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ABSTRACT Unspliced HIV-1 RNAs function as messenger RNAs for Gag or Gag-Pol 
polyproteins and progeny genomes packaged into virus particles. Recently, it has been 
reported that fate of the RNAs might be primarily determined, depending on transcrip­
tional initiation sites among three consecutive deoxyguanosine residues (GGG tract) 
downstream of TATA-box in the 5′ long terminal repeat (LTR). Although HIV-1 RNA 
transcription starts mostly from the first deoxyguanosine of the GGG tract and often 
from the second or third deoxyguanosine, RNAs beginning with one guanosine (G1-form 
RNAs), whose transcription initiates from the third deoxyguanosine, were predominant 
in HIV-1 particles. Despite selective packaging of G1-form RNAs into virus particles, its 
biological impact during viral replication remains to be determined. In this study, we 
revealed that G1-form RNAs are primarily selected as a template for provirus DNA rather 
than other RNAs. In competitions between HIV-1 and lentiviral vector transcripts in 
virus-producing cells, approximately 80% of infectious particles were found to gener­
ate provirus using HIV-1 transcripts, while lentiviral vector transcripts were conversely 
selected when we used HIV-1 mutants in which the third deoxyguanosine in the 
GGG tract was replaced with deoxythymidine or deoxycytidine (GGT or GGC mutants, 
respectively). In the other analyses of proviral sequences after infection with an HIV-1 
mutant in which the GGG tract in 3′ LTR was replaced with TTT, most proviral sequences 
of the GGG-tract region in 5′ LTR were found to be TTG, which is reasonably generated 
using the G1-form transcripts. Our results indicate that the G1-form RNAs serve as a 
dominant genome to establish provirus DNA.

IMPORTANCE Since the promoter for transcribing HIV-1 RNA is unique, all viral elements 
including genomic RNA and viral proteins have to be generated by the unique tran­
scripts through ingenious mechanisms including RNA splicing and frameshifting during 
protein translation. Previous studies suggested a new mechanism for diversification 
of HIV-1 RNA functions by heterogeneous transcriptional initiation site usage; HIV-1 
RNAs whose transcription initiates from a certain nucleotide were predominant in 
virus particles. In this study, we established two methods to analyze heterogenous 
transcriptional initiation site usage by HIV-1 during viral infection and showed that RNAs 
beginning with one guanosine (G1-form RNAs), whose transcription initiates from the 
third deoxyguanosine of the GGG tract in 5′ LTR, were primarily selected as viral genome 
in infectious particles and thus are used as a template to generate provirus for continu­
ous replication. This study provides insights into the mechanism for diversification of 
unspliced RNA functions and requisites of lentivirus infectivity.
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T o infect new cells, HIV-1 has to assemble infectious virus particles that contain viral 
proteins and two copies of its genomic RNA (1–3). In infected cells, HIV-1 particle 

assembly initiates with the transcription of viral RNA from integrated provirus DNA to 
produce the genomic RNA and the full range of mRNAs encoding the viral proteins. Since 
the promoter for transcribing HIV-1 RNAs is unique, some RNA transcripts undergo RNA 
splicing to become mRNAs encoding viral envelope protein, regulatory proteins, and 
accessory proteins (4). The others are not spliced and function as mRNAs for Gag proteins 
and Gag-Pol polyproteins via frameshifting as well as viral genomic RNA of progeny 
virus. Genomic RNAs are incorporated into virus particles, depending on cis-acting RNA 
“packaging signals” in the 5′-leader of unspliced HIV-1 RNA (5, 6), and most or nearly 
all HIV-1 particles were found to contain dimerized genomic RNAs (7). Thus, genomic 
RNA selection had been originally thought to be determined by dimerization-dependent 
secondary and tertiary structures of a single unspliced HIV-1 transcript (8, 9), switcha­
ble structures between dimerized RNAs in which packaging signals are accessible and 
not-dimerized RNAs in which packaging signals are masked (10–13).

In 2015, Masuda et al. reported heterogenous transcriptional start site usage by HIV-1 
and two functionally distinct pools of resultant RNAs (14). There are three forms of 
HIV-1 RNA whose transcription initiates from each of three consecutive deoxyguanosine 
residues (GGG tract) downstream of TATA-box in the 5′ long terminal repeat (LTR), and 
RNAs whose transcription initiates from the first G (G3-form HIV-1 RNA) were predomi­
nantly expressed in cells (14). However, RNAs whose transcription initiates from the third 
G (RNAs beginning with a single guanosine: G1-form HIV-1 RNA) occupied almost 70% of 
genomic RNA in virus particles. Interestingly, 5′-capped G1-form 5′-leader RNAs adopted 
a dimeric structure, but most of 5′-capped G2- or 5′-capped G3-form leader RNAs existed 
as a monomer under physiological-like ionic condition (15). Furthermore, the G2- and 
G3-form RNAs were found to be enriched on polyribosomes in cells instead of being 
packaged into virus particles (15). It is also reported that abortive forms of minus-strand 
strong-stop cDNA (−sscDNA) were more abundantly generated during reverse transcrip­
tion from the G3-form RNA than from the G1-form RNA in the same study (14), suggest­
ing that transcriptional start site heterogeneity affects not only genomic RNA packaging 
but also reverse-transcription and possibly other processes during HIV-1 replication.

Nuclear magnetic resonance (NMR) analysis revealed that the G1-form RNAs adopted 
a dimeric multi-hairpin structure in which the 5′-cap structure was hidden, but the G2- or 
G3-form RNAs adopt an alternate structure in which splice donor residues and the 5′-cap 
structure were accessible (16, 17). Further NMR analysis of the joint region between the 
TAR and polyA stems in 5′-leader RNA revealed that they form a coaxial stem in the case 
of the G1-form RNA while the two stems are structurally independent in the case of the 
G2- and G3-form RNAs (18). Collectively, the number of G at the 5′-terminus of HIV-1 
RNA, depending on transcriptional initiation sites, is suggested to dictate conformational 
regulation and finally fate of HIV-1 RNA.

In the present study, we show that the G1-form RNA is not only physically predomi­
nant in virus particles but also selectively used as a template RNA for generating provirus 
DNA by reverse transcription in the context of single-round HIV-1 infection.

RESULTS

Infectious HIV-1 particles were successfully produced in the absence of 
G1-form HIV-1 transcripts

Although three deoxyguanosines (G) in a conserved GGG tract in the U3/R junction 
of 5′ LTR of HIV-1 (the GGG tract is located from 454 to 456 in pNL4-3) are known as 
the transcription initiation sites of HIV-1 RNA, RNAs whose transcription initiates from 
the third G of the GGG tract (RNAs beginning with single guanosine: G1-form HIV-1 
RNA, Fig. 1A) are predominantly incorporated into virus particles (14). First of all, we 
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FIG 1 Infectious particles can be produced in the absence of the G1-form HIV-1 transcripts. (A) A schematic represents initiation sites of HIV-1 RNA transcription. 

The GGG tract is located at the U3/R junction in 5′ LTR of HIV-1 clone DNA (pNL4-3EGFPΔenvΔnef). Sequences of 5′-termini of HIV-1 RNA whose transcription 

initiates from the first, the second, and the third deoxyguanosine are also shown (G3-, G2-, and G1-form, respectively). TATA-box and the GGG tract are

(Continued on next page)
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addressed a question whether the G1-form HIV-1 transcripts are essential to produce 
infectious HIV-1 particles. To assess whether infectious HIV-1 particles could be produced 
in the absence of the G1-form HIV-1 transcripts, we generated two mutants of HIV clone 
DNA pNL4-3EGFPΔenvΔnef (19) by replacing the third G at 456 with deoxycytidine (C, 
GGC mutant) or deoxythymidine (T, GGT mutant) (Fig. 1B). These mutants are expected 
not to express the G1-form because transcription usually initiates from a purine such 
as deoxyadenosine (A) and G but rarely from a pyrimidine such as deoxythymidine 
(T) or deoxycytidine (C) (20). Even though transcription initiates from the nucleotide 
they will be U1- or C1-form RNAs (RNAs beginning with single uridine or cytidine, 
respectively) but not the G1-form RNAs. Using these mutants, we prepared vesicular 
stomatitis virus glycoprotein (VSV-G)-pseudotyped virus as reported previously (21) and 
assessed whether the prepared viruses are infectious by infecting human T-cell line, MT-4 
cells. Forty-eight hours after exposure of MT-4 cells with the supernatant of 293T cells 
transfected with each HIV clone DNA, expression of the marker protein EGFP by MT-4 
cells was evaluated by flow cytometry. Some cells exposed with the GGC or GGT mutant 
virus were found to express EGFP (Fig. 1C), suggesting that infectious particles could be 
produced in the absence of the G1-form HIV-1 transcripts. By counting EGFP-positive 
(EGFP+) MT-4 cells gated in Fig. 1C, we evaluated number of EGFP+ cells produced with 
1 mL of supernatant or with 1 ng of p24 (capsid protein of HIV-1). We found that EGFP+ 

cells by the GGC mutant virus are significantly less to the level of approximately 50% of 
wild-type (WT) control, but the GGT mutation was tolerable (Fig. 1D, upper graph). On 
the other hand, EGFP+ cells produced with 1 ng of p24 (capsid protein of HIV-1) were not 
significantly different among WT and the mutants (Fig. 1D, lower graph). Based on the 
results, it was assumed that HIV-1 RNAs other than the G1-form can be also used as viral 
genome in infectious particles.

To verify this point, we analyzed sequences of provirus in newly infected cells. DNA 
purified from MT-4 cells 48 h post-infection with the GGC or GGT mutants of VSV-G-pseu­
dotyped virus was used as template of nested PCR for amplifying fragment including 5′ 
LTR U3/R junction of provirus. Then amplified DNA was cloned in a plasmid, pCR4, and 
proviral sequences were analyzed. As shown in Fig. 1E, in 71% of analyzed clones, proviral 
sequences of mutated region are GGC (Fig. 1E, left panel) which can be generated from 
RNAs whose transcription initiates from the first or the second G of the GGC mutant 
(GGC- or GC-form, respectively; a schematic of reverse transcription using the GC-form 
RNA as template is shown in Fig. 1F). Interestingly, in 29% of analyzed clones, proviral 
sequences of mutated region are GGG (Fig. 1E, left panel) which cannot be generated 
from the GGC- or GC-form. They might be possibly generated either from RNAs whose 
transcription initiates from nucleotides downstream of the GGC sequence (shorter-form 
RNAs: an example with RNA whose transcription initiates from G at 464 is shown in 
Fig. 1F, first RNA) or by premature strand transfer (22) that partial cDNA (Fig. 1F, panel 
ii, derived from the third RNA) was used as a primer for reverse transcription after 

FIG 1 (Continued)

highlighted by blue and black bold letters, respectively. (B) Nucleotide sequences of the GGC and GGT mutants of pNL4-3EGFPΔenvΔnef are shown. The 

mutated nucleotides are highlighted by red bold letters. (C) MT-4 cells were exposed with supernatant containing VSV-G-pseudotyped NL4-3EGFPΔenvΔnef 

wild-type (WT), GGC, or GGT mutants and subjected to flow cytometric analysis at 48 h after infection to assess whether these mutant plasmids can produce 

infectious particles. From three independent experiments, one representative dot plot is shown. EGFP-positive cells are gated in black squares. (D) Numbers 

of EGFP-positive cells produced by the VSV-G-pseudotyped NL4-3EGFPΔenvΔnef WT, GGC, or GGT mutant viruses in 1 mL of supernatant (upper) or 1 ng of 

p24 antigen (lower) were evaluated. The numbers for WT were arbitrarily set as 100, and error bars are ±standard error of the mean from three independent 

experiments. Asterisk code for statistical significance compared to WT: ***P < 0.001; n.s., not significant, P > 0.05. (E) Sequencing analyses of provirus after 

infection with the VSV-G-pseudotyped NL4-3EGFPΔenvΔnef GGC mutant (n = 38 clones) or GGT mutant (n = 46 clones) mutants are shown (left and right panels, 

respectively). TF input: a plasmid for transfection to express HIV-1 transcripts (pNL4-3EGFPΔenvΔnef-based mutant plasmid). (F) A schematic represents processes 

of HIV-1 replication from transcription to provirus DNA production. Proviral sequences could be different, depending on transcriptional initiation site in the case 

of the GGC mutant of NL4-3EGFPΔenvΔnef. The cases of a shorter-form (upper) and the GC-form (lower) RNA are shown. (G) Results of 5′ rapid amplification of 

cDNA end analyses using RNA purified from virus particles of the VSV-G-pseudotyped NL4-3EGFPΔenvΔnef WT virus (n = 34 clones), GGC mutant virus (n = 37 

clones), and GGT mutant virus (n = 35 clones) are shown (first, second, and 3rd panels, respectively).
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first-strand transfer. To assess whether there is the GGC-, GC- or shorter-form HIV-1 RNAs 
are in virus particles, we carried out 5′ rapid amplification of cDNA end (5′ RACE) analyses 
using RNA purified from VSV-G-pseudotyped virus to analyze sequences of 5′-terminal 
edge of HIV-1 genomic RNA. First of all, we found that the G1-form HIV-1 RNA occupied 
79% of genomic RNA in virus particles of WT virus (Fig. 1G, first panels), suggesting 
that we successfully confirmed a previous observation by our own experiment (14). In 
the virus particle of NL4-3EGFPΔenvΔnef virus GGC mutant, we found the GGC-, GC- 
and shorter-form RNAs (Fig. 1G, second panels), by which proviral sequences GGC or 
GGG could be reasonably generated (as shown in Fig. 1F, first or second RNA). In the 
experiments using the GGT mutant, GGG and GGT were found as proviral sequences of 
mutated region (Fig. 1E, right panels) and we found the shorter-form RNAs in addition 
to the U1-, GU- and GGU-form RNAs in virus particle of the GGT mutant virus (Fig. 1G, 
third panels). From these results, in the absence of the G1-form RNA, HIV-1 transcripts 
other than the G1-form are concluded to be incorporated into virus particles and used as 
a template RNA to establish the HIV-1 provirus state, namely, genomic RNA in infectious 
virus particles.

The GGG tract in U3/R junction of 5′ LTR is dispensable but important for 
efficient production of infectious virus particles

Next, we generated pNL4-3EGFPΔenvΔnef mutants by replacing the entire GGG tract 
with TTT or AAA (Fig. 2A) to assess whether the GGG tract itself is essential for HIV-1 to 
generate infectious virus particles. As shown in Fig. 2B, infectious VSV-G-pseudotyped 
HIV-1 particles were successfully produced by these mutant plasmids, suggesting that 
the GGG tract in U3/R junction of 5′ LTR is not an absolute requisite for successful 
production of infectious particles. As done for Fig. 1D, we also evaluated the number 
of EGFP+ cells produced by WT, TTT, or AAA mutant viruses with 1 mL of supernatant 
or 1 ng of p24 and found that a significantly smaller number of EGFP+ cells were 
produced by each mutant virus than the WT in both results per supernatant and per 
p24 antigen (Fig. 2C; upper or lower graph, respectively). To understand what HIV-1 
RNA transcripts were used as genome in infectious VSV-G-pseudotyped particles, we 
analyzed sequences of provirus as done for Fig. 1E. In the case of the TTT mutant, proviral 
sequences of the mutated region are GGG (97%) and TTT (3%) (Fig. 2D, left panels). 
It suggests that the shorter- or longer-form RNAs whose transcription initiates from a 
nucleotide downstream or upstream of TTT were probably used as genome in infectious 
particles for generating proviral sequences GGG or TTT, respectively. In fact, most RNAs 
in the virus particle of the NL4-3EGFPΔenvΔnef TTT mutant virus were found to be the 
shorter-form RNAs, and only one clone of the longer-form RNA (U4-form RNA) was found 
by 5′ RACE analyses using RNA purified from VSV-G-pseudotyped virus (Fig. 2E, upper 
panels).

Conversely, multiple clones of proviral sequences such as GGG, AAA, GAA, and GGA 
were found from cells infected with the AAA mutant virus (Fig. 2D, right panels). In the 5′ 
RACE analyses using RNA purified from VSV-G-pseudotyped AAA mutant virus, the A1-, 
A2-, and shorter-form RNAs were found in virus particles (Fig. 2E, lower panels). When A2-
form RNAs whose transcription initiates from the second A of AAA mutation were used 
as template for reverse transcription, the terminal of −sscDNA is likely to be 5′-(contin­
ued)-GAGATT-3′. On the other hand, sequences of template RNA (U3/R junction of 3′ LTR) 
is 5′-(continued)-GGGUCUC-(continued)-3′; hence, sequences between regions under­
lined such as GAGA and UCUC will be matched, but mismatch will occur after the first-
strand transfer between GG in template and TT on the edge of the −sscDNA shown as 
bold letters. However, HIV-1 reverse transcriptase was reported to overcome misinserted 
nucleotides and elongate from mispairs between template and 3′-terminal DNA both in 
cell-free system and during viral replication in cells (23, 24). Thus, proviral sequences GAA 
and GGA can be reasonably produced from the A2- and A1-form HIV-1 RNAs, respec­
tively. Here, we established a method to understand the 5′ edge of genomic RNA used 
for HIV-1 infection by analyzing proviral sequences using mutant viruses of the GGG tract 
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in LTR. Notably, we concluded that the reason why the GGG tract in 5′ LTR (from 454 to 
456 in the case of pNL4-3EGFPΔenvΔnef) is conserved among most HIV-1 strains (14, 25) 
is not because it is an absolute requisite to produce infectious HIV-1 particles.

Selective usage of the G1-form HIV-1 transcripts as genome in infectious 
virus particles rather than the other forms

Next, we focused on difference in function between the G1-form transcripts and other 
forms and addressed selective usage of the G1-form over other forms of HIV-1 transcripts 
by using competition assay. Based on the existence of a GGG tract downstream of 
TATA-box in a plasmid coding genomic RNA of lentiviral vector, pCSII-EF-MCS-IRES-H2Kk 

(26), we carried out a competition between HIV-1 transcripts and lentiviral vector 

FIG 2 The GGG tract in the U3/R junction of 5′ LTR is not an absolute requisite for production of infectious HIV-1 particles. (A) Nucleotide sequences of the 

TTT and AAA mutants of NL4-3EGFPΔenvΔnef are shown. The mutated nucleotides are highlighted by red bold letters. (B) Flow cytometric analyses were carried 

out using the TTT and AAA mutants as done in Fig. 1C. (C) Numbers of GFP-positive cells produced by the VSV-G-pseudotyped NL4-3EGFPΔenvΔnef WT, TTT, 

or AAA mutant viruses in 1 mL of supernatant (upper) or 1 ng of p24 antigen (lower) were evaluated. Graphs are presented as described in Fig. 1D. Asterisk 

code for statistical significance compared to WT: *P = 0.001 < P < 0.05, ***P < 0.001. (D) Sequencing analyses of proviral sequences after infection with the 

VSV-G-pseudotyped NL4-3EGFPΔenvΔnef TTT (n = 37 clones) and AAA (n = 35 clones) mutants are shown (left and right panels, respectively). TF input: a plasmid 

for transfection to express HIV-1 transcripts (pNL4-3EGFPΔenvΔnef-based mutant plasmid). (E) Results of 5′ RACE analyses using RNA purified from virus particles 

of the VSV-G-pseudotyped NL4-3EGFPΔenvΔnef TTT mutant virus (n = 36 clones) and AAA mutant virus (n = 37 clones) are shown (upper and lower panels, 

respectively).
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transcripts to assess which transcripts were used as viral genome in infectious parti­
cles (a schematic of the experiment is shown as Fig. 3A). We transfected 293T cells 
with pNL4-3EGFPΔenvΔnef, pCSII-EF-MCS-IRES-H2Kk, and pMission-VSV-G expressing 
envelope protein of VSV-G-pseudotyped virus, harvested supernatant 48 h post-transfec­
tion, exposed MT-4 cells with the harvested supernatant, and assessed which marker 
protein MT-4 cells express 48 h after the exposure. Since EGFP or mouse H2Kk antigen 
is encoded by genome of HIV-1 (NL4-3EGFPΔenvΔnef) or lentiviral vector, EGFP+ or 
H2Kk+ cells (cells in a green box or a dark yellow box in Fig. 3A) were defined as cells 
in which provirus derived from HIV genome or lentiviral vector genome integrated, 
respectively. As shown in dot plots of Fig. 3B, we calculated percentage of each EGFP+ 

or H2Kk+ out of total marker expression (number of EGFP+ cells + number of H2Kk+ cells; 
double-positive cells were counted as EGFP+ cells and also as H2Kk+ cells) to evaluate 
which transcripts play a role as genome in infectious particles. To avoid the multiple 
infection of cells with virus carrying the same marker gene, we collected results in 
which positive cells of each marker is less than 30%. In the first competition between 
RNAs derived from pNL4-3EGFPΔenvΔnef (WT) and pCSII-EF-MCS-IRES-H2Kk, EGFP or 
H2Kk occupied more than 80% or less than 20% of total marker expression, respectively 
(Fig. 3B, left bars labeled as WT in the bar graph), suggesting that more than 80% 
of infectious particles used HIV-1 transcripts as template for generating provirus. It 
might be reasonable because viral proteins are expressed from pNL4-3EGFPΔenvΔnef. 
Notably, we observed a completely opposite trend in a competition using the GGC 
or GGT mutants of NL4-3EGFPΔenvΔnef instead of WT (Fig. 3B; center or right bars in 
the bar graph, respectively). In the competition, H2Kk occupied more than 70% of total 
marker expression, suggesting that lentiviral vector transcripts are preferentially used as 
genomic RNA in infectious virus particles in the absence of the G1-form HIV-1 transcripts.

Next, we addressed a question whether the aforementioned opposite trend might 
not be observed in the absence of the G1-form of both HIV-1 RNAs and lentiviral vector 
RNAs. To assess the possibility, we generated a GGT mutant of pCSII-EF-MCS-IRES-H2Kk 

(Fig. 4A) and carried out the competition assay using it (Fig. 4B). In the competition using 
the pCSII-EF-MCS-IRES-H2Kk GGT mutant versus pNL4-3EGFPΔenvΔnef GGC or GGT 
mutants, lentiviral vector transcripts were not dominantly selected as genome in 
infectious virus (Fig. 4B; center or right bars in the bar graph, respectively), suggesting 
that the third G in the GGG tract of pCSII-EF-MCS-IRES-H2Kk would be necessary for the 
opposite trend that lentiviral vector transcripts are dominantly selected as genome in 
infectious particles. To assess whether the third G in the GGG tract of pCSII-EF-MCS-IRES-
H2Kk suffices to recapitulate the initially found genome usage inversion shown in Fig. 3B, 
we generated a TTG mutant of pCSII-EF-MCS-IRES-H2Kk (Fig. 4A) and found that it is 
sufficient (Fig. 4C, center and right bars in the bar graph). Thus, we concluded that the 
G1-form transcripts are primarily selected as genome in infectious virus particles rather 
than the other forms in the case of not only HIV-1 RNA but also lentiviral vector RNA.

We also confirmed these results by competition assay using two lentiviral vectors 
(CSII-EF-GFP and CSII-EF-H2Kk), which were generated using the same backbone plasmid 
and different marker genes. We generated WT (GGG), GGT, and TTG mutants of both 
lentiviral vectors and carried out a competition assay using them. When we used WT of 
CSII-EF-H2Kk with CSII-EF-GFP WT (GGG), GGT mutant, or TTG mutant (Fig. 4D, left graph), 
H2Kk occupied less than 25%, more than 70%, or less than 25% of the total marker 
expression, respectively, suggesting that H2Kk was predominant only when the G1-form 
RNA of CSII-EF-GFP was absent (Fig. 4D, second bars in left graph). Conversely, H2Kk 

occupied only 45% when the GGT mutants of both CSII-EF-H2Kk and CSII-EF-GFP were 
used (Fig. 4D, second bars in center graph) probably because the G1-form RNAs of CSII-
EF-H2Kk are also absent as well as the G1-form RNAs of CSII-EF-GFP. In addition, we 
observed that H2Kk occupied more than 75% in a competition using the GGT mutant of 
CSII-EF-GFP and the TTG mutant of CSII-EF-H2Kk (Fig. 4D, second bars in right graph). 
Thus, results by the assay using two lentiviral vectors confirmed the conclusion that the 
G1-form transcripts are primarily selected as template for generating provirus for 
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successful infection if they are present, which is also suggested by results of Fig. 3B and 
4B and C. However, it is still possible that the results in Fig. 3 and 4 were biased by 
recombination between two different competitor transcripts in virus-producing cells or 
in virus particles.

FIG 3 Lentiviral vector transcripts rather than HIV-1 transcripts are primarily used as template for generating provirus in the absence of the G1-form HIV-1 

transcripts. (A) A schematic represents a competition between HIV-1 transcripts and lentiviral vector transcripts. MT-4 cells were exposed with supernatant of 

293T cells transfected with an HIV-1 proviral plasmid (pNL4-3EGFPΔenvΔnef), a lentiviral vector transfer plasmid (pCSII-EF-MCS-IRES-H2Kk), and the pMission-VSV-

G. EGFP- or mouse antigen H2Kk-positive cells in green or dark yellow boxes represent cells infected with VSV-G-pseudotyped virus particles packaging HIV-1 or 

lentiviral vector genome, respectively. (B) Results of the competition between RNAs transcribed from pNL4-3EGFPΔenvΔnef WT, GGC, or GGT mutant and those 

from lentiviral vector pCSII-EF-MCS-IRES-H2Kk are shown. From three independent experiments, one representative dot plot is shown. Living cells are gated in 

black lines (the upper dot plots), and EGFP- or mouse antigen H2Kk-positive cells are gated in green or dark yellow boxes, respectively (the lower dot plots). In the 

bar graph, the Y-axis represents the percentage of each EGFP-positive (dark gray) or H2Kk-positive (bright gray) per total marker expression (EGFP positive + H2Kk 

positive). WT (GGG) or the GGC and GGT mutants of pNL4-3EGFPΔenvΔnef are used (left, center, and right bars, respectively). Error bars are ±standard eror of the 

mean of three independent experiments. Asterisk code for statistical significance compared to EGFP+: ***P < 0.001.
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FIG 4 The G1-form viral transcripts may be primarily used as template for generating provirus DNA rather than the other form transcripts. (A) A schematic 

represents sequences including TATA-box and a GGG tract in 5′ LTR of a transfer plasmid expressing genomic RNA of lentiviral vector (pCSII-EF-MCS-IRES-H2Kk). 

Nucleotide sequences of the GGT and TTG mutants are also shown. TATA-box, the GGG tract, and the mutated nucleotides are highlighted by blue, black, and red 

bold letters, respectively. (B and C) Results of the competition between RNAs transcribed from pNL4-3EGFPΔenvΔnef WT, GGC, or GGT mutant and those from the 

(Continued on next page)
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Proviral sequences which can be generated with the G1-form HIV-1 tran­
scripts as template were dominantly found

To confirm the conclusions that the G1-form viral RNAs are dominantly selected as 
genome of infectious virus, we finally generated a pNL4-3EGFPΔenvΔnef mutant plasmid 
in which a GGG tract in the U3/R junction of 3′ LTR was replaced with TTT (Fig. 5A). 
To evaluate what HIV-1 RNA transcripts were used as genome in infectious particles, 
we analyzed proviral sequences as done for Fig. 1E and 2D. From analyses of 46 clones 
of proviral sequences, as proviral sequences of the region for the GGG tract in 5′ LTR, 
we found that TTG occupied 94% of proviral sequences (43 clones, Fig. 5B), which 
can be generated from the G1-form HIV-1 transcripts with the activity of HIV-1 reverse 
transcriptase to elongate from mispairs between template RNA and 3′ terminal edge 
of primer DNA during reverse transcription (Fig. 6, upper panel). GGG or TTT were also 
found to occupy 2% and 4% of proviral sequences (one clone and two clones, respec­
tively; Fig. 5B). This result confirms that the G1-form HIV-1 RNAs whose transcription 

FIG 4 (Continued)

GGT (B) or the TTG (C) mutants of lentiviral vector transfer plasmid pCSII-EF-MCS-IRES-H2Kk are shown. Graphs are presented as described in Fig. 3B. Asterisk code 

for statistical significance compared to EGFP (HIV): ***P < 0.001; n.s., not significant, P > 0.05. (D) Results of the competition between RNAs transcribed from two 

lentiviral vectors. pCSII-EF-H2Kk WT, GGT or TTG mutant (left, center, and right graphs, respectively) and pCSII-EF-GFP WT, GGT, or TTG mutant (first, second, and 

third bars in each graph, respectively) were used. Y-axis represents the percentage of each GFP-positive (dark gray bars) or H2Kk-positive (bright gray bars) per 

total marker expression (GFP positive + H2Kk positive). Error bars are ±standard eror of the mean of three independent experiments. Asterisk code for statistical 

significance compared to GFP-positive: *P = 0.001 < P < 0.05, ***P < 0.001; n.s., not significant, P > 0.05.

FIG 5 Proviral sequences which can be generated with the G1-form HIV-1 transcripts as template were dominantly found. (A) A schematic represents the GGG 

tract located at the U3/R junction in 3’LTR of HIV-1 clone DNA (pNL4-3EGFPΔenvΔnef). Nucleotide sequences of the 3′ LTR TTT mutant of NL4-3EGFPΔenvΔnef are 

shown. The mutated nucleotides are highlighted by red bold letters. (B) Sequencing analyses of proviral sequences after infection with the VSV-G-pseudotyped 

NL4-3EGFPΔenvΔnef 3’LTR TTT mutant are shown (n = 46 clones). TF input: a plasmid for transfection to express HIV-1 transcripts (pNL4-3EGFPΔenvΔnef-based 

mutant plasmid).
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initiates from the third deoxyguanosine of the GGG tract in the U3/R junction of 5′ LTR 
are predominantly selected as genome in infectious virion.

DISCUSSION

To assess the importance of transcriptional initiation site heterogeneity in viral infection, 
single-round viral infection by using VSV-G-pseudotyped virus was employed in this 
study. As shown in Fig. 1C, infectious virus can be produced in the absence of the 
G1-form HIV-1 RNA. This result indicates that the G1-form HIV-1 RNA is not an absolute 
requisite for infectious HIV-1. In other words, not only HIV-1 particles incorporating the 
G1-form RNA as viral genome but also those carrying other HIV-1 RNAs are infectious. In 
fact, after infection with the GGC mutant virus, 71% of proviral sequences at the region of 
the GGG tract were GGC (Fig. 1E, left panels), which can be generated from RNAs whose 
transcription initiates from the first G (G454, GGC-form) or the second G (G455, GC form) 
as shown in Fig. 1F. On the other hand, 29% of proviral sequences were GGG (Fig. 1E), 
which is unlikely to be generated from GGC- or GC-form RNAs. Since HIV-1 RNAs whose 
transcription is reported to be initiated from the GGG tract of the wild-type HIV-1 (14), we 
expected that most transcription starts probably at first G (G454) and second G (G455) in 
the GGC sequences but possibly does also at a nucleotide upstream or downstream of 
GGC sequences (sequences are shown in Fig. 1A and B). In fact, the shorter-form RNAs 
(30%) were also found in addition to the C1-, GC-, and GGC-form RNAs (19%, 21%, and 
30%, respectively; total of 70%) in virus particle of NL4-3EGFPΔenvΔnef GGC mutant virus 
by 5′ RACE analyses using RNA purified from VSV-G-pseudotyped virus (Fig. 1G, second 

FIG 6 Presumed processes to generate provirus DNA from a genomic RNA of the 3′ LTR TTT or AAA mutant of HIV-1. A schematic represents provirus DNA 

production by overcoming mismatched 3′ termini between template RNA and minus-strand strong-stop cDNA (−sscDNA) is shown. The cases of the G1-form 

HIV-1 RNA of the 3′ LTR TTT mutant (upper panel) and an HIV-1 RNA beginning with two adenosines (an A2-form HIV-1 RNA of the AAA mutant, lower panel) are 

shown. RNAs and DNAs are written in blue and black, respectively.
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panels). Based on the idea, proviral sequences GGG derived after infection with the 
GGC mutant virus (29%, Fig. 1E; the left panels) is likely to be generated from genomic 
RNAs whose transcription initiates from a nucleotide downstream of GGC sequences 
(shorter-form RNAs, Fig. 1F). After infection with the TTT mutant virus, GGG (97%) and 
TTT (3%) were found as proviral sequences of mutated region (Fig. 2D, left panels). 
Interestingly, it might be also reasonable because 97% of genomic RNAs in viral particles 
of the TTT mutant virus were found to be the shorter-form (Fig. 2E, upper panel), 
by which GGG could be generated as proviral sequences. In addition, in the 5′ RACE 
assay, we also found a U4-form RNA (3%) whose transcription initiates probably from 
deoxythymidine (T) just one nucleotide upstream of the TTT mutation (T highlighted by 
underline in Fig. 2A). Thus, proviral sequences TTT (3%) found in Fig. 2D are likely to be 
generated by using the U4-form RNA as template for reverse transcription. Many varieties 
of proviral sequences such as GGG, AAA, GAA, and GGA were found after infection with 
the AAA mutant virus (Fig. 2D, right panels). Proviral sequence GGG or AAA would be 
derived by using the shorter- or longer-form RNAs whose transcription initiates from 
a nucleotide downstream or upstream of AAA as template, respectively. We could not 
exactly determine from what genomic RNAs proviral sequences GAA or GGA can be 
derived, but it is possible that they were produced by reverse transcription using the 
shorter-form RNAs with unexpected random mutation(s). However, if mutations were 
inserted randomly resultant proviral sequences should vary and sequences other than 
GAA or GGA would have been found. As described previously, HIV-1 reverse transcriptase 
was reported to overcome the mismatch between template and primer and extend the 
mismatched 3′ termini by incorporation and polymerization of the next complementary 
nucleotide both in cell-free system and during viral replication in cells (23, 24). From a 
previous study, HIV-1 reverse transcriptase has an ability to extend over mismatches of 
as many as three bases during viral replication (23). Thus, from the aspect of the feature 
of HIV-1 transcriptase, proviral sequences such as AAA, GAA, and GGA can be reasonably 
generated with RNAs whose transcription initiates from each A of AAA (the A3-, A2-, and 
A1-form RNAs; the A2-form are shown in the lower panel of Fig. 6). In fact, we found 
the A1-, A2-, and shorter-form RNAs in virus particles of the AAA mutant virus in our 5′ 
RACE analyses (Fig. 2E, lower panels). Although in the assay we did not find any A3- or 
longer-form RNA which could generate proviral sequences AAA, we showed a possibility 
that HIV-1 transcription could initiate a nucleotide upstream of the GGG tract and the 
resultant longer-form RNA can be incorporated into virus particles (the U4-form RNA of 
the TTT mutant virus; Fig. 2E, upper panels) and used as template to generate provirus 
DNA (proviral sequence TTT; Fig. 2D, left panels). In addition, we are also interested in 
the fact that the A2-, A1-, and shorter-form RNAs were incorporated into virus particles 
(Fig. 2E, lower panels) and used as template RNA for reverse transcription for generating 
provirus DNA in the case of the AAA mutant virus (Fig. 2D, right panels). This suggests 
that there is no/little strict preference for packaging of the progeny genomes and 
diversification of HIV-1 RNA functions by heterogeneous transcriptional initiation sites 
usage might not work well in the case of the AAA mutant virus. It is far different from 
the situation of wild-type HIV-1 with the intact GGG tract that function of unspliced 
full-length RNAs is regulated according to a disciplined order depending on number(s) of 
guanosine in the 5′-terminus of RNAs (14). This result might suggest the reason why the 
GGG tract but not an AAA tract had been conserved as transcriptional initiation sites in 5′ 
LTR of HIV-1 genome.

We employed the competition assay between HIV-1 transcripts and lentiviral vector 
transcripts to assess which transcript is dominantly selected as genome in infectious 
particles (Fig. 3A). In the assay, we used 1 µg of the HIV-1 plasmid (pNL4-3EGFPΔenvΔnef, 
which expresses the genome of EGFP-expressing HIV-1 and viral proteins) and 0.2 µg 
of the lentiviral transfer plasmid (pCSII-EF-MCS-IRES-H2Kk, which expresses genome of 
the mouse antigen H2Kk-expressing lentiviral vector) for transfection. The ratio of these 
plasmids is critical for the assay, especially for the competitions using the GGT or 
TTG mutants of pCSII-EF-MCS-IRES-H2Kk (Fig. 4B or 4C, respectively). The competition 
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experiments strongly indicated preferential usage of the G1-form HIV-1 transcripts or 
even the G1-form of lentiviral vector transcripts as genomic RNA of infectious particles 
(Fig. 3B, 4B and C). By previous studies (14), it was already reported that the G1-form 
RNAs are physically predominant in virus particles, but here we newly show that they 
would be selectively used as template of reverse transcription to establish successful 
infection if they are present.

Since differences between genomes of NL4-3EGFPΔenvΔnef and lentiviral vector 
might possibly affect the results of the assay, we also carried out the competition 
assay using two similar lentiviral vectors carrying different marker genes (CSII-EF-GFP 
and CSII-EF-H2Kk) to minimize differences between two competitor RNAs (Fig. 4D). For 
the assay, we used the GGT and TTG mutants as well as WT (GGG) of CSII-EF-GFP and 
CSII-EF-H2Kk. From results of the assay, we also concluded that the G1-form viral RNAs are 
predominantly used as template for reverse transcription to generate proviral DNA if the 
G1-form viral RNAs are present.

In the competitions shown in Fig. 3 and 4, we could not exclude the possibility of 
recombination between HIV transcripts and lentiviral vector transcripts in virus-produc­
ing cells or in virus particles even though location of open reading flame for EGFP and 
H2Kk are completely different in genomic RNAs of HIV-1 and lentiviral vector. Thus, the 
conclusions had to be confirmed by another experimental method (Fig. 5B). In fact, 
most proviral sequences were found to be TTG (94%), and others such as GGG (2%) and 
TTT (4%) were also found among clones we tested after infection with the 3′ LTR TTT 
mutant virus (Fig. 5A and B). Proviral sequence TTG could be derived from the G1-form 
HIV-1 transcripts as template with an ingenious feature of HIV-1 reverse transcriptase 
that it overcomes the mismatch between uridine (U) in genomic RNA template and 
deoxycytidine in −sscDNA (a schematic is shown in the upper panel of Fig. 6). It is again 
mentioned that our conclusions are stated with results not only of the competition assay 
but also of the proviral sequence analyses.

Masuda et al. also demonstrated that abortive forms of −sscDNA were more 
abundantly generated from the G3-form RNA than the G1-form RNA (14). In fact, after 
infection with the 3′ LTR TTT mutant, 94% of proviral sequences tested (43 out of 46 
clones) were found to be TTG (Fig. 5B), whereas frequency of the G1-form RNA in virus 
particles was reported not to be over 90% but 79% in this study (Fig. 1G, first panels), 
approximately 70% (14), almost 80% (25), and just less than 80% (27) when 293T cells 
were transfected with a pNL4-3-based HIV-1 plasmid carrying the intact GGG tract in 5′ 
LTR. This difference might be caused by superiority of the G1-form RNA in viral processes 
after RNA packaging into virus particles, probably the process of reverse transcription. By 
viewing from the aspect of viral evolution, not only RNA packaging or reverse-transcrip­
tion but also all processes during HIV-1 replication should be under selective pressures. 
The importance of transcriptional initiation site heterogeneity in HIV-1 replication might 
be further understood by following investigation.

Interestingly, a recent study showed that heterogeneity of transcriptional initiation 
sites and selective packaging of certain forms of unspliced viral RNA are conserved 
features of primate immunodeficiency viruses (25). In fact, the GGG tract in 5′ LTR 
and preferentially the packaged G1-form RNAs were found to be conserved among 
transmitted founder viruses of HIV-1 group M subtypes B and C and an SIV isolated 
from chimpanzees or gorillas (25), suggesting that these features probably improve viral 
replication or viral fitness in host primates. In fact, the third G in the GGG tract of 5′ LTR 
or the GGG tract itself was shown not to be essential for producing infectious particles 
(Fig. 1C and 2B), but infectious particles of WT virus were more efficiently produced than 
those of mutants which cannot express the G1-form RNA (the GGC and GGT mutant in 
Fig. 1D and TTT and AAA mutants in Fig. 2C), probably suggesting its importance for 
efficient production of infectious virus particles.
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MATERIALS AND METHODS

Cells and transfection

HEK293T cells were maintained at 37°C with 5% CO2 in Dulbecco’s Modified Eagle 
Medium (Gibco, Waltham, MA) supplemented with 10% heat-inactivated fetal bovine 
serum (GE Healthcare, Logan, UT, USA) and penicillin-streptomycin (Fujifilm Wako, 
Osaka, Japan). MT-4 cells were maintained at 37°C with 5% CO2 in RPMI-1640 Medium 
(Gibco) supplemented with 10% heat-inactivated fetal bovine serum (GE Healthcare) and 
penicillin-streptomycin (Fujifilm Wako). HEK293T cells were transfected using polyethyle­
nimine (PEI, PolyScience, Niles, IL, USA).

Plasmids

pNL4-3EGFPΔenvΔnef (19) and pCSII-EF-MCS-IRES-H2Kk (26) were described previously. 
pCSII-EF-H2Kk and pCSII-EF-GFP were generated by inserting fragment for H2Kk ORF 
or EGFP ORF between XhoI and XbaI sites of pCSII-EF-MCS-IRES-H2Kk. The mutants of 
pNL4-3EGFPΔenvΔnef (GGC, GGT, TTT, AAA, and 3′ LTR TTT), pCSII-EF-MCS-IRES-H2Kk, 
pCSII-EF-H2Kk, and pCSII-EF-GFP (GGT and TTG) were constructed by overlap-extension 
PCR. All mutations were confirmed by sequencing analyses.

Evaluation of infected cells

Approximately 2 × 106 of 293T cells grown in a six-well plate were transfected with 3 µg 
of proviral plasmid pNL4-3EGFPΔenvΔnef WT or mutants and 1 µg of pMISSION-VSV-G 
(Sigma-Aldrich, St. Louis, MO, USA) to produce VSV-G pseudotyped HIV-1 vectors, and 
culture medium was changed once 24 h post-transfection. The supernatants containing 
VSV-G-pseudotyped HIV-1 vector were harvested 48 h post-transfection and filtered 
through 0.45-μm pore filters (Merck Millipore, Burlington, MA, USA). Approximately 2 
× 106 of MT-4 cells were incubated with an optimized amount (achieving less than 
30% EGFP-positive population) of viral supernatants. At 48 h after infection, cells were 
harvested and analyzed on FACSCalibur flow cytometer and analyzed using BD Cell 
Quest Pro software (BD Bioscience, San Diego, CA, USA). The number of infected cells 
produced with 1 mL of supernatant containing VSV-G-pseudotyped HIV-1 or 1 ng of 
p24 antigen quantified using RETROtek HIV-1 p24 Antigen ELISA kit (ZeptoMetrix Corp., 
Buffalo, NY, USA) was calculated.

Sequencing of provirus DNA

Approximately 2 × 106 of 293T cells grown in a six-well plate were transfected with 
3 µg of proviral plasmid pNL4-3EGFPΔenvΔnef mutants and 1 µg of pMISSION-VSV-G; 
the culture medium was changed three times 24 h post-transfection, and supernatants 
containing VSV-G-pseudotyped HIV-1 vector were harvested 48 h post-transfection and 
filtered through 0.45-μm pore filters (Merck Millipore). The harvested supernatants were 
incubated with RNase-free Recombinant DNase I (Takara Bio, Shiga, Japan) at 37°C 
for 20 min. Approximately 2 × 106 of MT-4 cells were incubated with DNase I-treated 
supernatant in a 15-mL tube at 37°C for 60 min and washed with 10 mL of medium 
three times. Forty-eight h post-infection, EGFP expression was confirmed by microscopy, 
and genomic DNA was purified using DNeasy Blood & Tissue Kit (Qiagen Inc, Hilden, 
Germany). The first PCR was carried out using Prime STAR HS (Takara) with primers 
(seqFW238-NL: 5′-CGGAGGGAGAAGTATTAGTG-3′, seqRV998gag-NL: 5′-GTCTGAAGGGAT
GGTTGTAG-3′), which could amplify sequences in 5′ LTR but not those in 3′ LTR. The 
cycling condition included a denaturation step (94°C for 1 min), followed by 35 cycles of 
denaturation (94°C for 30 s), annealing (52°C for 30 s), and extension (72°C for 50 s). The 
first PCR product was subsequently subjected to nested PCR using primers (seqFW266-
NL: 5′-GACAGCCTCCTAGCATTTC-3′, seqRV964gag-NL: 5′-GTCTACAGCCTTCTGATGTC-3′) 
with the same condition above except for annealing (60°C for 30 s). DNA fragments with 
appropriate size from the second PCR product were cloned into pCR4 using Zero Blunt 
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TOPO PCR Cloning Kit (Invitrogen, Waltham, MA). Sequences of cloned fragments were 
analyzed by Eurofins Genomics (Tokyo, Japan). More than 33 clones were analyzed per 
mutant. To avoid possibilities that transfected plasmid DNA was amplified and analyzed, 
we used intact or mutants of pNL4-3EGFPΔenvΔnef because their sequences of 5′ LTR 
and 3′ LTR are different.

Competition assay between HIV-1 and lentiviral vector transcripts

Approximately 2 × 106 of 293T cells grown in a six-well plate were transfected with 
1 µg of the HIV-1 plasmid (pNL4-3EGFPΔenvΔnef WT or mutants), 0.2 µg of the lentiviral 
transfer plasmid (pCSII-EF-MCS-IRES-H2Kk WT or mutants), and 1 µg of pMission-VSV-G 
(Sigma-Aldrich), and the culture medium was changed once 24 h post-transfection. 
At 48 h after transfection, supernatants containing VSV-G-pseudotyped viruses were 
harvested and filtered through 0.45-μm pore filters (Merck Millipore). Approximately 6 
× 105 of MT-4 cells were incubated with an optimized amount (attaining less than 30% 
EGFP- and H2Kk-positive population) of viral supernatants. At 48 h after infection, cells 
were harvested, stained with Alexa Fluor 647-conjugated anti-H2Kk antibody (BioLegend, 
San Diego, CA, USA), and analyzed using FACSCalibur flow cytometer and BD Cell Quest 
Pro software (BD Bioscience). The percentage of each EGFP+ or H2Kk+ per total marker 
expression (EGFP+ +H2Kk+) was calculated.

Competition assay between two lentiviral vector transcripts

Approximately 2 × 106  of 293T cells grown in a six-well plate were transfected 
with 1 µg of the pCSII-EF-GFP WT or mutants, 0.75 µg of the pCSII-EF-H2Kk  WT 
or mutants, 1 µg of pCAG-HIVgp (kindly provided by the RIKEN BRC through the 
National BioResource Project of the MEXT/AMED, Japan), and 0.5  µg of pCMV-VSV-G-
RSV-Rev (kindly provided by the RIKEN BRC through the National BioResource Project 
of the MEXT/AMED), and the culture medium was changed once 24 h post-transfec­
tion. Approximately 2 × 106  of MT-4 cells were incubated with an optimized amount 
of viral supernatants (attaining less than 30% EGFP- and H2Kk-positive populations). 
The following procedures were done as done for the competition assay between 
HIV-1 and lentiviral vector transcripts.

5′ RACE assay

Approximately 7 × 106 of 293T cells grown in 10-cm plate were transfected with 15 µg 
of the HIV-1 plasmid (pNL4-3EGFPΔenvΔnef mutants) and 6 µg of pMission-VSV-G 
(Sigma-Aldrich), and the culture medium was changed three times 24 h post-transfec­
tion. At 48 h after transfection, supernatants containing VSV-G-pseudotyped virus were 
harvested, filtered through 0.45-μm pore filters (Merck Millipore), and concentrated 
using PEG-IT (System Biosciences, Mountain View, CA, USA). Viral RNAs in virus particles 
were purified using Isogen (Fujifilm Wako), and purified RNAs were subjected to SMARTer 
RACE 5′/3′ Kit (Takara Bio USA Inc., San Jose, CA, USA). As shown in Rawson et al. (25), RT 
primer 5′-GGTGGCTCCTTCTGATAATG-3′ and reverse PCR primer: 5′-GATTACGCCAAGCTT
TCGTTCTAGCTCCCTGCTTG-3′ were used. Sequences of cloned fragments were analyzed 
by Eurofins Genomics. More than 33 clones were analyzed per mutant or WT.

Statistical analysis

Statistical analyses were performed using GraphPad Prism version 6. Data are presented 
as means with error bars indicating standard eror of the mean from three independent 
experiments. Student’s t-test was used for comparison between EGFP expression and 
H2Kk expression in the competitions (Fig. 3B, 4B through D). One-way analysis of variance 
with the Dunnett’s multiple comparison test was used for comparison of infectivity (Fig. 
1D and 2C) (asterisk code for statistical significance: *P = 0.001 < P < 0.05; ***P < 0.001; 
not significant, P > 0.05).
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