collect cytosolic NCBP3- and eIF4E mRNPs and hypermethylated RNAs by IP with antiserum specific to NCBP3, eIF4E, or TMG. Around 10% of input and
entire IP samples were subject to RT-qPCR. (B) RNA copies in input samples, NCBP3, or eIF4E mRNPs were determined relative to standard curves and nor-
malized to IgG-negative control. (C) Western blot of input lysate and isolated immune complexes by antiserum to NCBP3 or eIF4E. (D) Enrichment of
TMG-capped RNAs from the Input or NCBP3 or eIF4E mRNP has been calculated. (), percentage (from B).
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Gag protein levels were unaffected by Torin-1, which could be
attributable to longer protein half-lives or translation unaffected by
Torin-1. To track the effect of Torin-1 on de novo protein synthesis,
metabolic labeling of global protein synthesis for 30 min was per-
formed with puromycin. WB of the cell lysates with puromycin
verified that Torin-1 attenuated de novo protein synthesis (SI
Appendix, Fig. S1I). The GAPDH antiserum documented that the
attenuation of GAPDH synthesis was recapitulated (SI Appendix,
Fig. S1 H and I). To measure the de novo synthesis of proteins
from the HIV-1 US RNA, Gag antiserum was used for IP, and the
immunoprecipitants were subjected to WB with puromycin antise-
rum. The results documented that de novo synthesis of
puromycin-labeled Gag protein was similar in cultures with/with-
out Torin-1 (SI Appendix, Fig. S1I). We concluded that mTOR
inhibition attenuates HIV proliferation and down-regulates pro-
tein synthesis from the MS mRNAs, and the translation of HIV-1
US/SS mRNAs was unaffected by mTOR. Taken together, results
posited that hypermethylated HIV-1 mRNAs undergo CBC
exchange to CBP80/NCBP3 to assemble polysomes.

CBP80 and CBP20 (also known as NCBP1) form the heterodi-
meric CBC that binds nascent transcripts and is exchanged for
eIF4E in the cytoplasm, whereas CBP80 and NCBP3 form an
alternative CBC that has been identified to assemble JUND poly-
somes (21). To test whether HIV-1 hypermethylated RNAs
assemble polysomes composed of CBP80 with CBP20 or NCBP3,
siRNAs targeting CBP20, NCBP3, or nontargeting control, siNTs
were transfected to human embryonic kidney 293 (HEK293) cells
for 48 h, followed by HIVNL4-3 transfection for an additional 24 h.
Cytoplasmic samples were collected, and WB-validated CBP20
and NCBP3 were down-regulated by the specific siRNAs relative
to siNT (SI Appendix, Fig. S2A). Polysome profiling demonstrated
that the individual down-regulation of CBP20 or NCBP3 increased
the mass and number of polysomes, compared to mock treated,
that may be attributable to increased ribosomal loading or reduced
ribosome transit time on select mRNAs (SI Appendix, Fig. S2B).
Combined down-regulation of CBP20 and NCBP3 reduced the
magnitude of polysomes to be less than the mock treatment, indi-
cating ribosomal loading to be deficient in these cells.

Next, the sucrose gradient fractions were pooled, and RNA
was isolated and subjected to RT-qPCR. The accumulation of
the HIV-1 hypermethylated US/SS mRNAs in polysomes main-
tains upon individual down-regulation of CBP20 or NCBP3,
whereas dual down-regulation of CBP20 and NCBP3 retains
the HIV-1 US/SS mRNA in preinitiation complex (PIC), indi-
cating ribosomal-loading fails (SI Appendix, Fig. S2C). No
change was identified in the distribution of MS or GAPDH
RNAs, as expected by the observation that they assemble
eIF4E mRNPs and do not assemble NCBP3 mRNPs (Fig. 2B).

To verify that the HIV-1 hypermethylated US/SS RNAs form
CBP80/NCBP3 mRNPs for ribosomal loading, polysomes were
collected, and CBP80 immunoprecipitants were subjected to WB.
In polysomes from cells experiencing siNT, CBP80 coprecipitates
NCBP3, but CBP20 is not detectable (SI Appendix, Fig. S2D).
CBP20 siRNA down-regulates CBP80 coprecipitation of CBP20
and slightly increases NCBP3. The NCBP3 siRNA up-regulates
CBP80-CBP20 heterodimers. In each case, the CBP80 mRNP
contains RHA (Fig. 2D) and US/SS transcripts (SI Appendix,
Fig. S2E). The dual down-regulation of NCBP3 and CBP20 abro-
gates detectable HIV-1 polysomal RNA. As expected, CBP80
mRNP fails to enrich MS or GAPDH transcripts. The results indi-
cate that CBP20 and NCBP3 binding to CBP80 are likely mutually
exclusive. None of the candidate proteins are detected in IgG con-
trol. We concluded that the HIV-1 hypermethylated RNAs assem-
ble polysomes composed of CBP80/NCBP3-RHAmRNPs.

Rev/RRE-Dependent RNA Translation Is Attributable to CBP80/
NCBP3-RHA mRNP. Recently, we identified that RHA is necessary
to tether JUND–CBP80/NCBP3 mRNPs to polysomes. We also

found that JUND translation is unaffected by Torin-1 unless
RHA was down-regulated by siRNA (21). Prior research has
shown that RHA down-regulation diminishes HIV-1 translation
and virion infectivity (35–38). Thus, we sought to determine if
RHA down-regulation diminishes hypermethylated HIV-1
RNAs. Cells were treated with siRNA-targeting RHA (siRHA)
or nontargeting control (NT siRNA) for 24 h, followed by
HIVNL4-3 transfection for 24 h. Cells were cultured with Torin-
1 (50 nM, 18 h). Cytoplasm was collected, and WB was
performed to validate the specific down-regulation of RHA
compared to siNT control (Fig. 3A). Antiserum to 4EBP1 and
phosphorylated 4EBP1 T37/46 validated that Torin-1
up-regulates total 4E-BP1 and down-regulates hyperphosphory-
lated α and β isoforms, indicating activation of the allosteric
inhibitor of eIF4E. We observe that RHA down-regulation
slightly diminishes total 4EBP1, and this observation remains to
be investigated. With or without RHA down-regulation, we
observed that Torin-1 reduces p-4EBP1 by a factor of 10 (Fig. 3A,
right panel, bottom line). RHA, NCBP3, CBP80, and Tubulin did
not turn over within the 18-h Torin-1 treatment, as expected from
prior results (21). We noticed CBP80 increases in Torin-1 and
siRHA treatment, and this remains to be investigated further.
Lysate was reserved for polysome profiling and for isolation of
RNA to be input for TMG-IP and RT-qPCR.

RT-qPCR performed on input RNA samples identifies that
HIV-1 US, host SnoU3, SelR, or GAPDH copies were similar
regardless if the cells experienced siRHA or siNT (Fig. 3B, Top
row). In the TMG-IP, HIV-1 US and positive control SnoU3
and SelR readily detect in the siNT samples, and negative con-
trol GAPDH accumulates in FT samples (Fig. 3B, row 1). In
the TMG-IP of siRHA samples, HIV US, SnoU3, or SelR
RNA copies accumulate in FT, as do negative control GAPDH
(Fig. 3B, row 2). We concluded that RHA down-regulation sig-
nificantly diminishes the accumulation copies of hypermethy-
lated transcripts yet does not diminish steady state.

The polysome profiling of siNT-treated cells showed that
HIV-1 US/SS mRNA enrich in polysomes regardless of Torin-1
treatment (Fig. 3C, light green versus gold bars). RHA down-
regulation fails to affect MS and GAPDH (blue bars), whereas
US/SS mRNA accumulates in PIC in a pattern similar to MS
mRNAs in Torin-1–treated cells (gold bars). We concluded that
RHA down-regulation restricts accumulation of hypermethy-
lated HIV-1 US/SS mRNAs suitable for specialized translation.
The results suggested that RHA may be important for the
acquisition of TGS1. Thus, we carried out reciprocal coprecipi-
tation assays. Results with specific antiserum demonstrated that
TGS1 readily coprecipitates RHA, and RHA coprecipitates
TGS1 (Fig. 3D). In the TGS1 coprecipitate, RHA WB identi-
fies a slightly smaller species of RHA that remains to be investi-
gated. Recently, RHA has been shown to assemble JUND
polysomes unaffected by mTOR (21); thus, experiments were
warranted to characterize components of TMG-capped HIV-1
mRNPs in polysomes.

Translation of the Hypermethylated HIV-1 mRNAs Is Attributable to
CBP80/NCBP3-RHA mRNPs. Polysomes were isolated on sucrose
gradients and incubated with antiserum to CBP80 or eIF4E.
Immune precipitates were washed, and equal aliquots were
reserved for WB or RNA extraction and RT-qPCR. WB vali-
dated effective CBP80 and eIF4E IPs compared to the isotype-
matched IgG control serum (SI Appendix, Fig. S3A, Left).
CBP80 coprecipitates NCBP3 and RHA regardless of Torin-1
treatment, as had been observed previously (21). The CBP80
polysomes fail to coprecipitate detectable CBP20, eIF4E, or
eIF4G. eIF4E coprecipitates eIF4G without Torin-1, and the
proteins become undetectable with Torin-1.

Coprecipitating RNAs were extracted from CBP80 and eIF4E
RNPs and subjected to RT-qPCR with gene-specific primers.
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Results from six independent experiments identified that US/SS
RNAs enrich the polysomal CBP80 RNPs, whereas MS and
GAPDH transcripts were less than <MD (SI Appendix, Fig. S3A,
Right). The polysomal eIF4E mRNPs enrich MS and GAPDH,
and US and SS transcripts were <MD. Torin-1 does not inter-
fere with US or SS polysomes, consistent with activity of an
internal ribosome entry site (IRES) in prior studies (9, 33, 39–43),
but down-regulates the eIF4E-dependent MS and GAPDH
polysomes.

Antiserum to RHA was incubated with the polysome prepa-
rations, and coprecipitates enrich CBP80/NCBP3 and HIV-1
US/SS transcripts regardless of Torin-1 treatment. RHA-
CBP80/NCBP3 mRNPs fail to enrich eIF4E, MS transcripts, or
GAPDH transcripts (SI Appendix, Fig. S3B). The IgG control
serum failed to detect RHA or HIV-1 transcripts validating
specificity of the RHA coprecipitates (SI Appendix, Fig. S3B).
We concluded that the hypermethylated US/SS mRNA assem-
ble polysomes composed of CBP80/NCBP3-RHA mRNPs.

Fig. 3. RHA down-regulation restricts accumulation of hypermethylated HIV-1 US/SS mRNAs suitable for specialized translation. Analysis of HIV-1 mRNPs after
siRNA down-regulation of RHA (siRHA) or nontargeting control (siNT). HEK293 cells experiencing siRNA for 24 h were transfected with HIVNL4-3 molecular clone
for 24 h and then incubated with Torin-1 (50 nM) or control (0.2% DMSO) for 24 h. Cell lysates were subjected to WB or ribosomal profile analysis, and input
RNA was extracted and incubated with antiserum to TMG. (A) WB was carried out with the indicated antiserum, and signals were quantitated (SI Appendix,
Table S7) and summarized in the table panel. (B) TMG-capped RNAs were isolated from input. Precipitants and FT were collected, and RT-qPCR measured RNA
copies. RNA copies were determined relative to standard curves and normalized to IgG-negative control. (): Percent of Input. (C) Distribution of RNA copies in
nontranslating (NT) RNP, PIC, and 80S+ monosome and polysomes. RNA copies were calculated relative to standard curves. Results represent the mean of three
independent experiments (bar) with SD. Statistical significance is the following: *P ≤ 0.05, **P ≤ 0.005, and ***P ≤ 0.001. (D) Reciprocal coprecipitation assay
performed using lysate from HIV-1–infected primary T cells, and antiserum to TGS1 and RHA. WB with indicated antiserum.
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HIV-1 Specialized Translation Requires RHA Interaction with 50-UTR
at Primer Binding Site Segment. RHA interaction with the HIV-1
50-UTR has been shown to promote HIV replication (37, 44, 45).
Deletion of Tat transactivation response element (TAR) or the
primer binding site (PBS) segment has been shown to eliminate
RHA’s interaction and activity as an HIV-1 dependency factor,
indicating important roles for both RNA regions (37, 46).
Recently, the PBS segment of the HIV-1 50-UTR was demon-
strated to form a three-way junction structure that conveys
shape-specific recognition of RHA’s double-stranded, RNA-
binding domain I (46). Mutation A140C was sufficient to elimi-
nate the three-way junction structure, and small-angle X-ray
scattering (SAXS) data analysis identified an anomalous RNA
structure (46). To verify the SAXS results, we employed NMR
studies to compare the conformation of the PBS segment
between WTand A140C and observed that the imino proton pat-
terns of the A140C are different from that of the wild type (WT)
(SI Appendix, Fig. S4), in agreement with the SAXS analysis
showing that the point mutation causes drastic, secondary struc-
tural change (46). Next, we assessed RHA-binding affinity using
recombinant full-length RHA (SI Appendix, Fig. S5A) titrated
into WT PBS segment and A140C (SI Appendix, Fig. S5B) at
various ratios by electrophoresis mobility shift assay (EMSA)
(SI Appendix, Fig. S5C). We benchmarked the affinity of RHA
binding to TAR-PolyA (nucleotide: nt-1 to 104), an RNA ele-
ment of similar size as PBS segment that has been shown insuf-
ficient for RHA activity on the HIV-1 50-UTR but likely affects
the folding of downstream PBS segment in cellulo (44, 45).

Results of the EMSA demonstrated the affinity of recombi-
nant RHA to PBS segment was greater than either A140C or
TAR-PolyA. The EMSA data were fitted into the Hill–Langmuir

equation, and the calculated microscopic dissociation constant
Kd for PBS segment is 2.5 ± 0.04 μM, whereas A140C and TAR-
PolyA reduce RHA affinity to similar Kd values (Kd = 5.5 ± 0.8 μM
and 5.3 ± 0.2 μM, respectively) (SI Appendix, Fig. S5D). These
results suggested that the anomalous structure of A140C sup-
ports nonspecific interaction that is insufficient for RHA activ-
ity in supporting HIV-1 replication in cellulo and agree with
the previous identification of two RNA-binding modes of RHA
(46): 1) selective PBS segment shape-specific RNA interaction
as an HIV-1 dependency factor and 2) nonspecific interaction
typified by TAR-PolyA and A140C that is attributable to elec-
trostatic interaction of double-stranded RNA, with basic resi-
dues plentiful in the helicase core and arginine-rich C terminus
of RHA for the general helicase function of RHA. The A140C
molecular clone was introduced to cells, and we evaluated the
possible down-regulation of HIV-1 hypermethylated US/SS
mRNAs and restriction of specialized HIV-1 translation unaf-
fected by mTOR.

We compared the activity of WT HIVNL4-3 with molecular
clones A140C and ΔPBS, in which the PBS segment was deleted
and replaced with a tetraloop (37) (Fig. 4A). The molecular
clones were transfected to HEK293 cells for 6 h, and the cells
were washed and cultured in medium with and without Torin-1.
After 24 h, cell culture medium was supplemented with 200
pmol biotin–puromycin for 30-min metabolic labeling of global
protein synthesis. WB with streptavidin–horseradish peroxidase
(HRP) documented that Torin-1 down-regulated global protein
synthesis (Fig. 4B, Upper), consistent with SI Appendix, Fig. S1I.
Biotinylated proteins were captured using streptavidin and sub-
jected to Gag WB. Biotinylated Gag-Pol and Gag proteins were
readily detected from WT HIVNL4-3 irrespective of Torin-1 (Fig.
4B, Middle, lanes 2 and 3). In contrast, biotinylated Gag-Pol and
Gag proteins from ΔPBS and A140C were down-regulated by
Torin-1, just as observed for GAPDH. Densitometry of the WB
signals (SI Appendix, Table S1) documented that mTOR inhibi-
tion also down-regulated ΔPBS and A140C translation. RNA
was isolated from these cells, and RT-qPCR showed no change
in steady-state HIV-1 or GAPDH RNA by Torin-1 (SI Appendix,
Table S2). We concluded that the PBS segment of the 50-UTR
was important for specialized translation of the Rev/RRE-
dependent, proviral RNAs. We postulated that A140C was suffi-
cient to restrict HIV-1 cap hypermethylation and the assembly
of CBP80-NCBP3-RHA into HIV-1 mRNPs.

HEK293 cells were transfected with WT HIVNL4-3 or A140C
for 24 h, and RNA was collected and subjected to TMG-IP.
RT-qPCR showed copies of WT and A140C RNA to be similar
in the input samples (Fig. 4C). The TMG IP–positive control
RNAs SnoU3 (77%) and SelR (60%) verified the integrity of
the assay and that A140C US RNA copies accumulates in FT
(94%), which indicates the dearth of TMG-cap. Taken together,
with the observation that Torin-1 down-regulated A140C Gag
translation, A140C was not expected to assemble CBP80/
NCBP3-RHA mRNPs.

NCBP3/CBP80 RNPs and eIF4E-RNPs were examined for
A140C RNA copies by RT-qPCR. The results verified that
A140C US/SS RNAs fail the assembly of NCBP3 IPs (SI
Appendix, Table S3A). A140C US/SS and MS transcripts and
GAPDH devoid of TMG-caps readily detect in eIF4E mRNPs
(SI Appendix, Table S3B). Since A140C derepressed cap
exchange to eIF4E, Torin-1 treatment was expected to down-
regulate A140C polysomes. Polysome analysis documented that
A140C US/SS transcripts retain PIC similarly to the MS and
GAPDH control transcripts in response to Torin-1 (SI
Appendix, Fig. S6, compare minus and plus Torin-1). The
results indicated A140C 50-UTR fail assembly of CBP80/
NCBP3 mRNPs in a manner similar to down-regulation of
RHA or TGS1. We concluded that the dearth of hypermethy-
lated m7G-caps allows A140C cap exchange to eIF4E and

Fig. 4. HIV-1 A140C structural perturbation of PBS-segment diminishes
nuclear helicase binding and eliminates US/SS mRNA specialized translation
unaffected by mTOR. (A) Diagram illustrating functional segments of HIV-1 50-
UTR. Colored bars: TAR, TAR-PolyA: blue (nt 1 to 104); unique 50 (U5) (nt 105
to 124): gray; PBS segment: green (nt 125 to 225); core encapsidation signal,
Ψ, and start codon (AUG) stem: tan (nt 226 to 356); and A140C: white box.
(B) HEK293 cells were transfected with HIVNL4-3 or ΔPBS or A140C molecular
clones for 24 h, cultured without (�) or with Torin-1 (50 nM) (+) for 18 h. For
30 min, cultures were supplemented with biotinylated puromycin. Cell lysates
were collected, and equal volumes incubated with streptavidin, washed, col-
lected, and subjected to WB with streptavidin–horseradish peroxidase (HRP),
Gag, and GAPDH. (C) RNA isolated from transfected cells (in B) followed by
TMG immune complexes (IP) isolation. RT-qPCR of HIV-1 US or cellular SnoU3
or SelR RNA in Input, TMG IP or FT samples. RNA copies were calculated relative
to standard curves (range 102 to 108). (): Percent of Input.
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translation regulated by mTOR. We concluded that RHA–PBS
segment shape-specific interaction was important for HIV-1
TMG-cap and specialized translation unaffected by mTOR.

Discussion
This study has demonstrated that two different translation
mRNPs engage HIV-1 MS mRNAs and US/SS mRNAs and
promote significant HIV-1 proliferation in primary CD4+ T
cells. HIV-1 MS transcripts undergo CBC exchange and eIF4E-
dependent translation to regulatory proteins (Fig. 5, Left). The
m7G-cap of HIV-1 Rev/RRE-dependent transcripts experience
hypermethylation that appears to be inhibitory to eIF4E
exchange (Fig. 5, Right). The recruitment of TGS-1 for 50-cap
hypermethylation requires RNA helicase recognizing the shape
of the 50-UTR of the US/SS mRNAs. Selective RHA binding to
the PBS segment promotes assembly of heterodimeric CBP80/
NCBP3 mRNP that initiate viral structural/enzymatic and
accessory protein synthesis unaffected by mTOR (Fig. 5, Right).
The down-regulation of TGS1 or components of the CBP80/
NCBP3/RHA mRNP or structural mutation of the PBS seg-
ment derepress eIF4E exchange. Our results show that the
mutually exclusive translation mechanisms for HIV-1 MS
mRNAs and US/SS mRNAs significantly bolster virion prolifer-
ation in immune cells.

Shutdown of the global eIF4E-dependent translation is inte-
gral to cell cycle progression and host restriction of infection.
We recently reported a specialized translation of JUND mRNA
that requires heterodimeric CBP80/NCBP3 for protein transla-
tion during global shutdown of eIF4E-dependent translation
(21). NCBP3 has been assigned roles in antiviral defense and
RNA export that remain under investigation (22, 23). Future
experiments are warranted to understand the contribution of
the CBP80/NCBP3/RHA translation pathway to the appropri-
ate synthesis of innate response proteins and balanced proin-
flammatory responses.

Vpr is an HIV-1 accessory protein that significantly enhan-
ces HIV-1 proliferation in culture and in vivo by increased viral
gene expression (19, 47). We have shown that Vpr mimics an
mTOR inhibitor and inactivates eIF4E by promoting cell cycle
arrest (10). We now propose that HIV-1 Vpr-induced inactivation

of eIF4E prevents constitutive Rev synthesis that is impor-
tant for balance between the accumulation of MS mRNAs
encoding regulatory proteins and US/SS mRNAs encoding
structural/enzymatic and accessory proteins in HIV-infected
cells (Fig. 5).

Explanations for HIV-1 50-UTR–driven translation of US/SS
mRNAs have been mired in controversy for decades (48).
Abundant literature has identified that in cellulo translation of
HIV-1 late proteins continues during inactivation of eIF4E-
dependent translation by host cell cycle arrest, nutrient depriva-
tion (10, 39, 41), poliovirus (39), encephalomyocarditis virus
(35), protease activity (49–51), or mTOR inhibitors (33, 40).
HIV-1 translation during eIF4E inactivation was consistent
with cap-independent translation by internal ribosome entry
(42, 43, 48). We present unequivocal evidence that the transla-
tion of HIV-1 US/SS mRNAs is cap-dependent relying on
TGS1, albeit by an alternative CBP80 heterodimer composed
of CBP80/NCBP3. The down-regulation of CBP80/NCBP3-
RHA mRNP derepressed CBC exchange to eIF4E and
detained US/SS mRNAs in 48S complexes typical of defective
ribosomal scanning.

CBC exchange to eIF4E was also derepressed by structural
mutation of the PBS segment required for RHA activity on the
50-UTR. The PBS segment three-way junction structure over-
laps the previously identified stem loop, whose structural muta-
tion inhibits HIV-1 IRES activity (IRES negative element)
(11). Additional experiments will be required to reconcile
whether acquisition of CBP80/NCBP3-RHA mRNP influences
ribosome scanning, shunting, or internal ribosome entry to pro-
mote polysome loading.

The RNA tertiary structure near the 50-cap is emerging as a
major variable determining the fate of particular host and viral
RNAs. The structure of the c-jun 50-UTR inhibits cap exchange
to eIF4E (20, 52) through sequestration of cap by eIF3d (20,
53, 54). HIV-1 nt–nt pairings within the PolyA region have
been shown to modulate exposure of the HIV-1 m7G-cap for
eIF4E interaction (55, 56) and up-regulate HIV-1 translation
rate in cells (57). Herein, nt–nt pairings within the PBS seg-
ment were shown to modulate activity of RHA, m7G-cap
hypermethylation, and retention of CBP80 for noneIF4E-
dependent translation. HIV-1 PolyA and PBS segment overlap

Fig. 5. HIV-1 MS mRNAs and US/SS mRNAs engage different translation pathways attributable to specific binding of nuclear RNA helicase (RHA) and
m7G-cap hypermethylation that inhibits CBC exchange to eIF4E and favors exchange to CBP80/NCBP3 mRNPs for specialized translation unaffected by
mTOR. (Left) eIF4E-dependent translation of Tat, Rev, and Nef from fully processed HIV-1 mRNAs is controlled through mTOR. Nascent HIV-1 transcripts
receive the monomethylated guanosine (m7G) cap and 30 polyadenylate tail (AAA) and are alternatively spliced. m7G-cap is cotranscriptionally bound by
CBC composed of CBP20-CBP80 and supports cap exchange to eIF4E. The mTOR substrate 4EBP1 is the allosteric inhibitor of eIF4E. (Left) mTOR hyperphos-
phorylates 4E-BP1 to activate global eIF4E-dependent mRNAs translation. mTOR inhibition (e.g., Torin-1) engenders hypophosphorylated 4E-BP1 and
global repression of translation inclusive of Tat, Rev, and Nef. (Right) CBP80/NCBP3-RHA–specialized translation of HIV-1 structural and accessory proteins.
HIV-1 late gene expression is characterized by Tat and Rev transactivation of nascent HIV-1 RNAs at the TAR and RRE, respectively. HIV-1 m7G-cap is
cotranscriptionally bound by CBC followed by folding of the 50-UTR PBS segment three-way junction structure recognized by RHA. RHA engenders TGS1
hypermethylation of the m7G-cap–inhibiting cap exchange to eIF4E. NCBP3/CBP80-RHA mRNP engage a specialized translation pathway for structural and
accessory protein synthesis during down-regulation of global translation.
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the structure of the RHA-responsive posttranscriptional control
element (PCE) identified in several retroviruses (35, 58, 59).
Our data suggest that RHA/PCE influence the RNA folding in
proximity to the 50-cap determining the fate of particular host
and viral RNAs.

All of the HIV-1 mRNAs (US/SS and MS) share the same
288 nucleotides at the 50 terminus from +1 until the first splice
donor site. They all contain the PBS segment as a potential
RHA binding site for assembly of CBP80/NCBP3/RHA
mRNPs. Our data suggested that the HIV-1 US/SS mRNAs
engaged in CBP80/NCBP3-RHA translation RNPs expose PBS
segment three-way junction structure for RHA recognition.
However, disruption of the three-way junction redirected
US/SS mRNAs to eIF4E RNPs devoid of RHA, similar to the
MS mRNAs. Our results suggest that the 50-UTR structures
control epigenetic modification of the m7G-cap and sort them
into the separate translation pathways to ensure productive syn-
thesis of HIV-1 structural/enzymatic/accessory proteins when
hosts shutdown global translation in response to mTOR inhibi-
tion. Our results support the hypothesis that PBS segment
regions are metastable determinants important for sorting MS
mRNAs for eIF4E-dependent translation of regulatory proteins
and US/SS transcripts for CBP80/NCBP3-RHA–dependent
translation of virion proteins (56, 57, 60, 61).

Materials and Methods
Cells, Infections, siRNA, and Immunoblot. HIVNL4-3-infected human primary
CD4+ or CEM×174 or MT-4 cells (5 × 105 cells in 1 mL Roswell Park Memorial
Institute [RPMI]-1640) were seeded into 12-well plates andmaintainedwith or
without Torin-1 (50 mM) for 21 d. Fractions of culture supernatant (10%)
were collected and replenished by fresh culture medium with or without
Torin-1. Gag released to the culture medium was measured by Gag p24 ELISA
(XpressBio). HEK293 cells were transfected to propagate molecular clones and
for siRNA down-regulation (1 × 106 HEK293 cells per 35-mm well). SiRNA (50
nM) -targeting RHA (21), NCBP2, NCBP3, TGS1 (21, 22), or siNT were trans-
fected with Lipofectamine 2000 (1 μL/10 nM siRNA) (Invitrogen) and Opti-
minimum essential media (MEM) (500 μl); the medium was exchanged after
6 h and 24 h later. Cultures were supplemented with 0.2% DMSO or Torin-1
(50 nM) for 18 h followed by 2-mM puromycin treatment. Cytoplasmic protein
or RNA was isolated in cell lysis buffer and TRIzol-LS (Ambion), respectively
(21). Equivalent (20 μg) protein was subjected to WB with specific antibodies
(SI Appendix, Table S1), and protein–antibody complexes were detected by
enhanced chemiluminescence (GE Biosciences). Antibodies used in this study
are listed in SI Appendix, Tables S4 and S5. Densitometry results were gener-
ated with ImageJ software (NIH).

Density Sedimentation, RNA IP, and RNA Analysis by qRT-PCR. Published pro-
tocols were used to perform density sedimentation and A254 spectrometry
(21). For IP, Dynabeads Protein G (30 μL) (Invitrogen) were washed two times
in 10-bed volumes of cytoplasmic lysis buffer (20 mM Tris�HCl [pH 7.4], 150
mM NaCl, 2 mM EDTA, and 1% Nonidet P-40) and antibodies (SI Appendix,
Table S2) in 10-bed volume of IP lysis buffer (20 mM Tris�HCl [pH 7.4], 3 mM
MgCl2, 150 mM NaCl, 2 mM DTT, 1× protease inhibitor mixture EDTA free,

5 μL/mL RNase Out, 0.2 M sucrose, 0.5% Nonidet P-40, and 0.1% Triton X-100)
with 1 mM bovine serum albumin (BSA) were incubated 45 min at room tem-
perature. Bead–antibody complexes were washed in IP wash buffer (20 mM
Tris�HCl [pH 7.4], 300 mM NaCl, and 0.5% Nonidet P-40) and incubated with
300 μg cell lysate at 4 °C for 2 h with rotation. Immune complexes were
washed in IP wash buffer four times, and precipitates were collected by boil-
ing with 1× SDS sample buffer or isolated in TRIzol-LS. Total RNA, cytoplasmic
RNA, coprecipitated RNA by anti-NCBP1, eIF4E, or RHA was resuspended in
ice-cold TMG IP buffer (20 mM Tris�HCl [pH 7.4], 150 mM NaCl, 0.1% Nonidet
P-40, and 5 μL/mL RNase Out). TMG–antibody–bead complexes were washed
and incubated with 5 μg RNA or all RNA-IP at 4 °C for 4 h with rotation,
washed, and isolated in TRIzol-LS. As described previously, complementary
DNA (cDNA) was generated using Omniscript (Qiagen), random primers (Invi-
trogen), and cellular or cytoplasmic RNA (2 μg) or coprecipitated RNA samples
(62) followed by RT-qPCR using gene-specific primers (SI Appendix, Table S3).

RNA Purification, Recombinant Protein Purification, NMR Spectroscopy, and
EMSA. HIV-1NL4-3 PBS segment (nt 125 to 223 with two nonnative G–C pairs),
PBS-A140C, and TAR-PolyA (nt 1 to 104) RNAs were synthesized by in vitro T7
transcription and purified by sequencing gel electrophoresis, elutrap elution,
and salt washes (37). Recombinant RHA containing a Mocr-tag and His-tag at
the N terminus was expressed in insect cells and purified as previously
described (38). All NMR experiments were carried out using RNA concentra-
tions ranging from 200 to 300 μM and preincubated in NMR buffer (10 mM
Tris-d11 [pH 6.5] and 1 mM MgCl2) at 37 °C for 1 h. One-dimensional proton
spectra were collected for PBS segment and PBS-A140C in 90% H2O and 10%
D2O at 283 K. All NMR data were collected on a Bruker Avance III 800MHz
spectrometer equipped with TCI cryoprobe. For EMSA, the PBS segment, PBS-
A140C, and TAR-PolyA RNA samples were refolded by preparing the RNA in
20 mM Hepes, pH 7.5, denaturing at 95 °C for 3 min, snap cooling on ice, and
mixing with buffer to reach final concentration of 20 mM Hepes, pH 7.5, 140
mM KCl, and 1 mM MgCl2 with 10% glycerol (buffer A). The RNAs were incu-
bated at 37 °C for 30 min. The prefolded RNA was then mixed with recombi-
nant RHA in buffer A to reach a final RNA concentration of 0.4 μMand protein
concentrations of 0, 0.8, 1.6, 2.0, 2.4, 2.8, 3.2, 3.6, 4.0, and 4.8 μM, respectively.
The mixtures were incubated at room temperature for 30 min and resolved
on a 1.5% agarose gel ran at a constant voltage of 150 Volts for 45 min on ice.
The EMSA experiment was repeated three times, and the representative
EMSA gels are shown. The intensities of the bands in each gel were quantified
in Image Laboratory (V6.1.0 build7, Bio-Rad Laboratories, Inc.). The binding
affinity was calculated by fitting the data into the Hill–Langmuir equation
(Origin 7.0).

Statistical Data Analysis. Three or more independent experiments were per-
formed for each assay and results were combined to define the mean ± SD
(SD). Statistical significance for comparisons between two sets of the experi-
ments was assessed using unpaired two-tailed Student’s t test, and a P value
(*) of <0.05 was considered to be significant. For multiple treatment experi-
ments, one-way ANOVA followed by multiple comparison analysis used
GraphPad PRISM 8. Data were compiled in Microsoft Excel (2011). Statistical
significance is the following: *P ≤ 0.05, **P ≤ 0.005, and ***P ≤ 0.001.

Data Availability. All study data are included in the article and/or SI Appendix.
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