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Human transcription factor YY1 could upregulate the HIV-1

gene expression
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Gene expression in HIV-1 is regulated by the promoters in 5’
long-terminal repeat (LTR) element, which contain multiple
DNA regulatory elements that serve as binding sites for cell-
ular transcription factors. YY1 could repress HIV-1 gene expres-
sion and latent infection. Here, however, we observed that
virus production can be increased by YY1 over-expression and
decreased under YY1 depleted condition by siRNA treatment.
To identify functional domain(s) of YY1 activation, we con-
structed a number of YY1 truncated mutants. Our data show
that full-length YY1 enhances the viral transcription both through
U3 and U3RU5 promoters. Moreover, the C-terminal region
(296-414 residues) of YY1 is responsible for the transcriptional
upregulation, which could be enhanced further in the presence
of the viral Tat protein. The central domain of YY1 (155-295
residues) does not affect LTR activity but has a negative effect
on HIV-1 gene expression. Taken together, our study shows
that YY1 could act as a transcriptional activator in HIV-1 repli-
cation, at least in the early stages of infection. [BMB Reports
2020; 53(5): 248-253]

INTRODUCTION

Yin Yang 1 (YY1), a ubiquitous and multifunctional member of
polycomb group (PcG) of proteins, is known to function in
chromatin remodeling (1). This 414 residue-long protein has an
N-terminal acidic transcriptional activation domain (1-154 resi-
dues), followed by a glycine-lysine rich DNA transcriptional
inhibition domain (170-200 residues), a small Recruit Polycomb
(REPO) domain (201-225 residues), and a C-terminal DNA binding
domain with four GLI-Kriippel-like zinc finger motifs (296-414
residues) that are responsible for DNA binding (2-5).

YY1 was first identified as a transcription factor and cDNA
clone was isolated simultaneously by two independent groups
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(5-7). Multiple diverse functions of YY1 have been identified,
such as, regulation of cell proliferation, embryogenesis, differentia-
tion, tumor suppression, oncogenesis, DNA damage and apoptosis
(8, 9) and reviewed in (10, 11). Further, YY1 could function as
a transcription factor regulating several different eukaryotic
and viral genes including those of HIV-1, Adenovirus, adeno-
associated virus (AAV), cytomegalovirus, parvovirus and Human
papillomavirus (HPV) (reviewed in (10, 12)). The consensus
core DNA sequence of YY1 recognition site is known as 5-
CAT-3’s (13). Depending on the promoter and the ability of
YY1 to interact with other transcription factors or cofactors,
such as histone acetyltransferase (HAT), p300, CREB binding
protein (CREBBP), histone deacetylases (HDACs), enhancer of
zeste 2 (EZH2) and DNA methyltransferases (DNMTs), YY1 could
function as either an activator or a repressor (3, 14-18).

HIV-1 has a 5’ long-terminal repeat (LTR) region, regulated
by a promoter with multiple DNA regulatory elements that
could bind several transcription factors. HIV-1 LTR contains
two binding sites for YY1. The first region is at —17 to +27
position of LTR, through which YY1 was shown to repress the
LTR-driven reporter gene transcription (19). The repression, how-
ever, requires a late SV40 factor (LSF), for which LSF and ZF
motifs in the C-terminal domain (308-368 residues) of YY1 are
involved. Co-purification of HDAC1 with LTR-LSF-YY1 complex
demonstrated the involvement of the central domain (154-199
residues) of YY1 in recruiting HDACT1 for the repression of
HIV-1 transcription and thereby promoting establishment and
maintenance of its latent infection (16, 20, 21). The second
region is at —140 to —120 of LTR. Unlike —17 to +27 re-
gion, YY1 binds this region directly in unstimulated conditions
and leads to transcriptional repression of LTR. This binding is
decreased after T-cell stimulation, thereby releasing the repres-
sion (22). Interestingly, YY1 mutant lacking HDACT-interacting
domain (155-198 residues) could bind both —140 to —120
and —17 to +27 regions on LTR but not repress LTR expres-
sion. These studies suggested that YY1 functions as a trans-
criptional repressor of HIV-1 LTR in conjunction with HDAC1
and a regulator leading to the latent infection of HIV-1.

Here, we investigated the effect and role of YY1 on the
production of HIV-1 virus. Unprecedentedly, we observed that
YY1 could enhance HIV-1 U3 and U3RU5 mediated promoter
activity, leading to increased viral transcription and produc-
tion. Our data strongly indicate that YY1 could function as an
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activator, at least in the acute infection stage.

RESULTS

YY1 is important for HIV-1 replication
To investigate the effect of YY1 on HIV-1 replication and
production, 293T cells were co-transfected with HIV-1 proviral
DNA, pNL4-3crp, and a YY1 expression plasmid. HIV-1 pro-
duction was determined at 24 h post-transfection by measuring
the amount of Gag protein production in cell lysate and viral
production in cell supernatant using Western blotting and
p24°°8 ELISA analysis, respectively. Overexpression of YY1
enhanced the Gag protein production in cells and virus in cell
supernatant (Fig. 1A and 1B). An RFP expression vector was
included as a normalization control in all our transfection
assays. We constructed an mCherry-tagged YY1 expression
plasmid and used in co-transfection with the pNL4-3¢p to rule
out transfection efficiency based experimental bias. Intensity of
GFP was measured in mCherry™ GFP™ cells by FACS analysis.
YY1-mCherry expressing cells showed higher GFP intensity
than mCherry control (Supplementary Fig. 1). These data
indicated clearly that YY1 could increase HIV-1 gene expression,
resulting in an enhancement of HIV-1 production. Since YY1 is
a well-known transcription factor, we verified the level of
HIV-1 mRNA by northern blotting analysis. Production of all
HIV-1 mRNA derivatives, such as un-spliced (9 kb), single
spliced (4 kb) and multiple spliced (2 kb) RNAs, were
increased in YY1 overexpressed cells (Fig. 1C).

Further, using RNA interference, we investigated the effect
of YY1 on HIV-1 production. After 24 h post-transfection with
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Fig. 1. YY1 enhances HIV-1 replication in 293T cell. (A-C) 293T
cells were transfected pCMV/Con or pCMV/HA-YY1 with pNL4-3crp
and pDs-Red. Cell lysate were subjected to Western blotting (A)
and for quantification of p24 levels, the viral supernatants were
analyzed by p24 ELISA, *P < 0.05, Student’s t test, obtained from
three independent experiments (B). HIV-T mRNA was determined by
Northern blotting (O). (D-F) 239T cells were transfected with either
control siRNA, siTat or siYYT with pNL4-3gep and pDs-Red. Western
blotting of cell lysate (D), p24 ELISA of viral supernatant (E) and
gRT-PCR of Gag RNA (F). The asterisks indicate a significant difference
from control, one-way ANOVA with Dunnett’s multiple comparisons
test, ***P < 0.0001.
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either siYY1 or siTat (as a positive control for knock-down
experiment), resulting cells and viral supernatants were harvested,
and the virus level was measured. Western blotting showed
that transfection with siYY1, which repressed YY1 by over
80%, resulted in a concomitant decrease in levels of Gag and
GFP proteins compared to that of control siRNA treated cells
(Fig. 1D). Further, p24°® ELISA showed that knock-down of
YY1 caused about 50% reduction of the virus production
compared to the control (Fig. 1E). Treatment with siTat, which
targets HIV-1 specific transcriptional activator, further supported
the effect of siYY1 on virus production. Quantitation by qRT-
PCR showed about 40% decrease in Gag mRNA (9 kb) in the
presence of siYY1 (Fig. 1F). Altogether, these results suggest
that YY1 has a positive role in HIV-1 transcription and virus
production.

YY1 has a positive effect on HIV-1 replication in CD4™" T cells
Further, to confirm the positive effect of YY1 on virus produc-
tion, as observed in proviral DNA transfection system, we
investigated the effect of YY1 on HIV-1 infection cycle, using a
CD4" T cell line MT-4 cells. At 24 h post-transfection of MT-4
cells with either YY1-mCherry expression vector or siYY1, the
cells were infected with HIV-1 NL4-3¢p viruses. Three days post-
infection, we observed that MT-4 cells expressing the YY1-
mCherry yielded more viruses than the cells expressing mCherry
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Fig. 2. YY1 enhances HIV-1 replication in MT-4 cell. (A, B) MT-4
cells were transfected pCDNA3/mCherry or pCDNA3/YY1-mCherry
(Y-M). 24 h later, HIV-T\scee infected and incubated for three
days. (A) p24 ELISA result of viral supernatant. *P < 0.05, Student’s
t test, obtained from three independent experiments. (B) Western
blotting of cell lysate. (C, D) MT-4 cells were transfected either
consiRNA, siTat or siYY1 then HIV-Tnascee infected and in-
cubated as described above. (C) p24 ELISA result of viral superna-
tant. (D) Western blotting of cell lysate. The asterisks indicate a
significant difference from control, one-way ANOVA with Dunnett’s
multiple comparisons test, **P < 0.01, ***P < 0.001. (E-G) MT-4
or MT-4 shYY1 cells were infected HIV-Tniscre with indicated
concentration then incubated for three days. (E) HIV-1 infected
cell captured by fluorescent microscope, (F) GFP positive cell were
analyzed by FACS, (G) Western blotting. All experiments are per-
formed more three independent experiments.
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alone (Fig. 2A and 2B). Conversely, when YY1 was depleted
by siYY1 RNA, virus production became lower than in the
case of control siRNA (Fig. 2C and 2D). Notably, however,
that effect of overexpression or knock-down of YY1 in MT-4
cells is lesser than that observed in 293T cells, due to lower
transfection efficiency of MT-4 cells.

To verify the requirement and positive effect of YY1 on
HIV-1 virus production in MT-4 cells, we constructed and
established a YY1 stably knocked-down MT-4 cell line, named
MT-4_shYY1. Equal numbers of MT-4 and MT-4_shYY1 cells
were infected by different MOI of HIV-1 NL4-3¢fp viruses, as
indicated in Fig. 2E. Three days post-infection, virus infected
cells, expressing GFP, were captured by fluorescent microscope
and analyzed by FACS analysis (Fig. 2E and 2F) and Western
blotting (Fig. 2G). Similar to siRNA treatment, MT-4_shYY1
cells showed a lower level of virus production than control
MT-4 cells. Quantification of virus level 3 h after infection
(Supplementary Fig. 2) confirmed that same level of virus
entered the cells, indicating that the lower level of virus
production in MT-4_shYY1 cells, compared to MT-4 cells, is
not due to different numbers of virus entered. These data
altogether demonstrated that YY1 also functions positively in
the virus infection cycle in CD4 + T cell.

YY1 upregulates the HIV-1 promoter activity and trans-acting
activity of HIV-1 Tat

We observed that overexpression of YY1 increased mRNA
level of HIV-1 (Fig. 1C) and knockdown of YY1 resulted in the
opposite (Fig. 1F). Thus, to investigate the direct influence of
YY1 on HIV-1 promoter further, we constructed a firefly
luciferase (Fluc) expression plasmid driven by U3, U3R, and
U3RUS5 (also referred to as LTR) region of HIV-1. U3 contains
the modulatory region (nt —454 to —104), a core enhancer
(nt —105 to —79), and basal promoter (nt —78 to —1) (23, 24).
R (+1 to +82) contains transactivation response RNA structure
(TAR) (+19 to +44), which is a Tat protein binding region,
and Tat-TAR interaction leads to enhance the efficiency of viral
transcription and elongation (25, 26). Moreover, two binding
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Fig. 3. YY1 up-regulates HIV-1 promoter activity and trans-acting
activity of Tat protein. 293T cells were transfected pCMV/Con or
pCMV/HA-YY1 with pGL/Fluc or pGL/U3-Fluc or pGL/U3R-FLuc
or pGL/U3RU5-Fluc, pDs-Red and pCMV-Tat (in the case mentioned).
24h later, cells were harvested and performed luciferase assay (A)
and gRT-PCR (B). The asterisks indicate a significant difference
from control, one-way ANOVA with Dunnett’s multiple comparisons
test, *P < 0.05, **P < 0.01, ***P < 0.0001 and n.s indicate non-
significant, obtained from more three independent experiments.
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sites for YY1 were reported in HIV-1 LTR, one resides in U3
region (—120 to —140) and the other in R region (—17 to +27).
YY1 increased U3, U3R and U3RUS5 driven Fluc reporter
gene expression over three-fold (Fig. 3A). Since U3R and
U3RU5 contain the TAR, Fluc expression is considerably
increased in the presence of Tat as shown earlier (Fig. 3A).
Unexpectedly, YY1 elevates the Fluc expression under the
condition already activated by Tat protein. To confirm if
increased Fluc level is due to increased RNA level, gqRT-PCR
analyses were performed. Similar to Fluc protein expression,
increase in YY1 increases Fluc RNA level (Fig. 3B). These data
indicate role of YY1 as a transcription activator in both
conditions, in the absence and presence of HIV-1 Tat protein.

YY1 has two regions with different activities

In order to determine the functional domains of YY1 respon-
sible for the positive effect on HIV-1 virus production, we
constructed various truncated mutants of YY1 (Fig. 4A). The
expression levels of all the mutants were confirmed by Western
blotting (Fig. 4B). Expression of most of the mutants was
detected by Western blotting except of 1-154 and 155-200
domains. Therefore, expression of 1-154 and 155-200 domains
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Fig. 4. YY1 have two motifs with antagonistic roles on HIV-1
replication. (A) Scheme of YY1 and its truncated mutants used in this
study. (B, C) A confirmation of protein expression by Western blotting
(B) and Immunofluorescent analysis (C). (D-F) 293T cells were
transfected pCMV/Con or indicated YY1 derivatives with pNL4-3¢¢p
and pDs-Red. Western blotting of cell lysate (D), p24 ELISA of viral
supernatant (E). Northern blotting of HIV-1 mRNA (F). (G) 293T cells
were transfected pCMV/Con or indicated YY1 derivatives with
pGL/U3RU5-Fluc, pDs-Red and pCMV-Tat. 24 h later, luciferase assay
were performed. (H) 293T cells were transfected pCMV/Con or
HA-296-414 with pGL/U3-Fluc or pGL/U3RU5-Fluc, pDs-Red and
pCMV-Tat. 24 h later, qRT-PCR.were performed. (I-K) 293T cells were
transfected pCMV/Con or indicated YY1 derivatives. Western blotting
of cell lysate (I), p24 ELISA of viral supernatant (J) Northern blotting
of HIV-1T mRNA. The relative ratio (9kb/RFP) was calculated by
measuring the band intensity using Image ) software (NIH) (K). The
asterisks indicate a significant difference from control, one-way
ANOVA with Dunnett’s multiple comparisons test, *P < 0.05, **P
< 0.01, ***P < 0.0001 and n.s indicate non-significant, obtained
from more three independent experiments.
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was confirmed by immunostaining (Fig. 4C).

Further, each of the truncated mutants was then co-transfected
individually with pNL4-3grp and pDs-red, and the virus
production levels were measured. Among the mutants, while
the 296-414 domain alone showed a significant enhancement
of virus production, the 155-295 domain resulted in a
decrease (Fig. 4D and 4E). Northern blotting indicated that the
increase of virus production with the 296-414 domain is due
to up-regulation of viral transcription as observed with wild
type YY1 expression (Fig. 4F). However, an apparent decrease
in the viral production with the 155-295 domain of YY1 did
not correlate with the viral mMRNA level. Measurement of Fluc
activity of U3RU5-Fluc with YY1 truncated mutants showed
that in the absence of Tat protein, only full-length YY1
significantly enhanced the Fluc activity, but in the presence of
Tat protein, 296-414 domain activated the Fluc activity as
much as full-length YY1 (Fig. 4G). Transcription activation via
296-414 domain was confirmed by qRT-PCR (Fig. 4H). The
296-414 domain did not affect U3 and slightly increased the
U3RU5. Similar to protein levels, Fluc mRNA levels were
increased in the presence of Tat (Fig. 4G), indicating that the
increased virus production via 296-414 domain occurred in a
Tat-dependent manner.

A previous study showed that phosphorylation of threonine
residues at 348 and 378 abolish DNA binding activity of YY1
(27). To analyze the importance of DNA binding activity on
HIV-1 production, we constructed the alanine substitution
mutants on these sites, YY 113484, YY 113784 and a double muta-
tion mutant YY11348378a. We then determined the effect of
these mutants on virus production via co-transfection with
pNL4-3crp into the 293T cells. Western blotting and p24 ELISA
show that all three mutants have abolished the activation
ability of virus production (Fig. 41 and 4J)) and transcription
activation (Fig. 4K), suggesting that the Threonine residues at
348 and 378 in 296-414 domain of YY1 are critical for a
positive transcriptional activation of YY1 on HIV-1 production.

These data suggest that YY1 might have bifunctional pro-
perties in HIV-1 production. While 296-414 domain of YY1
has a transcriptional activator activity especially in the presence
of Tat, 155-295 domain may have some other role(s), like
post-transcriptional or translational repressor activity which
needs to be elucidated further. Taken together, the data
presented here suggest strongly that full-length YY1 could
function as HIV-1 transcriptional activator.

DISCUSSION

Here, using 293T cells in transfection assays and using MT-4
cell-line infection assays, we report that overexpressing YY1
increased HIV-1 production and found that such an increase
came from transcriptional activation of HIV-1 (Fig. 1 and 2).
Effect of YY1 on HIV-1 LTR promoter was verified using
constructs with U3, U3R and U3RU5 driven Fluc reporter
gene assay. We observed that YY1 enhances the U3 promoter
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activity, but higher enhancement was observed with U3R and
U3RUS5 forms. The latter activity was also increased in the
presence of Tat transcriptional activator (Fig. 3). However,
direct or indirect binding of YY1 to LTR has been shown
previously to repress LTR activity through the recruitment of
HDACT1. The contradicting observations might be due to the
following: A) Unlike the previous studies, we employed RFP
expression plasmid as an internal control in our assays, which
enabled relatively accurate measurements in the transfection
assays (28). B) We observed a decrease in the virus production
when YY1 is depleted as knock-down of YY1 decreased the
virus production (Fig. 1 and 2). In the only knock-down
experiment on latently HIV infected cell lines, 2D10 and J89,
the authors hypothesized that YY1 depletion leads to active
transcription of HIV in both the cell lines. However, because
that was occurred only in 2D10 cells, the study concluded that
maintenance of HIV-1 latency is complex, involving multiple
restrictive mechanisms (29). C) We determined transient virus
production within 24-48 h post-transfection of proviral plasmid
or 72 h post-virus infection. However, previous studies have
determined the virus production 5 days (or even longer) after
either transfection or infection (16, 19, 21).

Having established this phenomenon of YY1, we constructed
various truncated or point mutants of YY1 and analyzed their
effect on HIV-1 replication. YY1 was shown to possess two
domains acting functionally different (Fig. 4). That is, regions
spanning 155-295 and 296-414 residues of YY1 have negative
and positive effect on HIV-1 replication, respectively. The
155-295 segment contains a REPO domain (201-225) which is
known to recruit the PcG proteins onto DNA for transcriptional
repression (4). However, we did not observe the transcription
repression upon over-expression of YY1 155-295 segment, other
than a little increase of 2 kb mRNA, a multiple spliced RNA of
HIV-1 (Fig. 4F). However, although there is no detectable
decrease of 9 kb mRNA expressing Gag protein in 155-295
segment over-expressing cells, a decrease in the Gag protein
level in both cell and media was observed (Fig. 4D and 4E).
Therefore, 155-295 segment might affect the post-transcription
step(s) of HIV-1 production. However, 296-414 segment
increased 9 kb mRNA level and thereby the virus production.
U3RUS reporter gene analysis depicts that such an elevation is
resulted from the overexpression of 296-414 segment, as
shown by enhanced Tat-dependent Fluc activity (Fig. 4G and
4H). Therefore, apparently, YY1 is unable to increase the virus
production as high as 296-414, due to the inhibitory effect of
155-295 domain, which appears to be acting after the
post-transcriptional step.

A previous study showed that 170-200 reside region of YY1
is acetylated by p300 and PCAF and 261-414 region of YY1 is
acetylated by PCAF. They showed that acetylation sites are for
binding of HDAC proteins (HDAC1, HDAC2 and HDAC3).
When YY1 is acetylated, interaction with HDACs proteins is
increased and HDACs deacetylate 170-200 region but not
261-414 region (15). To find out whether acetylation of 155-
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295 region would decrease the HIV-1 production, we
predicted the acetylation site(s) using Acetylation prediction
software (GPS-PAIL 2.0, http:/pail.biocuckoo.org/online.php),
which predicted highest probability of acetylation on Lys178
followed by Lys179, and four acetylation sites in 160-181
region. Therefore, we constructed 155-295k178a k1794 and 155-
295A160-181. Further, 155'295K283A,K286A,K288A was constructed since
155-200 region does not have any effect on HIV production
(Fig. 4). Co-transfection with the said constructs and pNL4-3¢rp
was performed and the virus production was measured. We
observed that these mutants resulted in further decrease in the
virus production than wild type (data not shown). These results
suggested that acetylation does not interfere with repression
activity of 155-295 region, although some other sites might be
acetylated.

Tat protein is acetylated at Lys50 residue by p300 Histone
acetyltransferase (30). A previous study showed that acetylated
Tat interacts with PCAF and this interaction synergistically
elevates the HIV promoter activity (31). Although we did not
confirm the physical interaction between and YY1-PCAF, it is
possible that the region 296-414 reinforces the Tat-PCAF
interaction.

In summary, our data show clearly that a cellular factor,
YY1, could have a positive effect on HIV-1 replication, at least
in HIV-1 actively replication cell or early infection. Therefore,
further studies are necessary to find out the precise require-
ment for switching the role of YY1 to a repressor of HIV-1
transcription for the viral latency, as reported previously.

MATERIALS AND METHODS

See supplementary information for Material and Methods.
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