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ABSTRACT The HIV-1 reservoir is a major obstacle to complete eradication of the
virus. Although many proteins and RNAs have been characterized as regulators in
HIV-1/AIDS pathogenesis and latency, only a few long noncoding RNAs (lncRNAs)
have been shown to be closely associated with HIV-1 replication and latency. In this
study, we demonstrated that lncRNA uc002yug.2 plays a key role in HIV-1 replication
and latency. uc002yug.2 potentially enhances HIV-1 replication, long terminal repeat
(LTR) activity, and the activation of latent HIV-1 in both cell lines and CD4� T cells
from patients. Further investigation revealed that uc002yug.2 activates latent HIV-1
through downregulating RUNX1b and -1c and upregulating Tat protein expression.
The accumulated evidence supports our model that the Tat protein has the key role in
the uc002yug.2-mediated regulatory effect on HIV-1 reactivation. Moreover, uc002yug.2
showed an ability to activate HIV-1 similar to that of suberoylanilide hydroxamic acid
or phorbol 12-myristate 13-acetate using latently infected cell models. These find-
ings improve our understanding of lncRNA regulation of HIV-1 replication and la-
tency, providing new insights into potential targeted therapeutic interventions.

IMPORTANCE The latent viral reservoir is the primary obstacle to curing HIV-1 dis-
ease. To date, only a few lncRNAs, which play major roles in various biological pro-
cesses, including viral infection, have been identified as regulators in HIV-1 latency.
In this study, we demonstrated that lncRNA uc002yug.2 is important for both HIV-1
replication and activation of latent viruses. Moreover, uc002yug.2 was shown to acti-
vate latent HIV-1 through regulating alternative splicing of RUNX1 and increasing
the expression of Tat protein. These findings highlight the potential merit of target-
ing lncRNA uc002yug.2 as an activating agent for latent HIV-1.
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Long noncoding RNAs (lncRNAs) are a large class of non-protein-coding transcripts
involved in many biological and physiological processes. As of now, only a small

number of lncRNAs have been functionally characterized, and most of them have
important functions in regulating various aspects of chromatin dynamics, gene expres-
sion (1, 2), and cancer-related activities, such as cell proliferation, differentiation, and
metabolism (3–7).

Recently emerging evidence has demonstrated the role of lncRNA in viral replica-
tion. Viruses utilize some viral and cellular lncRNAs to regulate the expression of host
and viral genes (8–10). To fight viruses, hosts also utilize lncRNAs, such as HEX1M1 and
NEAT1, which activate the host antiviral immune system through the cGAS-STING
pathway; NEAT1 also promotes interferon (IFN) responses by acting as a positive
feedback for RIG-I signaling (11, 12). In some cases, cellular lncRNAs behave as sponges
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that sequester microRNAs (miRNAs) and induce the upregulation of miRNA target
genes, such as lncRNA highly upregulated in liver cancer (HULC) (13, 14). Recently,
some viral lncRNAs and cellular lncRNAs were identified due to their altered expression
postinfection through the transcriptome analysis of cells infected with various viruses.
For example, 83 disease-related lncRNAs in HIV-1-infected T cells were profiled. The
lncRNA NEAT1 was shown to promote virus production through increased nucleus-to-
cytoplasm export of Rev-dependent instability element (INS)-containing HIV-1 mRNAs
(15). The lncRNA 7SK is closely associated with HIV Tat protein stimulation of transcrip-
tional elongation of the integrated provirus through negative regulation of cyclin
T1/CDK9 (16–18), but it is not involved in establishing latent HIV-1 infection (19–22).
The lncRNA NRON, a repressor of NFAT, was found to significantly enhance HIV-1
replication in an NFAT-dependent manner when it was knocked down at an early time
after infection (23). NRON was further illustrated to be involved in HIV-1 latency by
inducing degradation of the viral transactivator protein Tat through the formation of E3
ligase with CUL4B and PMSD11 proteins (24). By use of a transcriptome assay, some
lncRNAs were shown to be aberrantly expressed during HIV-1 replication and interact
with the virus through the proteasome, apoptosis, DNA damage, and other pathways
(25). However, the number of lncRNAs identified to date is certainly only a fraction of
the many that are likely to affect HIV-1 replication.

The lncRNA uc002yug.2, 2,564 bp in length and located in chromosome 21, was
initially identified at a higher level of expression in esophageal squamous cell carci-
noma (ESCC) than in paired peritumoral tissue. In ESCC, uc002yug.2 was found to
promote carcinogenesis by facilitating alternative splicing of RUNX1 to produce the
shorter isoform RUNX1a (26). The human RUNX1 gene belongs to one of a family of
transcription factors that serve as master regulators of development and has been
proven to serve crucial functions in several cancers (27). Core binding factor � (CBF-�),
which regulates the folding and DNA-binding activity of RUNX family proteins through
forming a heterodimeric transcription complex with RUNX, was identified as a regulator
required for HIV-1 replication (28, 29). RUNX1 has also been demonstrated to be
involved in HIV-1 latency and was shown to repress HIV-1 replication in T cells by
binding with the HIV-1 LTR, while its inhibitor was able to enhance the activation of
latent HIV-1 (30).

HIV-1 latency is a state in which no or little viral RNA can be detected, and it
represents a major barrier to eradication of AIDS. While host transcriptional silencing is
thought to play a key role in HIV-1 latency, insufficient Tat transactivation activity is
thought to result in impaired transcription of viral genes and the establishment of
latency in cell culture experiments (31). As mentioned above, lncRNA NRON was shown
to maintain the latency state of HIV-1 by specifically inducing Tat protein degradation
(24). This finding demonstrated lncRNA as a class of promising factors for investigating
the mechanism of HIV-1 latency. Since lncRNAs account for a large proportion of the
human genome, other lncRNAs that contribute to HIV-1 latency need to be further
explored.

In this study, we investigated the potential role of lncRNA uc002yug.2 in HIV-1
replication and reactivation of latent viruses. The results showed that uc002yug.2 could
enhance HIV-1 replication and LTR activity, which is closely associated with its ability to
reduce RUNX1b and -1c. Furthermore, we next demonstrated that RUNX1b and -1c but
not RUNX1a inhibited HIV-1 replication and was required for latent viruses. Interest-
ingly, we also observed that in certain cells, such as Jurkat, uc002yug.2 did not always
downregulate RUNX1b and -1c and upregulate RUNX1a as reported previously (26),
indicating that another mechanism is employed by uc002yug.2 to regulate HIV-1
replication. Further investigation showed that overexpression of uc002yug.2 increased
the expression of Tat protein, further supporting our hypothesis that Tat plays an
important role in uc002yug.2-mediated enhancement of replication and activation of
latent HIV-1 in addition to RUNX1b and -1c. Importantly, in CD4� T cells from HIV-1-
infected individuals treated with highly active antiretroviral therapy (HAART) upon
T-cell activation, uc002yug.2 could activate latent HIV-1. Taken together, our data
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provide important information and broaden our understanding of the lncRNA regula-
tory effect on HIV-1 replication and latency. Therefore, research into this field will help
to identify new cellular pathways and develop new therapeutic tools for the treatment
of HIV-1 infection.

RESULTS
uc002yug.2 enhances HIV-1 replication. In testing of various cell lines, human

embryonic kidney 293T (HEK293T) and TZM-bl cells showed higher uc002yug.2 mRNA
levels than those of Jurkat and HeLa cell lines (data not shown). Whether uc002yug.2
affects the replication of HIV-1 was confirmed by its overexpression in HeLa cells or
reducing its endogenous level using short hairpin RNA (shRNA) in HEK293T cells.
Forty-eight hours after transfection with the pNL4-3 expression vector plus VR1012 or
uc002yug.2 expression vector, HeLa cells were harvested for immunoblotting and
reverse transcription-quantitative PCR (qRT-PCR) analysis. With increased amounts of
uc002yug.2 (Fig. 1A), p55 expression in the cell lysate and capsid p24 (CAp24) expres-
sion in the viral supernatant from cells were continually increased (Fig. 1B), and
infectivity of HIV-1 was greatly increased (�30-fold) (Fig. 1C), indicating that
uc002yug.2 enhanced HIV-1 replication. The mRNA levels of RUNX1a and RUNX1b
and -1c were correspondingly upregulated or downregulated by overexpression of
uc002yug.2 (Fig. 1D), which is basically consistent with the regulation of RUNX1
isoforms reported by Wu et al. (26).

FIG 1 uc002yug.2 enhances HIV-1 replication. (A to D) uc002yug.2 overexpression enhances HIV-1 replication in HeLa cells. (A) The pNL4-3 viral vector with
increasing amounts of uc002yug.2 (0, 100, 300, and 900 ng) was cotransfected into HeLa cells as indicated. After 48 h, cells and supernatants were harvested.
The RNA level of uc002yug.2 was detected with the qRT-PCR assay. (B) p55 levels in cell lysate and CAp24 levels in supernatants were determined by
immunoblotting, and the densities of bands were analyzed with ImageJ software to calculate the values relative to that for �-actin. (C) The infectivity of HIV-1
was measured by detecting the luciferase activity after TZM-bl cells were infected with the supernatant for another 48 h. (D) The mRNA levels of RUNX1a and
RUNX1b and -1c were detected by qRT-PCR in the same cells as for panel A. (E to H) Knockdown of uc002yug.2 decreases HIV-1 replication in HEK293T cells.
The endogenous uc002yug.2 in HEK293T cells was knocked down by using uc002yug.2-specific shRNA. (E) The knockdown of uc002yug.2 and corresponding
RUNX1a and RUNX1b and -1c mRNA levels were detected by qRT-PCR. (F) Both control and uc002yug.2sh HEK293T cells were cotransfected with pNL4-3 viral
vector plus uc002yug.2 or control vector as indicated. At 48 h after transfection, the cells and supernatants were harvested. p55 levels in cell lysate and CAp24
levels in supernatants were determined by immunoblotting, and the densities of bands were analyzed with ImageJ software to calculate the values relative to
that for �-actin. (G) Virus production was measured by detecting the luciferase activity after TZM-bl cells were infected with the supernatant for another 48
h. The infectivity of 293T-pLKO.1 cells transected with pNL4-3 plus control vector was set as 100%. (H) The RNA level of uc002yug.2 in the same cells as described
for panel F was detected by qRT-PCR. Results are representative of those from three independent repeats, and the corresponding value of the mock control
was set as 1 or 100%. Data are presented as means � SDs.
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In contrast, stable HEK293T cell lines with shRNA targeting uc002yug.2 showed
strong suppression of the production of uc002yug.2 mRNA, leading to a corresponding
reduction of RUNX1a and increase of RUNX1b and -1c (Fig. 1E). Upon transfection of
uc002yug.2 shRNA cells with the pNL4-3 expression vector, the amount of p55 was
substantially reduced (by �35%) compared with the negative control (Fig. 1F, lanes 1
and 3). Overexpression of uc002yug.2 increased the replication of HIV-1 to 169% (Fig.
1F, lanes 1 and 2), but overexpression of uc002yug.2 in knockdown cells could mostly
rescue the amount of p55 (Fig. 1F, lanes 1 and 4). The infectivity of the supernatant
produced by uc002yug.2 shRNA cells was reduced using TZM-bl as infectious
indicator cells (Fig. 1G, lane 3), whereas increased infectivity was observed in the
uc002yug.2 overexpression group (Fig. 1G, lane 2). The mRNA levels of uc002yug.2
are shown in Fig. 1H.

In HEK293T cells, we indeed observed that knockdown of uc002yug.2 induced the
reduction of RUNX1a and the increase of RUNX1b and -1c. We then investigated
whether the expression of various RUNX1 isoforms resulting from alternative splicing
induced by the reduction of uc002yug.2 was responsible for viral replication. The
pNL4-3 expression vector plus various RUNX1 isoforms and CBF-� were transfected into
HEK293T cells. At 48 h posttransfection, cells were harvested for immunoblotting
analysis, and the supernatants were collected and used to infect TZM-bl cells. The
results showed that RUNX1a, RUNX1b, and RUNX1c were expressed well. The levels of
p55 and CAp24 were reduced in the presence of RUNX1b and -1c, whereas RUNX1a had
no effect on HIV-1 replication (Fig. 2A). It has been reported that RUNX1 and CBF-�
were capable of repressing HIV-1 transcription (30). We found that in the presence of
CBF-�, RUNX1a could impair HIV-1 infectivity, although RUNX1a had no effect on HIV-1
infectivity (Fig. 2B). Moreover, a further reduction of HIV-1 infectivity was also observed
when RUNX1b and -1c were cotransfected with CBF-� compared to that with RUNX1b
and -1c alone (Fig. 2B), which is consistent with the previous study (30). Thus, alterna-
tive splicing of RUNX induced by uc002yug.2 may have contributed to the lower
replication capacity of HIV-1 in uc002yug.2-silenced HEK293T cells. In order to confirm
whether RUNX1 is closely associated with the effect of un002yug.2 on HIV-1 replication,
we investigated the replication of HIV-1 when RUNX1b and -1c were knocked down.
Short interfering RNA (siRNA) targeted RUNX1b and -1c was cotransfected with pNL4-3
into uc002yug.2-silenced and control HEK293T cells. Silencing of RUNX1b and -1c
increased the replication of HIV-1 to 126% (Fig. 2D, lanes 1 and 2), and silencing of
RUNX1b and -1c in uc002yug.2 knockdown cells could mostly rescue the amount of
CAp24 (Fig. 2D, lanes 1 and 4). The infectivity of the supernatant produced by
uc002yug.2 shRNA cells was reduced when TZM-bl cells were used as infectious
indicator cells (Fig. 2E, lane 3), whereas increased infectivity was observed in the
uc002yug.2 and RUNX1b and -1c silencing group (Fig. 2E, lane 4). These data further
demonstrated that RUNX1 was involved in the ability of uc002yug.2 to regulate HIV-1
replication.

To further confirm that HIV-1 target cells are also affected by uc002yug.2 expression,
we overexpressed uc002yug.2 in Jurkat cells using a lentivirus vector containing
uc002yug.2 (Fig. 2F). Increased uc002yug.2 expression promoted the infectious HIV-1
yield �1.4-fold (Fig. 2G and H). Interestingly, RUNX1a and RUNX1b and -1c both were
upregulated by overexpression of uc002yug.2 (Fig. 2I), which may compromise the
ability of uc002yug.2 to enhance the replication of HIV-1. Collectively, these data
suggested that RUNX1b and -1c are involved in the uc002yug.2 function of enhancing
HIV-1 replication, but they are not the only determinant. Other mechanisms may be
employed by uc002yug.2 to contribute to the regulation of HIV-1.

HIV-1 replication upregulates uc002yug.2. To examine whether uc002yug.2 ex-
pression varies along with HIV-1 replication, Jurkat cells were infected with NL4-3 virus
produced from transfected HEK293T cells. With HIV-1 replication (Fig. 3B), the mRNA
level of uc002yug.2 was increased �6-fold (Fig. 3A). Next, we assessed the mRNA level
of uc002yug.2 when the latently HIV-1-infected human T cell lines J-Lat 6.3 and ACH-2
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were activated by phorbol 12-myristate 13-acetate (PMA). Treatment of J-Lat 6.3 and
ACH-2 cells with PMA (1 �M) for 48 h upregulated the mRNA level of uc002yug.2. With
increased uc002yug.2, RUNX1b and -1c and RUNX1a both were downregulated (Fig. 3C
and E), while PMA stimulated HIV-1 transcription and replication (Fig. 3D and F). These
results further support the notion that uc002yug.2 plays a key role during HIV-1
replication but has different regulatory mechanisms for expression of RUNX1 isoforms
in different cell lines. In latently infected J-Lat 6.3 and ACH-2 cells, we also observed that
the expression levels of uc002yug.2 were lower than those in acutely infected CEM and
Jurkat cells with NL4-3 viruses (Fig. 3G and H).

uc002yug.2 activates HIV-1 transcription by the HIV-1 LTR. In order to examine
whether uc002yug.2 affects HIV-1 transcription, we used a reporter luciferase system to
detect the effect of uc002yug.2 on HIV-1 promoter activity. HIV-1 promoter activity was
significantly reduced when uc002yug.2 was stably depleted in HEK293T cells using
shRNA (Fig. 4A), which was concomitant with downregulation of RUNX1a and upregu-
lation of RUNX1b and -1c (Fig. 1E). We then assessed the effects of RUNX1a or RUNX1b
and -1c on the basal activity of the HIV-1 LTR in HEK293T cells to confirm whether

FIG 2 RUNX1b- and -1c-induced suppression of HIV-1 partially contributes to the effect of uc002yug.2 on HIV-1. (A and B) Overexpression of RUNX1b and
RUNX1c inhibits HIV-1 replication in HEK293T cells. (A) The pNL4-3 vector and plasmids expressing RUNX1 isoforms, with or without CBF-�, were cotransfected
into HEK293T cells as indicated. At 48 h after transfection, the levels of expression of RUNX1 isoforms, CBF-�, p55, and CAp24 in cells were determined by
immunoblotting. (B) HIV-1 NL4-3 infectivity in the supernatant was measured by detecting luciferase activity after TZM-bl cells were infected with the
supernatant for another 48 h. The infectivity of 293T cells transfected with pNL4-3 plus control vector was set as 100%. (C to E) RUNX1 is involved in the function
of uc002yug.2 to regulate HIV-1 replication. (C) siRNA targeting RUNX1b and -1c was cotransfected with pNL4-3 into uc002yug.2 knockdown and control
HEK293T cells. After 48 h, cells and supernatants were harvested. The qRT-PCR assay was used to detect the mRNA level of RUNX1b and -1c. (D) p55 levels in
cell lysate and CAp24 levels in supernatants were determined by immunoblotting, and the densities of bands were analyzed with ImageJ software to calculate
the values relative to that for �-actin. (E) The infectivity of HIV-1 was measured as described for panel B. (F to I) Overexpression of uc002yug.2 increases HIV-1
replication in Jurkat cells. (F) Jurkat cells were transduced with lentiviruses containing uc002yug.2 or a scramble control, and at 48 h postinfection, puromycin
(1 �g/ml) was added to the medium for selection. The RNA level of uc002yug.2 was detected by qRT-PCR. (G) The uc002yug.2-overexpressing or control Jurkat
cells were infected with HIV-1 pNL4-3-deltaE-EGFP virus, and GFP-positive cells were measured by flow cytometry at 48 h postinfection. (H) The relative ratio
of GFP-positive cells in uc002yug.2-overexpressing or control Jurkat cells was calculated. The ratio of GFP-positive cells in control Jurkat cells infected with
pNL4-3-deltaE-EGFP virus was set as 100%. (I) mRNA levels of RUNX1a and RUNX1b and -1c in uc002yug.2-overexpressing or control Jurkat cells was detected
with qRT-PCR. Results are representative of those from three independent repeats, and the corresponding value of the mock control was set as 1 or 100%. Data
are presented as means � SDs.
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RUNX1b and -1c are functionally responsible for the suppression of HIV-1 transcription.
RUNX1a plus CBF-� slightly reduced HIV-1 LTR activity, but RUNX1b and RUNX1c alone,
RUNX1b plus CBF-�, and RUNX1c plus CBF-� all significantly reduced the HIV-1 LTR
activity (Fig. 4C). The expression levels of RUNX1a, RUNX1b, RUNX1c, and CBF-� were
confirmed in HEK293T cells (Fig. 4B). In TZM-bl cells, which contain an integrated LTR
driving expression of firefly luciferase that depends on the expression of Tat to initiate
transcription, RUNX1b or -1c but not RUNX1a could suppress the LTR-driven luciferase
expression in the presence of Tat protein (Fig. 4D and E).

Expression of uc002yug.2 activates replication of latent HIV-1. We next inves-
tigated whether overexpression of uc002yug.2 would have a function similar to that of
PMA in activating latent HIV-1. ACH-2 cells were infected with lentivirus containing
uc002yug.2, and stable cell lines were screened for expression of uc002yug.2 (Fig. 5A).
ACH-2 cells expressing uc002yug.2 showed significantly increased activation of latent
HIV-1, to 189%, as determined by CAp24 amount compared to that in negative-control
pLVX cells (Fig. 5B, lanes 1 and 3), and to nearly the same extent as that by PMA (1 �M)
treatment alone (Fig. 5B, lanes 2 and 3). Treatment of ACH-2-uc002yug.2 cells with PMA

FIG 3 uc002yug.2 expression is upregulated after HIV-1 infection or reactivation. (A and B) HIV-1 infection upregulates uc002yug.2 expression in Jurkat cells.
(A) Differences in expression levels of uc002yug.2 between the mock- and HIV-1 NL4-3-infected Jurkat cells were detected by qRT-PCR. (B) Levels of CAp24 from
HIV-1 NL4-3 were measured by immunoblotting. (C to F) Reactivation of HIV-1 increases uc002yug.2. HIV-1 latently infected J-Lat 6.3 and ACH-2 cells were
utilized for measuring the change of uc002yug.2 during virus reactivation. (C) J-Lat 6.3 cells were treated or not with PMA (1 �M) for 48 h. Differences in
expression levels of uc002yug.2, RUNX1a, and RUNX1b and -1c between the mock-infected and reactivated cells were detected by qRT-PCR. (D) HIV-1
reactivation of J-Lat 6.3 cells was measured by detecting GFP-positive cells by flow cytometry. (E) ACH-2 cells were treated or not with PMA (1 �M) for 48 h.
Differences in expression levels of uc002yug.2, RUNX1a, and RUNX1b and -1c between the mock-infected and reactivated cells were detected by qRT-PCR. (F)
HIV-1 reactivation of ACH-2 cells was measured by immunoblotting with anti-CAp24. (G and H) Low uc002yug.2 level maintains HIV-1 latency. (G) ACH-2 cells
are HIV-1 latently infected CEM cells. The uc002yug.2 expression in acutely or latently HIV-1-infected CEM cells was detected using a qRT-PCR assay. (H) J-Lat
6.3 cells are HIV-1 latently infected Jurkat cells. The uc002yug.2 expression in acutely or latently HIV-1-infected Jurkat cells was detected using a qRT-PCR assay.
Results are representative of those from three independent repeats. The qRT-PCR results in panels A, C, E, G, and H are represented with corresponding values,
with the mock-infected cells set at 100%. Data are presented as means � SDs.
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(1 �M) moderately enhanced the expression of HIV-1 CAp24 compared to that in cells
stably expressing uc002yug.2 alone (Fig. 5B, lanes 3 and 4), indicating that most of the
latent HIV-1 had been activated by uc002yug.2. Interestingly, we indeed found that
overexpression of uc002yug.2 downregulated the RUNX1b and -1c mRNA level, which
suppressed the transcription of HIV-1 (Fig. 5C). We also tested whether the activation
effect of uc002yug.2 on latent HIV-1 could be increased by treatment with another
latent reactivation agent, suberoylanilide hydroxamic acid (SAHA). Treatment of ACH-2
cells with 1 mM and 10 mM SAHA greatly increased expression of HIV-1 CAp24 (Fig. 5D,
lanes 3 and 4), and stable expression of uc002yug.2 alone in ACH-2 cells could increase
CAp24 expression almost to the same level as that induced by 1 mM SAHA (Fig. 5D,
lanes 5 and 3). The combination of uc002yug.2 and 1 mM SAHA yielded a slightly
stronger activation effect than did uc002yug.2 treatment alone (Fig. 5D, lanes 6 and 7).
Similarly, uc002yug.2 alone had the same ability to activate latent ACH-2 cells as 1 �M
tumor necrosis factor alpha (TNF-�) (Fig. 5E). These results indicated that the viral
activation ability of uc002yug.2 was no less than those of PMA, SAHA, and TNF-�. The
proliferation of ACH-2 cells stably expressing uc002yug.2 was measured with Cell
Counting Kit-8 (CCK8) to exclude the possibility that rapid proliferation induced by
uc002yug.2 could cause the rapid replication of HIV-1. The data showed that ACH-2
stably expressing uc002yug.2 had a lower proliferation rate than ACH-2 cells, but the
difference was not statistically significant (Fig. 5F).

uc002yug.2 upregulates Tat protein. As mentioned above, uc002yug.2 showed
different regulatory mechanisms for expression of RUNX1 isoforms in different cell lines,
indicating that the RUNX1b and -1c reduction is not the only determinant for activation
of latent HIV-1 by uc002yug.2. We speculated that other mechanisms may be utilized

FIG 4 uc002yug.2 affects HIV-1 LTR activity in HEK293T cells. (A) Knockdown of uc002yug.2 decreases HIV-1 LTR activity in HEK293T cells. The endogenous
uc002yug.2 in HEK293T cells was knocked down as described for Fig. 1E. (A) HIV-1 LTR-luciferase and pRenilla plasmids were cotransfected into control or
uc002yug.2 knockdown HEK293T cells. HIV-1 LTR activity was determined by a dual-luciferase reporter assay at 48 h after transfection. (B and C) Overexpression
of RUNX1b and RUNX1c inhibits LTR activity in HEK293T cells. (B) The HIV-1 LTR-luciferase, pRenilla, and RUNX1 isoforms, with or without CBF-� plasmids, were
cotransfected into HEK293T cells as indicated. At 48 h after transfection, RUNX1a or RUNX1b and -1c and CBF-� expression levels in cells were determined by
immunoblotting. (C) HIV-1 LTR activity was determined by a dual-luciferase reporter assay. The luciferase activity of HEK293T cells transfected with HIV-1
LTR-luciferase was determined; pRenilla plus control vector (lane 2) was set as 100%. (D and E) Overexpression of RUNX1b and RUNX1c inhibits HIV-1 LTR activity
in TZM-bl cells. (D) In TZM-bl cells, which contain an integrated LTR driving expression of firefly luciferase, Tat and RUNX1 isoforms were cotransfected as
indicated. (E) HIV-1 LTR activity was determined at 48 h posttransfection, and the luciferase activity of TZM-bl cells transfected with Tat and control vector (lane
2) was set as 100% (E). Results are representative of those from three independent repeats. Data are presented as means � SDs.
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by uc002yug.2 to activate latent HIV-1. The Tat protein guarantees the high level of viral
transcription through manipulating the 5= untranslated region (UTR) promoter of HIV-1
and controlling RNA polymerase II (RNAP II). In this study, we examined whether
uc002yug.2 could affect the expression of Tat protein. We observed that the expression
of Tat was increased in a dose-dependent manner along with increasing amounts of
uc002yug.2 expressed in HeLa cells (Fig. 6A and B), and the HIV-1 LTR activity was also
significantly increased (Fig. 6C). Moreover, when Tat protein was absent, uc002yug.2
affected HIV-1 LTR activity slightly and without statistical significance, indicating that
Tat protein was required in the uc002yug.2-mediated regulation of HIV-1 reactivation.

To further understand the mechanism of uc002yug.2 in regulating Tat, we detected
the mRNA level of Tat and found that it did not change with increasing amounts of
uc002yug.2 (Fig. 6D). As it has been reported that Tat protein could be degraded by the
E3 ligase containing CUL4B and PSMD11 proteins (24), we examined the expression of
these two proteins; we found that they were both downregulated (Fig. 6D). Moreover,
mRNA levels of Tat, CUL4B, and PSMD11 were also detected in ACH-2 cells stably
overexpressing uc002yug.2. Consistent with HeLa cells transfected with uc002yug.2,
mRNA levels of CUL4B and PSMD11 were decreased, while mRNA levels of Tat were
increased, which may be caused by the enhancement of HIV-1 in ACH-2 cells stably
overexpressing uc002yug.2 (Fig. 6E). These results indicated that the upregulation of
Tat protein by uc002yug.2 may function through the proteasome pathway.

uc002yug.2 affects HIV-1 transcription through the LTR domain. The above-
described data support the notion that uc002yug.2 reactivates latent HIV-1 through
two mechanisms, which are the reduction of RUNX1b and -1c and the increase of Tat
protein level. A schematic diagram of the HIV-1 LTR is shown in Fig. 7A. RUNX1-mut in

FIG 5 Expression of uc002yug.2 activates latent HIV-1 replication. (A) ACH-2 cells were infected with lentiviruses containing uc002yug.2 or a scramble control,
and at 48 h postinfection, puromycin (1 �g/ml) was added to the medium for selection. The expression of uc002yug.2 was determined by qRT-PCR. (B)
uc002yug.2-overexpressing or control ACH-2 cells were treated or not with PMA (1 �M), and CAp24 levels were detected by immunoblotting 48 h
posttreatment. The densities of bands were analyzed with ImageJ software to calculate the values relative to that for �-actin. (C) Expression levels of RUNX1a
and RUNX1b and -1c were determined by qRT-PCR when uc002yug.2 was overexpressed in ACH-2 cells. (D and E) CAp24 levels were detected by
immunoblotting 48 h after uc002yug.2-overexpressing or control ACH-2 cells were treated or not with different concentrations of SAHA (0, 1, and 10 mM) (D)
or TNF-� (1 �M) (E) for 48 h. The densities of bands were analyzed with ImageJ software to calculate the values relative to that for �-actin. (F)
uc002yug.2-overexpressing or control ACH-2 cells at a concentration of 1 � 103 per well were seeded in a 96-well plate. Cell growth was measured using Cell
Counting Kit-8 (Transgen, China) according to the manufacturer’s instructions at 24 h, 48 h, 72 h, and 96 h. Cell proliferation curves were plotted based on the
absorbance at 450 nm using an iMark microplate reader (Bio-Rad) at each time point. The absorbance value at 0 h was set as 100%. Results are representative
of those from three independent repeats. Data are presented as means � SDs.
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the LTR was characterized as a mutant affecting RUNX binding. The regulation of Tat in
HIV-1 transcription is achieved by binding to the TAR hairpin in the HIV-1 LTR RNA
transcript. We next examined whether overexpression of uc002yug.2 would have an
effect on LTR mutants in HEK293T cells. The results showed that overexpression of
uc002yug.2 increased wild-type LTR activity. The RUNX1-mut LTR released the restric-
tion of RUNX on LTR activity and led to clearly increased LTR activity, especially in the
presence of uc002yug.2. The TAR-del LTR lost the Tat influence and showed lower
activity, even in the presence of uc002yug.2 (Fig. 7C). The Tat protein also was increased
in the presence of uc002yug.2 (Fig. 7D). The above-described data further confirmed
that uc002yug.2 affects HIV-1 replication through regulation of RUNX1 and Tat expres-
sion. However, uc002yug.2 totally lost the ability to activate the LTR activity when TAR,
which is required for Tat binding, was deleted, indicating that RUNX1 might also
function through the Tat protein. To further clarify the regulatory mechanism of
uc002yug.2 for the HIV-1 LTR, uc002yug.2-d275nt was constructed with a deletion of
nucleotides (nt) 2273 to 2547 at its 3= terminus, a region which is responsible for the
alternative splicing of RUNX1 via binding with the RUNX1 pre-mRNA (Fig. 7B). The
ability of uc002yug.2-d275nt to increase HIV-1 LTR activity (Fig. 7C) and Tat protein

FIG 6 uc002yug.2 upregulates Tat protein. (A to C) uc002yug.2 increases HIV-1 LTR activity through upregulating Tat protein. HIV-1
LTR-luciferase reporter, pRenilla, and increasing amounts of uc002yug.2 (0, 100, 300, and 900 ng) with or without Tat plasmids were
cotransfected into HeLa cells as indicated. The cells were harvested at 48 h posttransfection. (A) The expression of uc002yug.2 was
detected by qRT-PCR. (B) Tat protein levels in cells were determined by immunoblotting, and the densities of bands were analyzed
with ImageJ software to calculate the values relative to that for �-actin. (C) The LTR activity was determined by a dual-luciferase
reporter assay, and the luciferase activity of HeLa cells transfected with an LTR-luciferase reporter, pRenilla without Tat plus control
vector, was set as 100%. (D) mRNA levels of CUL4B and PSMD11 were negatively correlated with increased uc002yug.2 expression. (E)
Latent cell line ACH2 stably overexpressing uc002yug.2 also showed downregulated mRNA levels of CUL4B and PSMD11. Results are
representative of those from three independent repeats. Data are presented as means � SDs.
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level (Fig. 7D, lane 3) was slightly weaker than that wild-type uc002yug.2 (uc002yug.2-
WT), indicating that uc002yug.2-d275nt retained a weaker ability to stimulate the HIV-1
LTR promoter through a functional domain other than the RUNX1 binding domain. The
mRNA level of RUNA 1a as well as RUNX1b and -1c in uc002yug.2-WT- and uc002yug.2-
d275nt-overexpressing cells was detected by qRT-PCR, and uc002yug.2-d275nt was
found to be deficient in causing alternative splicing of RUNX1 pre-mRNA (Fig. 7E). These
data further support another mechanism by which uc002yug.2 reactivates latent HIV-1
that is dependent on upregulation of Tat protein, and the alternative splicing of RUNX1
may also affect HIV-1 through the Tat protein.

uc002yug.2 increases viral replication and reactivation in primary CD4� T cells.
In order to confirm the role of uc002yug.2 in regulating HIV-1, we isolated CD4� T cells
from HIV-1-infected patients. Characteristics of HIV-1-infected patients are listed in
Table 1. To minimize the bias that may be caused by heterogeneity of HIV-1 patients,
geometric means of three reference genes (the genes for �-actin, glyceraldehyde-3-
phosphate dehydrogenase [GAPDH], and hydroxymethyl-bilane synthase [HMBS] were
used for normalization according to the MIQE (minimum information for publication of
qPCR experiments) guidelines (32–35) when qPCR assay was performed. The expression
of uc002yug.2 in HAART-naive HIV-1 patients was significantly higher than that in HIV-1

FIG 7 uc002yug.2 affects HIV-1 transcription through altering RUNX1 and Tat expression. (A) Schematic of HIV-1 LTR mutants. HIV-1 LTR mutants that had
previously been shown to lack RUNX binding ability (middle row) or have a deletion in the TAR element (bottom row) were constructed. (B) Schematic of the
uc002yug.2 mutant. Compared with the wild-type uc002yug.2 (uc002yug.2-WT), uc002yug.2-d275nt was constructed to delete 275 nt at its 3= terminus, which
is responsible for the alternative splicing of RUNX1 via binding with RUNX1 pre-mRNA (lower diagram). (C) Effect of uc002yug.2 and its mutants on the HIV-1
LTR as well as its mutants. Wild-type or mutant HIV-1 LTR, pRenilla plasmid plus control vector, or uc002yug.2-WT or uc002yug.2-d275nt was cotransfected into
HEK293T cells. After 48 h, cells were harvested. The LTR activity was determined by a dual-luciferase reporter assay, and the luciferase activity of HEK293T cells
transfected with wild-type HIV-1 LTR, Tat plus control vector, was set as 100%. (D) Tat protein levels in cells were determined by immunoblotting. (E) The mRNA
levels of RUNX1a and RUNX1b and -1c in uc002yug.2-WT-, uc002yug.2-d275nt-, and mock-transfected HEK293T cells were detected by qRT-PCR, and the
corresponding value of the mock control was set as 100%. Results are representative of those from three independent repeats. Data are presented as
means � SDs.
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patients who had undergone HAART for more than 3 years and had undetectable
plasma viral loads (Fig. 8A) and correlated with their HIV-1 loads (Fig. 8B). Overexpres-
sion of uc002yug.2 in resting CD4� T cells from three HIV-1-infected individuals who
had undergone HAART caused significant reactivation of HIV-1 upon T-cell activation by
phytohemagglutinin M (PHA-M), as determined by detecting HIV-1 particles in the

TABLE 1 Characteristics of HIV-1-infected patients in this study

Characteristic

Datum for patientsa

Not treated with HAARTb Treated with HAART

No. of patients 12 12
Sex Male Male
Age (yrs) 38.6 � 15.1 37.1 � 8.6
Mode of infection Sexual transmission Sexual transmission
CD4� T count (cells/mm3) 410 � 76 899 � 172
Viral load (IU/ml) 2.10 � 1.8E � 05 �50
Antiretroviral therapy No Yes
Duration of antiretroviral therapy (yrs) 4.4 � 1.4
Treatment regimen Tenofovir disoproxil �

lamivudine � efavirenz
aAll values are means � SDs if not indicated otherwise.
bPatients in this group were newly diagnosed HIV-1 patients who had not received HAART.

FIG 8 uc002yug.2 increases viral replication and reactivation in CD4� T cells. (A and B) uc002yug.2 was correlated with HIV-1 loads in plasma of HIV-1-infected
patients. (A) Expression levels of uc002yug.2 in CD4� T cells isolated from HIV-1 patients who underwent HAART (n � 12) and HIV-1 patients who had not
received HAART (n � 12) were detected by qRT-PCR. The geometric means of the �-actin, GAPDH, and HMBS genes were used for normalization. (B) The HIV-1
loads and uc002yug.2 RNA levels of HIV-1-infected patients who had not received HAART were plotted, and linear regression analysis was performed. The
geometric means of the �-actin, GAPDH, and HMBS genes were used for normalization. (C) uc002yug.2 increases viral replication. Primary CD4� T lymphocytes
from healthy donors were nucleofected with uc002yug.2 or control vector and then were infected with HIV-1 NL4-3. HIV-1 production in the supernatant was
quantified with p24 ELISA at indicated time points postinfection. (D) uc002yug.2 increases HIV-1 reactivation in primary resting CD4� T cells from patients.
Resting CD4� T cells were isolated from HAART-treated patients and nucleofected with uc002yug.2 or control vector. P1 to P3 represent three patients. HIV-1
reactivation in CD4� T cells upon PHA-M (5 ng/ml) stimulation was detected by measuring p24 levels in the supernatants by ELISA.
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supernatants using enzyme-linked immunosorbent assay (ELISA) (Fig. 8D). Moreover,
overexpression of uc002yug.2 was capable of increasing HIV-1 replication in CD4� T
cells from healthy donors (Fig. 8C). These data further demonstrated the contribution
of uc002yug.2 in regulating HIV-1.

DISCUSSION

In the current study, we found that lncRNA uc002yug.2 plays an important role in
the regulation of HIV-1 transcription and replication as well as reactivation of latent
HIV-1. Due to different mRNA levels of uc002yug.2 in various cell lines (data not shown),
we overexpressed uc002yug.2 in HeLa cells and stably infected HEK293T cells with a
lentivirus encoding shRNA against lncRNA uc002yug.2 to detect its effect on HIV-1
replication. Ectopic expression of uc002yug.2 in HeLa cells potentially enhanced the
replication of HIV-1 in a dose-dependent manner (Fig. 1A to D). The depletion of
uc002yug.2 in HEK293T cells reduced the replication and infectivity of HIV-1 by �35% (Fig.
1F and G), while the mRNA level of RUNX1b and -1c was upregulated (Fig. 1E) as reported
by Wu et al. (26). Further investigation confirmed that RUNX1b and -1c but not RUNX1a
indeed strongly inhibited HIV-1 replication, in particular when combined with CBF-� (Fig.
2A and B). Upon knockdown of RUNX1b and -1c with siRNA in uc002yug.2-sh cells, the
reduced expression and infectivity of HIV-1 were restored compared to those in control
uc002yug.2-sh cells (Fig. 2D and E), indicating that upregulation of RUNX1b and -1c
induced by uc002yug.2 partially contributed to the suppression of HIV-1 replication.
Thus, we deduced that the upregulation of RUNX1b and -1c by knockdown of
uc002yug.2 was the main determinant mediating the reduction in HIV-1 infectivity in
HEK293T-uc002yug.2sh cells. Our data are consistent with the conclusion that RUNX1
and CBF-� overexpression could reduce expression of viral proteins and viral replica-
tion, as reported by Klase et al. (30), and further demonstrate that RUNX1b and -1c but
not RUNX1a could inhibit HIV-1 infectivity.

We also observed that lncRNA uc002yug.2 did not always downregulate RUNX1b
and -1c. The depletion of uc002yug.2 indeed led to decreased RUNX1a and increased
RUNX1b and -1c in HEK293T cells (Fig. 1E), whereas overexpression of uc002yug.2 or
upregulated uc002yug.2 by replicating HIV-1 induced the increase in mRNA levels of all
RUNX1 isoforms, including RUNX1a, -1b, and -1c, in Jurkat cells (Fig. 2I). These results
indicated that uc002yug.2 had different regulatory effects on the expression of RUNX1
isoforms in different cell lines. Upregulation of RUNX1b and -1c in Jurkat cells might
compromise the ability of uc002yug.2 to enhance the replication of HIV-1. However,
another line of evidence was shown with latently infected cell lines J-Lat 6.3 and ACH-2,
in which reactivation of HIV-1 replication using PMA stimulation increased along with
increased uc002yug.2, as well as with decreased RUNX1b and -1c, supporting our
hypothesis that the regulation of RUNX1b and -1c induced by uc002yug.2 is required
for HIV-1 activation (Fig. 3C and E). However, further investigation is needed to
elaborate the different regulatory mechanisms of uc002yug.2 for expression of RUNX1
isoforms or the relationship between uc002yug.2 and RUNX1 in various cells. Although
the regulation by uc002yug.2 of the expression of RUNX1 isoforms does not always
follow the alternative-splicing rule, we speculated that the uc002yug.2-mediated re-
duction of RUNX1b and -1c in J-Lat 6.3 and ACH-2 cells might partially contribute to
the activation of latent HIV-1. In primary CD4� T cells, expression of uc002yug.2 in
HAART-treated HIV-1 patients was significantly lower than that in HIV-1 patients who
had not received HAART, and the expression of uc002yug.2 in HAART-naive HIV-1
patients was positively correlated with their HIV-1 loads, further supporting the notion
that uc002yug.2 plays a key role in HIV-1 replication and latency.

Increasing the lncRNA uc002yug.2 has been shown to promote proliferation of cells
with high endogenous levels of uc002yug.2 (26). In order to distinguish whether the
effect of uc002yug.2 on cell proliferation would lead to enhanced HIV-1 replication or
reactivation of latent HIV-1, we also examined the growth curve of cells stably express-
ing uc002yug.2 using the CCK8 assay. As the ACH-2-uc002yug.2 cells showed a growth
curve similar to that of ACH-2 cells (Fig. 5F), cell proliferation was determined to not be
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related to the viral replication and reactivation of HIV-1. It is worth noting that
overexpression of uc002yug.2 in ACH-2 cells could activate latent HIV-1 to an extent no
less than that with HIV-1-reactivating reagents, including PMA, SAHA, and TNF-� (Fig.
5B, D, and E). These observations indicate the potential merit of targeting lncRNA
uc002yug.2 as an activating agent for latent HIV-1. In this study, we performed qRT-PCR
following the MIQE guidelines, which make the results more convincing (32–34). To
confirm the authenticity of our study, we tested the stability of three reference genes
(those for �-actin, GAPDH, and HMBS). The M values, which present the expression
stability of reference genes, were calculated with qbase� software (35). All three
reference genes showed high reference target stability (geNorm M � 0.5). Among these
reference genes, the �-actin gene, which was used for normalization in our study,
showed the highest stability (M value � 0.468), followed by the GAPDH (M value �

0.475) and HMBS (M value � 0.491) genes. Furthermore, several representative exper-
iments in our study were repeated and analyzed by normalization with the geometric
means of the 3 reference genes. We found that when normalizing with the geometric
means of these genes, the patterns were similar to those of data normalized with
�-actin (data not shown), indicating the authenticity of our study.

Among the HIV-1 proteins, Tat has gained more attention for involvement in both
the establishment and reactivation of HIV-1 latency based on to its transcriptional
regulation function (31, 36). The Tat protein can directly reactivate viral transcription of
latently infected cells (37). The compound Ro5-3335 was initially characterized as a Tat
antagonist, which was also identified as an inhibitor of CBF leukemia through disrupt-
ing the RUNX1–CBF-� interaction (38, 39). Ro5-3335 also activates HIV-1 from latent
infection synergistically with SAHA (30). Previous studies hinted that uc002yug.2 might
potentially be involved in HIV-1 infection through influencing Tat expression. In this
study, we transfected uc002yug.2 and Tat expression vectors into HEK293T cells and
found that overexpression of uc002yug.2 greatly enhanced the expression of Tat
protein (Fig. 6B). As HIV-1 harbors RUNX1 binding sites and TAR in its LTR promoter
region, the enhancement of LTR activity by uc002yug.2 is possibly a function affected
by multiple factors. When the binding with RUNX1 was disrupted, the restriction of
RUNX1 on LTR activity was released, while the TAR-del LTR almost lost the response to
uc002yug.2, indicating that both the ability to cause alternative splicing of RUNX1
pre-mRNA and the ability to increase Tat protein are involved in the function of
uc002yug.2. Moreover, uc002yug.2-d275nt, which lost the ability to cause alternative
splicing of RUNX1 pre-mRNA compared to the wild type, increased the HIV-1 LTR
activity and Tat protein level only to a slightly lower extent, indicating that uc002yug.2-
d275nt still retained the ability to stimulate the HIV-1 LTR promoter through a func-
tional domain other than the RUNX1 binding domain. The data further support another
mechanism by which uc002yug.2 reactivates latent HIV-1 that is dependent on up-
regulation of the Tat protein (Fig. 7). Thus, uc002yug.2 could also affect the reactivation
of HIV-1 latent virus through regulating Tat protein in CD4� T cells. However, whether
increased Tat expression induced by uc002yug.2 is associated with RUNX1 and the
exact mechanism of which uc002yug.2 regulates Tat protein will need to be further
investigated.

Taken together, results of this study indicate that uc002yug.2 could not only
enhance HIV-1 infectivity but also activate latent HIV-1 through two mechanisms,
downregulating RUNX1b and -1c and increasing the Tat expression level. Previous
studies and our data further support the notion that Tat protein might play the key role
in the regulatory effect of uc002yug.2 on HIV-1 reactivation and that downregulated
RUNX1b and -1c also might affect HIV-1 replication and latency through affecting the
function of Tat protein (Fig. 9). Therefore, the accumulated data support the view that
lncRNAs play regulatory and functional roles in virus-host interplay.

MATERIALS AND METHODS
Ethics statement. This study was approved by the Ethics Review Committee of the First Hospital of

Jilin University. Informed consent was signed by all research participants. Twenty-four HIV-1-infected
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patients were recruited at Changchun Center for Disease Control and Prevention, Jilin, China, of whom
12 had not received antiretroviral therapy and 12 had undergone HAART for more than 3 years, with
undetectable HIV-1 loads in plasma. The viral loads in plasma of HIV-1-infected patients were detected
with an HIV-1 load test kit (DA-Z195) from DaAn Gene Company of Sun Yat-Sen University (Guangzhou,
China). Characteristics of HIV-1-infected patients are listed in Table 1.

Plasmid construction. The full-length lncRNA uc002yug.2 was amplified using PCR with total cDNA
of human peripheral blood mononuclear cells (PBMCs) as the template and cloned into the VR1012
vector, which was generously provided by Vical (San Diego, CA). uc002yug.2-d275nt was generated in
full-length lncRNA uc002yug.2 with deletion of 275 nt at the 3= terminus, which is responsible for the
alternative splicing of Runx1 via binding with RUNX1 pre-mRNA. RUNX1a-myc and RUNX1b-myc were
constructed by amplifying the corresponding fragment of human cDNA with a myc epitope tag
sequence at the 3= terminus. RUNX1c-Myc was a gift from A. D. Friedman (The Johns Hopkins Oncology
Center, Division of Pediatric Oncology). Hemagglutinin (HA)-tagged CBF-� (CBF-�–HA) has been de-
scribed previously (29). The HIV-1 infectious clone pNL4-3 and pNL4-3-deltaE-EGFP were obtained from
the AIDS Research and Reference Reagents Program, Division of AIDS, National Institute of Allergy and
Infectious Diseases (NIAID), National Institutes of Health (NIH). Tat-HA was constructed by amplifying two
exons of Tat with a HA epitope tag sequence at its 3= terminus using pNL4-3 as the template, and then
the two fragments were ligated and cloned into the VR1012 vector. The LTR-luciferase plasmid was
constructed by amplification of the LTR of pNL4-3 and cloned into the pGL3-basic vector (Promega,
Madison, WI). RUNX-mut and TAR-del luciferase plasmids were created in the HIV LTR-luciferase plasmid
with PCR-based mutagenesis to construct a mutant affecting RUNX binding with HIV-1 LTR and deleting
the TAR hairpin of HIV-1 LTR, respectively. The primer pairs for plasmid construction are listed in Table
2, and all constructs were verified by sequencing. An overview of constructed plasmids is provided in
Table 3.

RNA isolation and real-time qRT-PCR. RNA isolation and real-time qRT-PCR were performed by
following the MIQE guidelines (32–34). Briefly, RNA was isolated with TRIzol reagent according to the
manufacturer’s instructions (Invitrogen, Carlsbad, CA). RNA samples were treated with RQ-1 DNase
(Promega) before reverse transcription. The cDNA generation was performed with a Transcriptor
first-strand cDNA synthesis kit (Roche, Basel, Switzerland) according to the supplier’s instructions. The
real-time qRT-PCR assay was performed on a Roche 480 instrument (Roche) using the FastStart Universal
SYBR green Master (Rox) (Roche). The real-time qRT-PCR amplifications were carried out at least in
duplicate in a reaction volume of 20 �l consisting of 10 �l of SYBR green solution, 0.5 �l of 10 �mol/liter
of each primer, 2 �l of cDNA template, and 7 �l of double-distilled H2O. Amplification of the target
fragment was carried out as follows: initial activation at 95°C for 2 min, followed by 45 cycles of 95°C for
15 s, 57°C for 15 s, and 68°C for 20 s. qbase� software (Biogazelle) was applied to characterize the
expression stability of three reference genes (�-actin, GAPDH, and HMBS) (35), and these genes showed
high reference target stability (geNorm M � 0.5). To minimize the bias that may be caused by
heterogeneity of HIV-1 patients, uc002yug.2 expression in HIV-1 patients was calculated by normalization
with the geometric means of the three reference genes (32–35). Primers for real-time qRT-PCR are listed
in Table 4.

FIG 9 Model of uc002yug.2 functional reactivation of HIV-1 uc002yug.2 may promote HIV-1 replication and reactivation through two
mechanisms, which are the downregulation of RUNX1b and -1c and upregulation of Tat, leading to the activation of HIV-1 LTR. When
uc002yug.2 is increased, RUNX1b and -1c would be downregulated due to alternative splicing of RUNX1 pre-mRNA, thereby reducing
the suppression of RUNX1b and -1c on HIV-LTR activity (1); meanwhile, Tat protein would be upregulated and exert its transactivator
function to promote HIV-1 LTR activity (2); however, whether uc002yug.2 upregulates Tat indirectly through RUNX1 needs to be
further explored (3). Solid arrow, pathway with experimental data; dashed arrow, hypothetical potential pathways.
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Cells and transfection. Human embryonic kidney 293T (HEK293T) (catalog no. CRL-11268), HeLa
(catalog no. CCL-2), and TZM-bl (catalog no. PTA-5659) cells were obtained from American Type Culture
Collection (ATCC; Manassas, VA) and cultured as a monolayer in Dulbecco’s modified Eagle’s medium and
minimum essential medium (HyClone, Logan, UT) supplemented with 10% fetal bovine serum (FBS;
PAN-Biotech, Germany) and maintained at 37°C with 5% CO2 in a humidified atmosphere. J-Lat 6.3
(catalog no. 9846), ACH-2 (catalog no. 349), and CEM (catalog no. 117) cells were obtained from the AIDS
Research and Reference Reagents Program, Division of AIDS, NIAID, NIH. Jurkat (catalog no. TIB-152;
ATCC), J-Lat 6.3, and CEM cells were cultured in RPMI 1640 medium supplemented with 10% FBS,
L-glutamine, and penicillin-streptomycin. ACH-2 cells were maintained in RPMI 1640 medium supple-
mented with 10% heat-inactivated FBS, HEPES, and L-glutamine. Whole-blood samples were collected
from research participants. The PBMCs were isolated through Ficoll gradient centrifugation, and the
CD4� T lymphocytes were then purified from the PBMCs with anti-CD4-specific antibody-coated mi-
crobeads (Miltenyi Biotec, Germany) according to the manufacturer’s instructions. Adherent cell lines
(HEK293T, HeLa, and TZM-bl) were seeded in 12-well plates at a density of 3 � 105 cells/well with a 70%
confluent monolayer and were cultured overnight. HEK293T cells were transfected using Lipofectamine
2000 (Invitrogen), while HeLa and TZM-bl cells were transfected using Lipofectamine 3000 (Invitrogen).
Human CD4� T cells were nucleofected using an Amaxa human T-cell Nucleofector kit (Lonza, Switzer-
land) with the program U-014.

Chemical synthesis of siRNA. To knock down RUNX1b and -1c, chemically synthesized short
interfering RNA (siRNA) and nonspecific control were purchased from RiboBio (Guangzhou, China). The
siRNA sequences are as follows: sense, 5=-UGACAACCCUCUCUGCAGAUU-3=, and antisense, 5=-UCUGCA
GAGAGGGUUGUCAUU-3=; these sequences target RUN1b and -1c but not RUNX1a.

HIV-1 infection and reactivation. HeLa cell-derived TZM-bl cells, which contain an integrated HIV-1
LTR promoter, were used to detect the infectivity of HIV-1. TZM-bl cells were seeded in a 24-well plate
and infected with supernatant produced by cells transfected with pNL4-3, and luciferase activity was
measured with a GloMax 20/20 luminometer (Promega) at 48 h postinfection.

HIV-1 was produced by transfecting pNL4-3 plasmids into HEK293T cells with Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions. Forty-eight hours later, the supernatant was

TABLE 2 Primers used for plasmid construction in this study

Primer name Primer direction Sequence (5=–3=)
uc002yug.2-F Forward GCGTCGACAAGCAGAGCTCCATCAGTC
uc002yug.2-R Reverse CGGGATCCGAGATGGAGTCTCATTCCATTTCCCAG
uc002yug.2-lenti-F Forward CCCTCGAGAAGCAGAGCTCCATCAGTC
uc002yug.2-lenti-R Reverse CGGGATCCGAGATGGAGTCTCATTCCATTTCCCAGGCTGAAGTGCAAC
uc002yug.2-d275nt-F Forward ATTTCAAGATGGGTCAGGATCCAGATCTGCTGTGCC
uc002yug.2-d275nt-R Reverse CAGCAGATCTGGATCCTGACCCATCTTGAAATTC
uc002yug.2sh-F Forward CCGGGCTGGTAGATGCCATTTGTCTCGAGACAAATGGCATCTACCAGCTTTTTG
uc002yug.2sh-R Reverse AATTCAAAAAGCTGGTAGATGCCATTTGTCTCGAGACAAATGGCATCTACCAGC
RUNX1a-Myc-F Forward GCGTCGACACCATGCGTATCCCCGTAGATG
RUNX1a-Myc-R Reverse CGGGATCCTTAAAGATCTTCTTCTGATATGAGTTTTTGTTCTTAACATCTCCAGGGTGCTG
RUNX1b-Myc-F Forward AAATATGCGGCCGCACCATGCGTATCCCCGTAGATGC
RUNX1b-Myc-R Reverse GCTCTAGATTAAAGATCTTCTTCTGATATGAGTTTTTGTTCTCAGTAGGGCCTCCACACG
CBF�-HA-F Forward GCTAGCAAGATGCCGCGCGTCGTG
CBF�-HA-R Reverse AAGCTTACTACGCGTAATCTGGGACGTCGTAAGGGTAGGGTCTTGTTGTCTTCTTGCC
HIV-LTR-F Forward CGGGGTACCTGGAAGGGCTAATTTGGTCCCA
HIV-LTR-R Reverse CGCGGATCCTGCTAGAGATTTTCCACACTGA
Tat-exon1-F Forward GCGTCGACACCATGGAGCCAGTAGATCCTAGACT
Tat-exon1-R Reverse GGGATTGGGAGGTGGGTTGCTTTGATAGAGAAACTTGATG
Tat-exon2-F Forward TTCTCTATCAAAGCAACCCACCTCCCAATCCCGAGGGGAC
Tat-exon2-R Reverse CGGGATCCTTACGCGTAATCTGGGACGTCGTAAGGGTAAATCGAATGGATCTGTCTCTG
dTAR-F Forward GGGTCTCTCTGGTTAGTCTGGCTAACTAGGGAACCC
dTAR-R Reverse TCCCTAGTTAGCCAGACTAACCAGAGAGACCCAGTAC
RUNXMut-F Forward ATCCTTGATCTGTGGATCTCACACACACAAGGCTACTTCC
RUNXMut-R Reverse GGAAGTAGCCTTGTGTGTGTGAGATCCACAGATCAAGGAT

TABLE 3 Overview of plasmids constructed in this study

Plasmid name Vector Restriction enzyme sites Tag

uc002yug.2 VR1012 SalI and BamHI
uc002yug.2-lenti pLVX-Puro XhoI and BamHI
uc002yug.2sh pLKO.1 AgeI and EcoRI
HIV-LTR pGL3-basic KpnI and HindIII
RUNX1a-Myc VR1012 SalI and BamHI C-terminal Myc
RUNX1b-Myc VR1012 NotI and XbaI C-terminal Myc
CBF�-HA pcDNA3.1 NheI and HindIII C-terminal HA
Tat-HA VR1012 SalI and BamHI C-terminal HA
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collected and quantified using an HIV-1 p24 ELISA kit. A total of 2 � 106 CD4� T cells isolated from
healthy donors were nucleofected with uc002yug.2 or control vector. Forty-eight hours posttransfection,
the cells were infected with the equivalent of 2 ng of HIV-1 p24 antigen. After 3 h of incubation, cells
were washed with phosphate-buffered saline (PBS) three times and cultured in RPMI 1640 medium
supplemented with interleukin 2 (IL-2; 10 ng/ml). The culture supernatants were collected at various days
postinfection and detected using the HIV-1 p24 ELISA kit according to the manufacturer’s instructions.

To measure the virus reactivation, HIV-1 latently infected cells, J-Lat 6.3 and ACH-2, were stably
overexpressing uc002yug.2 or treated with a latent reactivation agent, PMA (1 �M), TNF-� (1 �M), or
suberoylanilide hydroxamic acid (SAHA; 0, 1, or 10 mM) for 48 h. The J-Lat 6.3 cells were analyzed by flow
cytometry (FACSCalibur; BD, Franklin Lakes, NJ) to determine the green fluorescent protein (GFP)-positive
cells with green fluorescence (FL1, 488 nm), while ACH-2 cells were harvested for immunoblotting.

Luciferase assay. HEK293T cells were seeded in a 12-well cell culture plate. Transfection was
performed using Lipofectamine 2000 according to the manufacturer’s instructions. A dual-luciferase
reporter assay was performed at 48 h posttransfection using a Promega dual-luciferase reporter assay
system (Promega) according to the manufacturer’s instructions with a GloMax 20/20 luminometer
(Promega).

Immunoblot analysis. Cells were harvested at 48 h after transfection, infection, or stimulation.
Samples were boiled in 1� loading buffer (0.08 M Tris, pH 6.8, with 2.0% SDS, 10% glycerol, 0.1 M
dithiothreitol, and 0.2% bromophenol blue), followed by separation by 12% SDS-PAGE. Proteins were
transferred onto nitrocellulose membranes, which were then incubated with various primary antibodies
against the proteins of interest. Secondary antibodies were alkaline phosphatase (AP)-conjugated
anti-human, anti-rabbit, or anti-mouse (Jackson ImmunoResearch, West Grove, PA) antibodies. Proteins
were visualized with the substrate 5-bromo-4-chloro-3-indolylphosphate (BCIP) and nitroblue tetrazo-
lium (NBT), obtained from Sigma (St. Louis, MO).

The anti-HA antibody (1:1,000 dilution, mouse monoclonal, 901514; Biolegend, San Diego, CA),
anti-myc antibody (1:1,000 dilution, mouse monoclonal, 05-724; Millipore, Burlington, MA), anti-�-actin
antibody (1:1,000 dilution, mouse monoclonal, A00702-100; Genscript, Piscataway, NJ), and anti-p24
antibody (1:1,000 dilution, AIDS Research and Reference Reagents Program, catalog no. 1513) were used
as the primary antibodies. The secondary antibodies were purchased from Jackson ImmunoResearch
(115-055-062).

Lentiviral production and transduction. The full-length human lncRNA-uc002yug.2 sequence was
cloned into the lentiviral expression vector pLVX-IRES-neo (Clontech Laboratories Inc., San Francisco, CA).
The uc002yug.2 shRNA was subcloned into the pLKO.1-puro shRNA expression vector. Using a four-
plasmid transient-cotransfection method, replication-defective vesicular stomatitis virus G protein-
pseudotyped viral particles were packaged in HEK293T cells. Lentiviruses were harvested and concen-
trated. To generate a cell line for stable uc002yug.2 overexpression, Jurkat cells or ACH-2 cells were
infected with a control lentivirus or lentivirus overexpressing uc002yug.2. To generate a cell line for
stable knockdown of uc002yug.2, a control lentivirus or the lentivirus containing shRNA targeting
uc002yug.2 was used to infect HEK293T cells. At 48 h postinfection, puromycin (1 �g/ml) was added to
the medium for selection. In order to remove the dead cells, the cell culture medium was replaced every
2 days. Five to 7 days later, expression of uc002yug.2 was detected by qRT-PCR, and subsequent
experiments were performed.

Cell proliferation assay. A total of approximately 1 � 103 ACH-2-plvx or ACH2-uc002yug.2 cells
were plated in 96-well plates. Cell proliferation was assessed using Cell Counting Kit-8 (Transgen Biotech,
Beijing, China) according to the manufacturer’s protocol. Absorbance at 450 nm was recorded using an
iMark microplate reader (Bio-Rad, Hercules, CA) at 24 h, 48 h, 72 h, and 96 h.

Reactivation of latent HIV-1 from HAART-treated HIV-1-infected individuals. Purified resting
CD4� T cells isolated from HIV-1-infected individuals who had undergone HAART were nucleofected with

TABLE 4 Primers used for qRT-PCR in this study

Primer name Primer direction Sequence (5=–3=)
uc002yug.2-RT-F Forward CCTTCTGCCATGATTGTGAG
uc002yug.2-RT-R Reverse CTGTGAGACGGTGAAGCA
RUNX1a-RT-F Forward CCGAGAACCTCGAAGACATC
RUNX1a-RT-R Reverse GCTGTGTCTTCCTCCTGCAT
RUNX1b/1c-RT-Fa Forward CGACTCTCAACGGCACCCGA
RUNX1b/1c-RT-Ra Reverse ATGGCCGACATGCCGATGCC
CUL4B-RT-F Forward CCCCTCCCCGAGGCTCTTAATTCT
CUL4B-RT-R Reverse CCACGTACACAGGGAAAAGAGCACA
PSMD11-RT-F Forward GGGCTTCCAAGCAAGTCCAGACA
PSMD11RT-R Reverse ACTGGACCATGCTGCCCTGGAA
�-Actin-RT-F Forward ACCGAGCGCGGCTACAG
�-Actin-RT-R Reverse CTTAATGTCACGCACGATTTCC
GAPDH-RT-F Forward TGCACCACCAACTGCTTAGC
GAPDH-RT-R Reverse GGCATGGACTGTGGTCATGAG
HMBS-RT-F Forward GGCAATGCGGCTGCAA
HMBS-RT-R Reverse GGGTACCCACGCGAATCAC
aSince there is no specific sequence for primer design to distinguish RUNX1b and RUNX1c with qRT-PCR, this
pair of primers was used to detect the total mRNA of RUNX1b and RUNX1c.
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uc002yug.2 or control vector, and then the cells were cultured for another 2 days. Cells were collected
for qRT-PCR or stimulated with phytohemagglutinin M (PHA-M) (5 ng/ml; Sigma-Aldrich) for 7 days. HIV-1
activation was detected by measuring the released p24 amount in the supernatants by ELISA.

Statistical analysis. All data represent three independent experiments and are presented as
means � standard deviations (SDs). Statistical significance was calculated using Student’s t test. Signif-
icant differences are indicated in figures as follows: *, P � 0.05, and **, P � 0.01.
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