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Yin Yang 1 (YY1) is a DNA-binding transcription factor that either
activates or represses gene expression. YY1 has previously been
implicated in the transcriptional silencing of many retroviruses by
binding to DNA sequences in the U3 region of the viral long termi-
nal repeat (LTR). We here show that YY1 overexpression leads to
profound activation, rather than repression, of human T lympho-
tropic virus type 1 (HTLV-1) expression, while YY1 down-regulation
reduces HTLV-1 expression. The YY1 responsive element mapped
not to YY1 DNA-binding sites in the HTLV-1 LTR but to the R region.
The HTLV-1 R sequence alone is sufficient to provide YY1 respon-
siveness to a nonresponsive promoter, but only in the sense orien-
tation and only when included as part of the mRNA. YY1 binds to
the R region of HTLV-1 RNA in vitro and in vivo, leading to increased
transcription initiation and elongation. The findings indicate that
YY1 is a potent transactivator of HTLV-1 gene expression acting
via binding viral RNA, rather than DNA.
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H uman T lymphotropic virus type 1 (HTLV-1) is a retrovirus
that mainly transforms CD4" T cells in vivo. For most in-
fected individuals, de novo infection is followed by a long and
clinically latent period before the development of adult T cell
leukemia/lymphoma (ATL) (1, 2), or the neurological disorder
HTLV-1-associated myelopathy/tropical spastic paraparesis (3,
4). Both conditions have limited treatment options and ATL
carries a poor prognosis.

Infection of susceptible cells by HTLV-1, as with all retro-
viruses, results in the establishment of an integrated proviral
copy of the viral genome, flanked by directly repeated sequences
termed the long terminal repeats (LTRs). Following integration
of HTLV-1 viral DNA into the host genome, the 5’ LTR, with
the help of host factors, functions as the viral promoter and directs
transcription of viral genes by the RNA polymerase II enzyme.
Retroviral LTR sequences are divided into three parts, named U3
(for unique 3’), R (for repeated), and U5 (for unique 5"). The U3
region contains regulatory sequences, the binding sites for numerous
transcription factors (5), as well as the TATA box, binding site for
the TATA-binding protein (TBP) factor. Transcription starts at the
U3-R boundary, and the resulting transcripts begin with the R
and U5 sequences as part of the long 5’ untranslated region
(UTR) of the viral transcripts.

HTLV-1 encodes a transactivator protein Tax, which activates
viral transcription through three 21 base pair repeats in the U3
region of the LTR, termed the Tax-responsive element (TRE)
(6, 7). Tax does not bind the TRE directly. Instead, each TRE
contains a CAMP response element (CRE) that is recognized by
members of the CRE-binding protein/activating transcription
factor (CREB/ATF) family of proteins. CREB recruits Tax to
the TRE (8-10) and allows for subsequent recruitment of down-
stream transcriptional activators such as CREB-binding protein
(CBP), p300, and p300/CBP-associated factor (P/CAF), leading to
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potent activation of viral transcription (11-13). In addition, Tax
itself also interacts with many cellular transcription factors, in-
cluding Ets1 (14), NF-kappa B (15), and others, resulting in their
recruitment to the LTR and further activation of viral gene ex-
pression. Tax also activates expression of numerous cellular genes.

Yin Yang 1 (YY1) is a member of the GLI-Kriippel class of
transcription factors capable of binding either DNA or RNA,
leading to the activation or repression of gene expression during
embryogenesis, cell growth, and differentiation (16). Mice lacking
YY1 show peri-implantation lethality, highlighting its essential
role in development (17). YY1 binds to DNA through a consensus
sequence VDCCATNWY (18). Many cellular genes are regulated
by YY1, including c-Myc, c-Fos, p-actin, IFN-y, CREB, Spl1, and
others (19, 20). In addition, YY1 regulates transcription from
retroviral promoters. In T cells, YY1 binds to DNA sequences in
the HIV-1 LTR, leading to transcriptional repression and estab-
lishment of viral latency (21, 22). In mouse embryonic cells, YY1
binds to a short DNA sequence located in the U3 region of the
murine leukemia virus (MLV) LTR (23), leading to transcrip-
tional silencing (24). Apart from DNA binding, there is emerging
evidence supporting the role of YY1 as an RNA-binding protein.
In Xenopus oocytes, YY1 associates with structurally divergent
RNAs and contributes to the assembly of messenger ribonucleo-
protein particles (mRNPs) (25, 26). Both DNA and RNA binding
by YY1 are important for tethering Xist, a long noncoding RNA
(IncRNA), to DNA regions on the X chromosome, leading to X
chromosome inactivation in maternal cells (27). Moreover, a
recent study showed the ability of YY1 to bind nascent mRNA
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transcripts, leading to local retention of YY1 at actively transcribed
promoters (28).

The N-terminal domain of YY1 contains features required for
transcriptional activation, which includes stretches of acidic residues
(amino acids 16 to 29 and amino acids 43 to 53), a glycine-rich
region (amino acids 54 to 69), a histidine-rich cluster (amino acids
70 to 80), and sequences rich in proline and glutamine (amino acids
80 to 100) (29-32). The C-terminal domain of YY1 contains
four C,H,-type zinc finger motifs (amino acids 298 to 414)
required for nucleic acid binding (33). In addition, portions of
the zinc finger motifs (amino acids 333 to 397), together with a
region rich in alanine and glycine (amino acids 157 to 201)
contribute to transcriptional repression (30, 34). Whether YY1
acts as a repressor or an activator is likely dictated by its in-
teraction with various cofactors.

In this study, we report the unexpected observation that YY1
is a potent transactivator, rather than repressor, of expression of
the HTLV-1 LTR. Both N- and C-terminal domains of YY1 are
required for activation. The YY1 responsive element in the

HTLV-1 LTR maps to the R region and functions independently
of YY1 binding to DNA. Using chimeric promoter constructs,
we show that HTLV-1 R could provide YY1 responsiveness to a
nonresponsive SV40 early promoter, but only when R is present
as part of the mRNA and not when it is outside the transcrip-
tional unit. Furthermore, R only functioned in the sense orientation
and not when inverted, a behavior that is consistent with it
acting as an RNA, rather than a DNA element. We found that
YY1 associates with HTLV-1 R RNA in vitro and in vivo,
leading to increased rates of transcription initiation and elonga-
tion. Taken together, our findings indicate that YY1 acts as a
potent transactivator of the HTLV-1 LTR via interacting with
RNA, rather than DNA.

Results

YY1 Activates Reporter Expression from HTLV-1 LTR. YY1 is a GLI-
Kriippel transcription factor known to bind specifically to a short
consensus DNA sequence (VDCCATNWY) (18). Analysis of
the HTLV-1 LTR sequence revealed the presence of five potential
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Fig. 1. YY1 transactivates reporter expression from HTLV-1 LTR. (A) Schematic of predicted YY1 DNA-binding sites in HTLV-1 LTR. YY1-binding sites are
numbered as indicated. (B) HEK-293 or Jurkat cells were transfected with empty vector (EV) or DNAs encoding YY1 or Tax, together with HTLV-1 LTR firefly
luciferase or SV40 early promoter firefly luciferase, and HSV-TK Renilla luciferase control plasmid. Relative luciferase expression was calculated by first di-
viding the firefly luciferase signal by the Renilla luciferase signal in a given cell line, and the resulting ratio was then normalized to the ratio obtained from
EV-transfected cells (set to 1). Results shown are means + SEs from three independent experiments performed in duplicate. HA-YY1 overexpression is con-
firmed with Western blotting (WB) using an anti-HA antibody (Upper). (C) Lysate prepared from HEK-293 cells stably transduced with either control shRNA or
YY1-specific shRNA were subjected to WB as indicated. (D) Similar assay in Bin YY1 knockdown cells. Results shown are means + SEs from three independent
experiments performed in duplicate. (E) Cells with stably integrated HTLV-1 LTR luciferase reporter were transfected with EV or plasmid expressing YY1.
Forty-eight hours later the activity of HTLV-1 LTR was determined by firefly luciferase assay. Data shown are mean firefly luciferase signal + SEs from four
independent experiments performed in duplicate. Student’s t test was used for statistical analysis. *P < 0.05.
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YY1 DNA-binding sites (Fig. 14 and SI Appendix, Table S1), which
could mediate regulation of HTLV-1 expression. To test the effects
of YY1 overexpression on HTLV-1 LTR activity, HEK-293 cells
were cotransfected with empty vector (EV) or a plasmid encoding
HA-tagged YY1, together with two reporter plasmid DNAs: one
containing the HTLV-1 LTR-driving expression of firefly luciferase,
and one containing the thymidine kinase (TK) promoter-driving
expression of Renilla luciferase for normalization of transfection
efficiency. At 24 to 48 h after transfection, cells were harvested,
lysed, and subjected to dual-luciferase assays, and the ratio of ex-
pression of the two reporters was determined. A plasmid expressing
HTLV-1 Tax was used as a positive control in lieu of YY1 (35). To
our surprise, rather than repressing transcription, YY1 over-
expression resulted in robust activation of the HTLV-1 LTR (14-fold),
which was even higher than cells expressing Tax (10-fold). Similar
activation was observed in Jurkat T cells (Fig. 1B). The ability of
YY1 to activate HTLV-1 LTR occurs in a dose-dependent man-
ner (SI Appendix, Fig. S14). As a negative control, a construct
expressing firefly luciferase from the SV40 promoter, which lacks
potential YY1 DNA-binding sites, was used in lieu of the HTLV-1
LTR luciferase construct. YY1 overexpression had no effect on
the SV40 promoter (Fig. 1B). YY1 overexpression in HEK-293
cells also had no effect on MLV LTR activity, consistent with the
notion that YYl-mediated transcriptional silencing of MLV is
specific to mouse embryonic cells (SI Appendix, Fig. S1C) (24).

To eliminate the possibility that the effect of YY1 over-
expression is limited to transiently transfected reporter plasmids,
HEK-293 cells containing stably integrated HTLV-1 LTR luciferase
was generated by cotransfection of HTLV-1 LTR luciferase with
a plasmid encoding neomycin resistance, followed by selection
with G418. Individual G418-resistant clones were isolated and
genomic DNA qPCR using primers specific for the HTLV-1
LTR confirmed the presence of stable integrants, with each
clone containing approximately six copies of LTR-luciferase
(SI Appendix, Fig. S1D). Consistent with our transient trans-
fection experiments, overexpression of YY1 caused robust up-
regulation of luciferase expression in two independent HTLV-1
LTR-luciferase clones (Fig. 1E). These results suggest that YY1-
mediated transactivation of the HTLV-1 LTR occurs in the context
of both plasmid-based and chromosomal-based reporter genes.

To examine the effect of YY1 knockdown on HTLV-1 LTR
activity, HEK-293 cells were transduced with lentivirus vectors
expressing shRNAs either targeting YY1 mRNA or a scrambled
sequence, together with a puromycin resistance gene. After puro-
mycin selection, efficient YY1 knockdown in the cell population was
confirmed with Western blotting (Fig. 1C). These YY1 knockdown
cells and control knockdown cells were then transfected with
HTLV-1 LTR firefly luciferase DNA and subjected to luciferase
assay. In the absence of Tax, HTLV-1 LTR basal transcription was
very low in both cell pools. Consistent with our overexpression
experiments, YY1 knockdown resulted in a threefold decrease in
the basal HTLV-1 LTR activity (Fig. 1D).

Both N-Terminal Activation and C-Terminal Zinc Finger Domains of
YY1 Are Required for Transactivation of HTLV-1 LTR. YY1 contains
four C,H,-type zinc finger motifs at its C terminus responsible
for DNA binding and transcriptional repression, while the
N-terminal region is involved in transcriptional activation (30).
To define regions of YY1 required for transactivation of the
HTLV-1 LTR, we carried out luciferase reporter assays outlined
above in the presence of either N-terminal (YY1A2-150) or
C-terminal (YY1A370-414) truncation mutants. Both mutants
were expressed at levels comparable to that of full-length YY1
(Fig. 24). However, selective elimination of either the zinc finger
region or activation domain severely compromised YY1’s ability
to induce expression from the HTLV-1 LTR (Fig. 2B).
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The YY1 Responsive Element in HTLV-1 LTR Maps to the R Region. To
map the DNA sequences in HTLV-1 LTR required for YY1
activity, we constructed a series of LTR truncation mutants
(Fig. 34) and tested their responsiveness to YY1 overexpression.
YY1 transactivation was not affected by deleting large portions
of U3, U5 (Fig. 3B), or the TRE (SI Appendix, Fig. S2), sug-
gesting Y'Y 1-mediated activation occurs independently of Tax or
other regulatory sequences in the U3 or U5 regions of the LTR.
Of note, a mutant LTR lacking U5 showed significantly higher
basal, as well as YY1-stimulated reporter expression, compared
to the full-length LTR. This observation is consistent with prior
reports showing the presence of a cis-repressive element causing
nuclear retention of viral RNAs (36). For our subsequent stud-
ies, we chose to use an LTR construct lacking the U5 region to
bypass this additional layer of regulation. Mutagenesis of this
construct indicated that the R region contained the major YY1
response elements, as successive truncation of the R region from
the 3’ end (Fig. 3C) resulted in progressive loss of YY1-mediated
transactivation (Fig. 3D). To further map the YY1 responsive
element in R, we also created a series of 25 base pair deletions
across the entire R region (Fig. 3E). With the exception of the
first 25 base pairs of R, partial loss of YY1-mediated trans-
activation was observed for almost all mutants, while no single
mutation completely abolished transactivation in vivo (Fig. 3F).
These findings suggest the presence of multiple YY1 responsive
elements, or of a large structured element, in the R region of the
HTLV-1 LTR.

Putative YY1 DNA-Binding Sites in the HTLV-1 LTR Are Not Required
for YY1-Mediated Transactivation. The R region contains a putative
YY1 DNA-binding site near its 5’ end. We first carried out gel-
shift assays to detect the binding of recombinant YY1 to this
sequence in vitro. Biotinylated oligonucleotides containing the
YY1-binding site were incubated with His-tagged YY1. DNA-
protein complexes were resolved on a native polyacrylamide gel,
transferred to membrane and probed with a streptavidin-horseradish
peroxidase (HRP) conjugate to detect the migration of DNA-
protein complexes. Recombinant YY1 specifically bound the
oligonucleotide containing the putative DNA-binding site, and
this complex could be supershifted by incubation with an anti-YY1
antibody (Fig. 44). Binding was not observed when the binding
site was mutated or deleted from the sequence, and YY1 binding
to the probe could be competed by excess unmodified probe
(Fig. 44). To address whether purified YY1 can bind to other
regions of R DNA, we used a series of biotinylated oligonucleo-
tides spanning the R region (Fig. 4 B, Upper). Biotinylated DNA
derived from adeno-associated virus (AAV-P5) promoter was
used as a positive control (37), and MLV-PBS (primer-binding
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Fig. 2. Both N-terminal activation and C-terminal zinc finger domains of

YY1 are required for transactivation of HTLV-1 LTR. (A) Lysate prepared from
HEK-293 cells transfected with EV or DNAs encoding various Flag-tagged
YY1 truncation mutants were subjected to WB as indicated. (B) Similar as-
say as Fig. 1B using Flag-tagged YY1 truncation mutants. Results shown are
means + SEs from three independent experiments performed in duplicate.
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Fig. 3. YY1 responsive element in HTLV-1 LTR maps to the R region. (A) Schematic of LTR truncation mutants. (B) Similar assay as Fig. 1B using LTR truncation
mutants. Relative luciferase expression was calculated by first dividing the firefly luciferase (FL) signal by the Renilla luciferase signal in a given cell, and the
resulting ratio was then normalized to the ratio obtained from cells transfected with LTR-FL (set to 1). Results shown are means + SEs from three independent
experiments performed in duplicate. (C) Schematic of HTLV-1 R region 3’ truncation mutants. (D) Similar assay as Fig. 1B using HTLV-1 R region 3’ truncation
mutants. Results shown are means + SEs from three independent experiments performed in duplicate. (E) Schematic of HTLV-1 R region serial deletion
mutants. (F) Similar assay as Fig. 1B using HTLV-1 R region serial deletion mutants. Results shown are means + SEs from three independent experiments

performed in duplicate.

site) was used as a negative control. Apart from the R fragment
containing the YY1 consensus-binding site, no binding was observed
between YY1 and any other regions of R (Fig. 4 B, Lower). We next
deleted the YY1 DNA-binding site in the context of our luciferase
reporter construct. YY1-mediated transactivation was unaffected by
this deletion (Fig. 4C), suggesting that the YY1 DNA-binding site is
dispensable for transactivation. In addition, we ruled out the possible
involvement of the other four YY1 DNA-binding sites located in the
U3 and US regions of the LTR by creating binding site mutants
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individually or in tandem; none of these mutants significantly re-
duced YY1-mediated transactivation (SI Appendix, Fig. S34). To-
gether, these results are consistent with our above truncation analysis
(Fig. 3 D and F), demonstrating the presence of multiple YY1 re-
sponsive elements, or of a large structured element, in the R region.

Characterizing the Orientation and Position Dependence of the YY1
Responsive Element. The R region is present at the 5 UTR of
viral transcripts, and YY1 is known to bind RNA (25, 26, 28).

Wang and Goff
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This prompted us to investigate the possibility that the HTLV-1
R region may function as an RNA, rather than a DNA element.
Since the SV40 early promoter is by itself unaffected by YY1
overexpression (Fig. 1B), we reasoned that adding the HTLV-1
R region in cis might render the SV40 promoter YY1 responsive.
Various fusion promoter constructs were made to test the activity
and position dependence of the HTLV-1 R element (Fig. 54).
Insertion of the R region did indeed confer YY1 responsiveness to
the promoter. Interestingly, YY1-mediated transactivation of the
SV40-R fusion promoter was observed only when R was inserted
downstream of the SV40 promoter transcriptional start site (TSS),
while no transactivation was seen when R was inserted either
upstream of the TSS or downstream of the site of addition of the
poly-A tail (Fig. 5B). As a control, insertion of the HTLV-1 U3
sequence downstream of the SV40 TSS did not induce YY1 re-
sponsiveness. These observations suggest that R must be part of
the RNA transcript for efficient activation. Consistent with this,
YY1-mediated transactivation of R was also found to be orien-
tation dependent, as inversion of R (Fig. 5C) completely abolished
YY1-mediated transactivation (Fig. 5D). Together, these obser-
vations suggest that YY1-mediated activation of HTLV-1 may
occur via an RNA, rather than a DNA element.

YY1 Associates with RNA Derived from HTLV-1 R Region In Vitro and
In Vivo. To address the possibility that YY1 may bind specifically
to HTLV-1 R RNA, we first carried out in vitro RNA pulldown

Wang and Goff

assays. Biotin-labeled RNAs containing the HTLV-1 R region,
or the HTLV-1 U3 region as control, were synthesized in vitro
(Fig. 6 A, Upper) and immobilized on streptavidin beads. Beads
were then incubated with recombinant His-tagged YY1 and
washed, and the bound proteins were eluted, resolved by sodium
dodecyl sulfate/polyacrylamide gel electrophoresis (SDS/PAGE),
and subjected to Western blotting with an anti-His antibody
(Fig. 6 A, Lower). YY1 associated specifically with HTLV-1 R
region, but not U3 region RNA under stringent high salt condi-
tions (Fig. 64). To detect YY1 HTLV-1 RNA interaction in vivo,
HEK-293 cells were transfected with plasmids expressing HA-
tagged YY1 and an HTLV-1 R luciferase reporter, followed by
UV cross-linking and immunoprecipitation of YY1-RNA com-
plexes using an anti-HA antibody. Bound RNA was eluted from
beads and subjected to qRT-PCR with primers targeting the
HTLV-1 R region. YY1 associated specifically with HTLV-1 R
RNA, and much less so with tubulin mRNA (Fig. 6B). Very little
qRT-PCR signal was observed in samples analyzed without RT,
arguing against DNA contamination. Taken together, these re-
sults suggest a specific and direct interaction between YY1 and
the HTLV-1 R RNA sequence in vivo.

YY1 Overexpression Causes Increased Transcription Initiation and
Elongation from the HTLV-1 LTR. Since YY1 binds HTLV-1 R RNA
and causes robust increase in HTLV-1 LTR-driven reporter expres-
sion, we hypothesized that the induced expression is a consequence of
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increased mRNA levels and unlikely to be an effect on reporter
protein stability. To address this, we measured reporter mRNA
levels by qRT-PCR and found that, indeed, total luciferase mRNA
levels were markedly up-regulated in YYl-overexpressing cells
(Fig. 7A). This increase in principle could be due to either increased
transcription initiation, transcription elongation, nuclear export,
mRNA stability, or a combination of these. To assess mRNA sta-
bility, control or Y'Y1-overexpressing cells were treated with acti-
nomycin D for different times to inhibit transcription and then
subjected to qRT-PCR to measure mRNA abundance. Compared
to cells transfected with empty vector, we detected significantly
higher luciferase mRNA levels in YY1-overexpressing cells at all
time points tested (Fig. 7B). However, the rate of mRNA decay as
determined by the slope of the mRNA abundance versus time
curve was similar between control and YY1-overexpressing cells
(Fig. 7B). Thus, increased mRNA stability is unlikely to account for
YY1’s mechanism of action. To assess whether YY1 overexpression
enhances nuclear export of HTLV-1 RNA, we carried out nuclear/
cytoplasmic fractionation of HEK-293 cells, followed by RNA ex-
traction and quantification of luciferase mRNA levels using qRT-
PCR. The efficiency of our fractionation of nuclear and cytoplasmic
extracts was confirmed using anti-histone H3 and GAPDH anti-
bodies, respectively (Fig. 7C). If YY1 enhanced nuclear export of
HTLV-1 RNA, one would expect increased luciferase mRNA
levels in the cytoplasm with a corresponding decrease in levels in
the nuclear fraction. Though YY1 overexpression resulted in the
increased levels of luciferase mRNA in the cytoplasmic fraction,
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increased levels were also observed in the nuclear fraction
(Fig. 7C), making increased mRNA export unlikely. To assess
the rate of transcription of the reporter DNA, we used chro-
matin IP (ChIP) assays to measure the abundance of RNA Pol
IT localization on the viral DNA with and without over-
expression of YY1. This assay revealed a dramatic increase in
the recovery of viral reporter DNA precipitated with antibodies to
Pol IT with YY1 overexpression (Fig. 7D). A similar effect was
observed in positive control cells overexpressing the viral-encoded
transactivator Tax (Fig. 7D). Finally, to provide another direct
readout of the rate of transcription of the reporter genome, nu-
clear run-on assays were carried out. Nuclei isolated from HEK-
293 cells were supplied with biotin-uridine triphosphate (UTP),
and incubated at 30 °C for 30 min to allow for run-on transcription
(38). Newly synthesized transcripts labeled with biotin-UTP were
then isolated using streptavidin-coated magnetic beads, followed
by qRT-PCR using primers spanning the entire luciferase gene
transcript to monitor transcript abundance. YY1 overexpression
resulted in a 2.5- to 3-fold increase in the rates of nascent tran-
script synthesis in the levels of both the R and luciferase RNAs
(Fig. 7E). This suggests that increased transcription per se is re-
sponsible for the activity of YY1. The increase in RNAs from both
regions of the genome further suggests that increased initiation of
transcription at the TSS, rather than an increased release from a
block to elongation occurring after synthesis of the R region, is the
mechanism of action of YY1. Taken together, these results suggest
YY1 binding to HTLV-1 R RNA results in enhanced transcription
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initiation and elongation, increased mRNA levels, and increased
reporter gene expression.

Discussion

Here we report the finding that YY1 acts as a potent transactivator
of the HTLV-1 LTR, in sharp contrast to its repression of other
retroviral genomes. The HTLV-1 LTR sequence required for YY1
responsiveness lies in the R region, present in the 5" UTR of the
viral mRNA. Based on YY1’s previous roles in mediating tran-
scriptional repression of HIV-1 (21, 22) and MLV (23, 24) via
DNA binding, we initially expected that YY1’s effect on HTLV-1
would also occur through DNA binding. Recombinant YY1
specifically associates with DNAs containing a Y'Y 1-binding site at
the 5’ end of R (Fig. 44). However, deletion of this site (Fig. 4C),
or any other YY1 DNA-binding site in the HTLV-1 LTR had no
effect on YY1-mediated transactivation in vivo (SI Appendix, Fig.
S3A). Instead, deletion of R from the 3’ end resulted in progressive
loss of YY1 responsiveness (Fig. 3D), and sequential 25 base pair
deletion across the entire region of R resulted in partial loss of YY1
responsiveness in almost all mutants (Fig. 3F), suggesting the
presence of multiple YY1 responsive elements, or binding to a
large structure. Since YY1 does not bind R DNA lacking the
YY1-binding site (Fig. 4B), our data raised the possibility that
the HTLV-1 R may be acting as an RNA element. Consistent with
this, insertion of the R region sequence provided YY1 respon-
siveness to a nonresponsive SV40 early promoter, but only when
R was included as part of the transcription unit (Fig. 5B). In ad-
dition, the R region lost YY1 responsiveness when it was inverted
(Fig. 5D). Together, the position and orientation dependence of the
HTLV-1 R region argues for its functioning as an RNA element.

Recombinant YY1 specifically associated in vitro with HTLV-
1 R RNA, and not U3 RNA, under stringent conditions (Fig. 64).
Furthermore, RNA immunoprecipitation experiments in HEK-
293 cells revealed YY1 binding to HTLV-1 R RNA, but not to
tubulin mRNA in vivo (Fig. 6B). Previous studies examining the
RNA-binding activity of YY1 showed that YY1 does not bind to
the RNA equivalent of its consensus DNA sequence (26), and
in vitro binding assays show a preference for AU-rich and poly-U
containing duplexes (26). HTLV-1 R does not contain AU-rich or
poly-U stretches. It is possible that HTLV-1 R region RNA adopts
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a secondary structure recognized by YY1, in a manner similar to
the Tar element of HIV-1 recognized by the HIV-1 Tat protein. In
preliminary experiments, structures of the R region predicted by
RNA folding programs (MFold and RNAfold) resulted in several
nearly isoenergetic folds with distinct paired regions. We have
made several deletions aimed at selectively removing predicted
stem loops based on these predicted structures and tested the
mutant sequences for YY1 responsiveness. Some deletions had no
effect, while others resulted in modest loss of YY1 responsiveness.
The mutagenesis has not yet strongly supported any of the in silico
predicted RNA structures, suggesting that they do not fully reflect
the native fold in vivo. It is also possible that the HTLV-1 R RNA
exhibits conformational flexibility in vivo, capable of adopting
multiple secondary structures that associate with YY1 with similar
affinities. More work will be required to determine the folded
structure of this RNA.

Both the N-terminal activation and C-terminal zinc finger
domains of YY1 are required for full activation of the HTLV-1
LTR (Fig. 2B). Little is known about the nature of YY1-RNA
interactions. Previously, the N-terminal domain of YY1 was
suggested to mediate RNA binding (28), while another study
showed the C-terminal zinc fingers are sufficient (39). It is possible
that the N-terminal domain of YY1 may regulate RNA binding
either on its own or via the recruitment of protein partners. It has
also been previously shown that YY1 forms an oligomer, which
allows it to bind to DNA sequences lacking the consensus rec-
ognition site (40). In the case of HIV-1, the virus encodes the Rev
protein capable of binding to and oligomerizing on the highly
structured Rev response element (RRE) RNA, creating a large
RNP that directs the nuclear export of fully and partially unspliced
viral RNAs (41-43). It is possible that YY1 oligomerization also
affects the avidity and specificity of RNA binding.

YY1 promotes MLV silencing in mouse embryonic cells (24)
and HIV-1 latency in T cells (44). In the case of MLV, YY1
binding to a short consensus DNA-binding motif in the U3 region
of the viral LTR led to the recruitment of the universal tran-
scriptional repressor TRIM28, as well as downstream chromatin
modifiers such as histone methyltransferase SETDBI, histone
deacetylases, and DNA methyltransferases to repress viral gene
expression (24). In the case of HIV-1, YY1 also binds directly to
the LTR, and its affinity for DNA is enhanced via its interaction
with its cofactor LSF (late SV40 factor), which in turn recruits
histone deacetylase 1 (HDAC1) to promote viral latency (44, 45).
In the context of this history of viral repression, YY1’s functioning
to transactivate the HTLV-1 LTR is surprising. It is further sur-
prising that it seems to act via RNA binding rather than DNA
binding. YY1’s activation of expression is unlikely to be a result of
increased mRNA stability (Fig. 7B) or nuclear export (Fig. 7C).
but rather most likely involves directly increasing transcription
from the HTLV-1 LTR (Fig. 7 D and E). YY1 appears to function
independently of the known viral transactivator Tax, as deletion of
the Tax response element, which is located in the U3 region of the
LTR, had no effect on YYl-mediated transactivation (SI Ap-
pendix, Fig. S2). In ATL cells, the 5’ LTR is frequently deleted,
resulting in a defective provirus (46, 47). YY1 likely only functions
on intact 5’ LTRs to drive initial viral transcription during early
infection, prior to and after the production of Tax. In addition,
YY1 could contribute to the initial, transient burst of sense
transcript production upon reactivation from latency (48). We do
not expect YY1 to play a major role in the antisense expression of
the HBZ protein in transformed cells, though this possibility re-
mains to be tested. Future studies should examine the effect of
manipulating YY1 levels on early viral spread in acutely infected
primary T cells. YY1’s ability to associate with HTLV-1 R RNA
may be analogous to the association of HIV-1 Tat with TAR
RNA, which also maps to the R region of the LTR. However,
their mechanism of action is likely different. YY1 overexpression
resulted in 1) increased Pol II occupancy on R and luciferase
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DNA (Fig. 7D), and 2) increased rates of nascent transcript syn-
thesis in the sequences of both the R region and luciferase RNA
(Fig. 7E). These observations suggest YY1 functions to increase
the initiation of transcription rather than increasing the release
from a block to elongation occurring after synthesis of the R re-
gion, as it is the case for HIV-1 Tat.

Very few examples of activation of expression by YY1 have
been studied in detail. YY1 was shown to bind the AAV P5
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DNA at the +1 region and to initiate efficient basal transcription
by polymerase II in the absence of TATA-box binding protein
(49, 50). Another study showed that YY1 binds to a consensus
DNA-binding site in the GDAP1 promoter to activate tran-
scription (51). Our observations that YY1 promotes transcrip-
tion from the HTLV-1 LTR via RNA binding may be similar to
findings in a recent study showing widespread YY1 trapping at
gene regulatory elements via binding to nascent transcripts (28).
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In preliminary experiments, knockdown of several known YY1
coactivators of transcription (19) using RNAi did not abolish
YY1-mediated HTLV-1 transactivation (SI Appendix, Fig. S4). It
is possible that these cofactors are functionally redundant, or
that the set of coactivators required for YY1-mediated tran-
scription via RNA binding differs from those mediated through
DNA binding. Another possible player is CTCF, the CCCTC-
binding factor important in chromosome topology. YY1 interacts
with CTCF and shows extensive colocalization at CTCF-bound
regions with active histone marks (52). The HTLV-1 genome
contains a CTCF-binding site located in the pX region (53),
but the site is far away from the YY1 responsive element, and
absent in our reporter constructs, making it unlikely that CTCF
is involved in YY1-mediated transactivation of the HTLV-1
LTR. In other contexts, YY1 is able to exert its effect on transcription
through microRNAs (54), but we have no evidence that YY1 is
utilizing microRNAs for the activation of HTLV-1. Recently,
RNA binding motif protein 25 (RBM25), an RNA-binding pro-
tein previously implicated in splicing regulation, was shown to
colocalize with YY1 on gene promoters, and RBM25 depletion
results in attenuation of YY1-dependent activities, including chro-
matin binding, DNA looping, and transcription (55). In preliminary
experiments, RBM25 knockdown only resulted in a modest (two-
fold) decrease in YY1-mediated HTLV-1 transactivation, and no
decrease in YY1 binding to HTLV-1 R RNA was observed. More
work is required to determine the possible involvement of RBM25
in YY1-mediated transactivation of the HTLV-1 LTR.

In sum, we here demonstrated that the HTLV-1 LTRisa YY1
responsive promoter whose activation involves RNA binding.
Our observations thus suggest a significant expansion of the
potential activities and targets of the YY1 factor.

Materials and Methods

Cells and Transfections. HEK-293 cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% heat-inactivated fetal bovine se-
rum (FBS). Jurkat cells were cultured in RPMI medium supplemented with
10% heat-inactivated FBS. All cells were maintained in a 37 °C incubator
with 5% CO,. Transient transfections of HEK-293 cells and Jurkat cells were
carried out using Lipofectamine LTX reagent (Invitrogen) according to the
manufacturer’s instructions.

Dual-Luciferase Assays. Dual-luciferase assays were performed as previously
described (56). Briefly, HEK-293 or Jurkat cells cultured in 24-well plates were
transfected with 400 ng of pCMV vector, pCMV-HA-YY1 or pCMV-Tax DNA,
100 ng of HTLV-1 LTR firefly luciferase construct and 10 ng of HSV-TK Renilla
luciferase control plasmid using Lipofectamine LTX (Life Sciences). One to 2 d
later, cells were lysed in 1x reporter lysis buffer (Promega) and levels of
luciferase were quantified using a POLARstar Omega multimode plate
reader (BMG Labtech) according to the manufacturer’s instructions. Relative
luciferase expression was calculated by first dividing the firefly luciferase
signal by the Renilla luciferase signal in the transfected cells, and the
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resulting ratio was then normalized to the ratio obtained from cells trans-
fected with EV, set to 1.

In Vitro RNA-Binding Assay. In vitro RNA-binding assays were performed as
previously described (56). Briefly, RNA fragments were transcribed in vitro
from linearized plasmid DNA using T7 polymerase in the presence of biotin-
16-UTP (Roche Applied Science), treated with DNase, purified, and renatured
by heating to 95 °C for 10 min followed by slow cooling to room tempera-
ture. Each pulldown assay consists of incubating 1 pug of renatured RNA
immobilized on Dynabeads MyOne streptavidin (Invitrogen) with 1 pg of
recombinant His-YY1, purified from Escherichia coli, for 2 h at room tem-
perature in high salt phosphate buffered saline (PBS) supplemented with
500 mM NacCl, 2 mM MgCly, 0.2 mM ZnCl,, 15 mM p-mercaptoethanol, 100
units/mL RNase inhibitor, 0.1 mg/mL yeast tRNA (Ambion), 0.05% bovine
serum albumin, and 0.2% Nonidet P-40. Beads were then washed four times
using the same binding buffer and twice with regular PBS and subjected to
SDS/PAGE and immunoblotting with anti-His antibodies.

RNA Immunoprecipitation. Ten million HEK-293 cells cotransfected with
plasmids encoding HA-YY1 and LTR luciferase reporter plasmids were UV
cross-linked at 254 nm (4,000 J/m?) and lysed in RIPA buffer (10 mM Tris-Cl
pH 8.0, 1 mM ethylenediaminetetraacetic acid (EDTA), 1% Triton X-100,
140 mM NaCl, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 1 mM
dithiothreitol, 10 U RNaseOUT/mL) for 30 min at 4 °C. After centrifugation
for 20 min at 13,000 rpm, the supernatant was incubated with 10 pL of anti-
HA magnetic beads (Pierce) for 8 h at 4 °C. Beads were washed three times in
RIPA buffer, once in PBS, and DNase treated (10 U) for 30 min at 37 °C.
Bound RNA was eluted by incubating in elution buffer (100 mM Tris-HCI
pH 7.5, 50 mM NacCl, 10 mM EDTA, 30 pg of Proteinase K, 0.5% SDS) for
30 min at 55 °C. RNA was recovered by TRIzol (Invitrogen) extraction and
reverse transcribed with random primers using the High-Capacity cDNA
Reverse Transcription Kit (Thermo Fisher Scientific). qRT-PCR was performed
using SYBR Green PCR Master Mix (Roche) containing 15 pmol of indicated
primers (S/ Appendix, Table S1) in 25-pL reactions. PCRs were performed in
96-well plates using the 7900 Fast Real-Time PCR System (Applied Bio-
systems) with the following reaction conditions: 10 min at 95 °C, followed by
40 cycles of 30 s at 95 °C, 30 s at 60 °C, and 30 s at 72 °C. Relative enrichment
was calculated by determining the bound/input value using the 2-AACT
method (57).

Cell Fractionation and RT-PCR. HEK-293 cells from a confluent 10-cm? plate
were washed twice with ice-cold PBS and lysed on ice for 10 min with buffer
A (10 mM Tris-HCl, pH 7.5, 140 mM Nacl, 1.5 mM MgCl,, 10 mM EDTA, 0.5%
Nonidet P-40, 100 U/mL of RNaseOUT [Invitrogen]). Following centrifugation
at 3,000 rpm for 5 min, the resulting supernatant was taken as the cytosolic
fraction. The pellet was washed twice in buffer A and taken as the nuclear
fraction. Total RNAs from cytosolic and nuclear fractions were isolated using
TRIzol and subjected to reverse transcription and gRT-PCR as described above.

Data Availability. Data supporting the findings of this study are included in
the main manuscript and S/ Appendix. All reagents made (e.g., plasmids) are
available upon request.
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