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SUMMARY

Recent studies have revealed a key role of PARP1 that
catalyzes the poly-ADP-ribosylation (PARylation) of
substrates in regulating gene transcription. We show
here that HIV-1 transcriptional activation also requires
PARP1 activity. Because efficient HIV-1 transactiva-
tion is known to depend on the ELL2-containing super
elongation complex (SEC), we investigated the func-
tional relationship between PARP1 and ELL2-SEC in
HIV-1 transcriptional control. We show that PARP1
elevates ELL2 protein levels to form more ELL2-SEC
in cells. This effect is caused by PARP1’s suppression
of expression of Siah1, an E3 ubiquitin ligase for
ELL2, at both mRNA and protein levels. At the mRNA
level, PARP1 coordinates with the co-repressor
NCoR to suppress Siah1 transcription. At the pro-
tein level, PARP1 promotes Siah1 proteolysis, likely
through inducing PARYylation-dependent ubiquitina-
tion (PARdU) of Siah1. Thus, a PARP1-Siah1 axis acti-
vates HIV-1 transcription and controls the expression
of ELL2 and other Siah1 substrates.

INTRODUCTION

The ELL1 protein was first reported in 1996 as a transcription
factor that specifically promotes the elongation stage of RNA po-
lymerase (Pol) Il transcription (Shilatifard et al., 1996). A more
recent study has provided further details about its mechanism
of action in facilitating the pause site entry and release by
Pol Il (Byun et al., 2012). Like ELL1, ELL2, a member of the
ELL family of transcription factors, has also been reported to
stimulate Pol Il elongation (Shilatifard et al., 1997). Studies per-
formed by others and us show that ELL1 and ELL2 serve as alter-
native subunits of the super elongation complex (SEC) and can
synergize with another SEC component, P-TEFb, to greatly pro-
mote Pol Il elongation (He et al., 2010; Lin et al., 2010; Sobhian
et al., 2010).

In HIV-1-infected cells, the viral-encoded Tat protein recruits
the SEC to the viral gene promoter to activate transcriptional
elongation (He et al., 2010; Sobhian et al., 2010). The human
SEC is thus a specific host factor required for productive HIV-1
replication (Lu et al., 2013). Importantly, between ELL1 and
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ELL2, the ELL2-containing SEC (ELL2-SEC) is especially favored
by Tat to transactivate HIV-1 (Li et al., 2016).

In cells, the expression of ELL2 but not ELL1 is often controlled
at the protein stability level by an E3 ubiquitin ligase called Siah1
(Liu et al., 2012). In addition to ELL2, Siah1 also has other sub-
strates and can thus control diverse biological and disease
processes (House et al., 2009). Although Siah1 is an important
regulatory protein, whose level is affected by various signals,
the detailed mechanism that controls Siah1 gene expression is
largely unknown.

PARP1 mainly functions as a post-translational modification
enzyme that transfers the poly(ADP-ribose) (PAR) moiety to a
variety of target proteins using NAD" as a substrate. In addition
to its well-known role in DNA damage repair, PARP1 also con-
trols many other biological processes including transcription.
The studies of the transcriptional role of PARP1 have largely
focused on its effect on chromatin structure, serving as a tran-
scriptional activator or repressor through direct binding to target
genes, and acting as a coactivator or co-repressor for several
other transcriptional regulators (Kraus, 2008).

In this study, we first determined if PARP1 plays a role in regu-
lating HIV-1 transcription and found that its catalytic activity was
indeed essential for robust Tat transactivation. This was due to
PARP1’s promotion of ELL2 expression at the protein but not
mRNA level, leading to an increased ELL2-SEC formation.
Contributing to this positive effect on ELL2, PARP1 suppressed
the expression of Siah1, the ubiquitin ligase for ELL2, at both the
mRNA and protein levels. At the mRNA level, PARP1 coordinates
with the co-repressor NCoR to suppress Siah1 transcription. At
the protein level, PARP1 promotes Siah1 proteolysis, likely
through inducing PARylation-dependent ubiquitination (PARdU)
of Siah1. Together, these data reveal how PARP1 controls HIV
transcription as well as the expression of ELL2 and other Siah1
substrates through a PARP1-Siah1 axis.

RESULTS

PARP1 Knockdown Inhibits Tat Activation of HIV-1
Transcription

To determine if PARP1 plays a role in HIV-1 transcription, we
created two independent PARP1 knockdown (KD) clones (1-3
and 2-1; Figure 1A) that express short hairpin (sh) RNAs
(shPARP1-1-3 and shPARP1-2-1; shPARP1-2-1 was used in
all subsequent experiments and simply labeled shPARP1) tar-
geting two separate regions of PARP1 mRNA in HelLa-based
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Figure 1. PARP1 and Its Catalytic Activity Are Required for Tat- but Not PMA-Induced Activation of HIV-1 Transcription

(A and B) The HelLa-based NH1 cells with an integrated HIV-1 LTR-luciferase reporter construct and two NH1-derived PARP1 KD clones 1-3 and 2-1 were
transfected with the indicated amounts of Tat cDNA (A) or treated with 200 nM PMA for 24 hr (B). Luciferase activities were measured in these cells and compared
with that in Tat-free (A) or untreated NH1 cells (B), which was set to 1. The inset in (A) shows PARP1 levels in the three cell lines as revealed by western blotting (WB).
(C and D) The indicated Flag-tagged PARP1 mutants were co-expressed with (C) or without (D) Tat in 2-1 cells and examined using anti-Flag WB. Luciferase
activities were analyzed as in (A). The domain structure of PARP1 and point mutations are shown in (C).

(E and G) NH1 (E) or the Jurkat-based 1G5 cells containing an integrated HIV-1 LTR-luciferase reporter construct (G) were transfected with or without the Tat
cDNA and then treated with the indicated concentrations of AZD2281. Luciferase activities were measured and analyzed as in (A).

(F) 1G5 cells were stably transfected with plasmids expressing the indicated shRNA (NT, non-target) and/or the Tat cDNA. Also shown are PARP1 levels in the KD

cells. Luciferase activities were measured and analyzed as in (A).

Error bars in all graphs represent mean + SD from three separate measurements. See also Figure S1.

NH1 cells. This cell line contains an integrated HIV-1 LTR-lucif-
erase reporter gene (Yang et al.,, 2001). The two KD clones
were tested for luciferase expression in the absence or presence
of increasing amounts of the Tat protein.

Compared with the parental NH1 cells, the basal level HIV-1
LTR activity was only mildly reduced (~30%) in the KD cells (Fig-
ure 1A). However, the Tat-dependent LTR activity was more
severely affected (up to 5.5-fold reduction), and the degree of
reduction correlated with the extent of PARP1 KD in the cells
(Figure 1A). Notably, in addition to Tat, the mitogen phorbol myr-
istate acetate (PMA) can also activate the HIV-1 LTR. Although
Tat-transactivation requires the SEC, PMA acts largely through
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upregulating the activity of NF-kB that binds to the LTR to acti-
vate viral transcription (West et al., 2001). Although the PARP1
KD significantly decreased Tat transactivation, it produced
only a mild effect on the PMA-induced LTR activation (Figure 1B).
Thus, efficient HIV-1 transcription, especially the Tat/SEC-
dependent process, requires PARP1.

Catalytic Activity of PARP1 Is Required for Optimal Tat
Transactivation

To determine which region of PARP1 is required to support
robust Tat transactivation, shPARP1-resistant wild-type (WT)
or mutant PARP1 was introduced into the KD clone 2-1 to test



their abilities to rescue the Tat-activated HIV LTR-luciferase
expression. Although both WT PARP1 and the C21,125G mutant
(Cys at positions 21 and 125 changed to Gly; Gradwohl et al.,
1990) lacking the DNA-binding activity markedly increased Tat
transactivation, the catalytically inactive mutant E988A (Rolli
et al., 1997) and the deletion mutant that contains either the
DNA-binding domain (DBD; aa 1-370) or the auto-modification
domain (AD; aa 371-500) alone but lacks the catalytic domain
(CD) were largely ineffective in this regard (Figure 1C). Moreover,
introduction of the deletion mutant lacking the DBD (ADBD;
aa 371-1014) or containing only the CD (aa 501-1014) rescued
Tat transactivation to ~80% of the WT level (Figure 1C). In
contrast to the Tat-activated process, the basal HIV transcription
was not much affected by either WT or mutant PARP1 (Fig-
ure 1D). Thus, the catalytic but not DNA-binding or AD was
essential for PARP1 to promote Tat transactivation. Consis-
tently, AZD2281, a chemical inhibitor of the PARP1 catalytic
activity, also suppressed Tat transactivation in a dose-depen-
dent manner (Figure 1E).

Because AZD2281 also inhibits PARP2, we examined the
impact of PARP2 KD on Tat transactivation in NH1 cells. In
contrast to the decreased Tat transactivation observed in
PARP1 KD cells (Figure 1A), the expression of two different
PARP2-specific shRNAs promoted Tat transactivation (Fig-
ure S1). Given that AZD2281 inhibits both PARP1 and PARP2,
its ability to decrease Tat transactivation overall (Figure 1E) im-
plies that between the positive effect of PARP1 and negative
effect of PARP2, the former plays a more predominant role in
controlling Tat transactivation.

To test whether dependence on PARP1 for Tat transactivation
can be generalized beyond Hela cells, we inhibited PARP1 in the
Jurkat T cell-based 1G5 cells, which contain an integrated HIV-1
LTR-luciferase reporter and are used widely to analyze HIV-1 Tat
activity, inhibitors, and T cell activation effects (Aguilar-Cordova
et al., 1994). Consistent with the results in HeLa cells (Figures 1A
and 1E), both KD of PARP1 expression and inhibition of PARP1
activity by AZD2281 markedly decreased Tat transactivation in
1G5 cells (Figures 1F and 1G).

PARP1 Depletion/Inhibition Decreases Cellular Levels

of ELL2 and ELL2-SEC

Because optimal Tat transactivation requires the SEC, especially
the ELL2-SEC (Li et al., 2016), we examined by immunoblotting
whether PARP1 KD could affect the expression of key SEC com-
ponents as well as other P-TEFb-associated factors. Indeed, KD
markedly reduced the level of ELL2 but not ELL1 or other SEC
subunits in nuclear extract of clone 2-1 cells (Figure 2A). It also
failed to alter the expression of key subunits within the 7SK
snRNP (e.g., HEXIM1 and LARP7) and the Brd4-P-TEFb com-
plex, which join the SEC to form a P-TEFb network for controlling
HIV-1 and cellular gene transcription.

In addition to the PARP1 KD cells, the ELL2 protein level also
decreased in an engineered Hela cell line, where the PARP1
gene was destroyed by CRISPR-Cas9 genome editing (Figures
2B and 2C). Finally, consistent with the above demonstration
that the PARP1 catalytic activity was essential for optimal Tat
transactivation, AZD2281 markedly decreased the protein levels
of both endogenous ELL2 and the transiently overexpressed HA-

ELL2 but not ELL1 in the treated cells (Figure 2D). Notably, the
decrease was more pronounced for HA-ELL2 than for endoge-
nous ELL2. This was probably caused by the fact that a major
portion of the overexpressed HA-ELL2 was not incorporated
into a SEC, thus making it more susceptible to proteolytic
degradation. AZD2281 also reduced ELL2 level in 1G5 cells
(Figure S2).

As expected, the decreased ELL2 level in the PARP1 knockout
(KO) cells also reduced the amount of ELL2 bound to the immu-
noprecipitated CDK9, indicating a loss of the ELL2-SEC in these
cells (Figure 2E). The AFF4 level in the immunoprecipitates also
decreased for an unknown reason. A similar decrease in ELL2-
SEC was also caused by AZD2281 (Figure 2F). The reduced
ELL2-SEC formation in cells in which the PARP1 gene was
deleted or activity inhibited explains well the observed decrease
in Tat transactivation under these conditions.

PARP1 Depletion/Inhibition Decreases Cellular ELL2
Protein but Not mRNA Level in a Process Dependent on
ELL2 C-Terminal Region

To investigate the mechanism by which PARP1 controls the
levels of ELL2 and ELL2-SEC in cells, we found that the control
was at the ELL2 protein but not mRNA level, because neither
the depletion of PARP1 expression by KD or KO nor inhibition
of PARP1 activity by AZD2281 decreased the ELL2 mRNA level,
as revealed by gRT-PCR analysis (Figures 3A-3C). Furthermore,
the C-terminal region of ELL2 was necessary for AZD2281 to
decrease the ELL2 protein level. Although deletion of the N-ter-
minal region up to position 194 still allowed ELL2 to be downre-
gulated by AZD2281, the deletion of the C-terminal region
beyond position 389 rendered ELL2 unresponsive to the drug
(Figure 3D).

PARP1 Inhibits Siah1 Expression at Both mRNA and
Protein Levels

We have previously shown that Siah1 is an E3 ubiquitin ligase
that targets the ELL2 C-terminal region for degradation (Liu
et al., 2012). Given that the ELL2 protein but not mRNA level
decreased upon PARP1 inhibition, we hypothesized that
PARP1 affects ELL2 through controlling Siah1. Indeed, analysis
using gRT-PCR indicates that both PARP1 KD and KO increased
the Siah1 mRNA level by ~75%-80% but had no effect on con-
trol genes AFF1 and AFF4 (Figures 3E and 3F). In addition, KD
also increased the protein levels of both endogenous Siah1 (Fig-
ure 3G) and the transiently transfected Flag-Siah1 (Figure 3H),
which was expressed from the cytomegalovirus (CMV) promoter
on a plasmid. These results indicate that PARP1 likely controls
the Siah1 expression at both mRNA and protein levels.

PARP1 Associates with Siah1 Gene Promoter to Inhibit
Transcription in a Process Likely Involving
Transcriptional Co-repressor NCoR

Consistent with a potential role of PARP1 in directly controlling
Siah1 transcription, robust PARP1 signal was detected by
chromatin immunoprecipitation (ChlP)-gPCR at the Siah1
promoter, and the signal dramatically decreased upon PARP1
KD (Figure 4A). At the same location, the well-known transcrip-
tional co-repressor NCoR, which has been reported to form a
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Figure 2. PARP1 Depletion or Inhibition Decreases Cellular Levels of ELL2 and ELL2-SEC

(A) Levels of the indicated proteins in WCE of HelLa cells transfected with the plasmids expressing shPARP1 or shNT were analyzed using WB.

(B) Nucleotide and predicted amino acid sequences surrounding the intended Cas9 cleavage site (arrow) in WT PARP1 gene as well as the mutated alleles
generated by CRISPR-Cas9 are shown. Deleted nucleotides are indicated by capital letters containing strikethroughs, the omitted nucleotides are marked by
consecutive dots, and the premature stop codons due to frameshift mutations are indicated by an asterisk. The loss of PARP1 expression in the HeLa-based KO

clone was confirmed using WB.

(C and D) Analysis using WB of the indicated proteins in extracts of parental HeLa (WT), the PARP1 KO cells (C), and WT HelLa cells transfected with HA-ELL2 and

treated with DMSO or AZD2281 (D).

(E and F) Nuclear extracts (NEs) were prepared from WT HeLa or PARP1 KO cells (E) or from HelLa cells treated with or without AZD2281 (F) and then subjected to
immunoprecipitation with the anti-CDK9 antibody or total rabbit IgG. The precipitates were examined using WB for the indicated proteins.

See also Figure S2.

suppressive complex with PARP1 at the estrogen-regulated
TFF1 gene promoter prior to activation (Ju et al., 2006), was
also detected in WT but not the PARP1 KD cell (Figure 4B).
Furthermore, the presence of NCoR was required for transcrip-
tional inhibition of Siah1, as the NCoR KD by two different
shRNAs increased the Siah1 mRNA levels and the degree of
the increases correlated with the extent of the KD (Figure 4C).
Thus, PARP1 and NCoR likely act together to inhibit Siah1 tran-
scription, a role that has been demonstrated previously on a
number of other genes.

Furthermore, consistent with the reports that the PARP1
enzymatic activity is often dispensable for its transcriptional
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co-regulator function (Liu and Kraus, 2017), inhibition of
PARP1 by AZD2281 did not elevate the Siah1 mRNA level
(Figure 4D) and decrease the occupancy of PARP1 and
NCoR at the Siah1 promoter (Figure 4E). This is different from
our earlier results showing that the depletion of PARP1 by KD
or KO increased the Siah1 mRNA level (Figures 3E and 3F).
Thus, the physical presence but not catalytic activity of
PARP1 at the Siah1 promoter was required for transcriptional
inhibition. Nonetheless, given that the PARP1 enzymatic activ-
ity was required for maintaining the ELL2 protein level (Fig-
ure 2D), the above-described inhibition of Siah1 transcription
by PARP1, although interesting and worth documenting, does
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not play a major role in controlling ELL2 level by the PARP1-
Siah1 axis.

PARP1 Promotes Siah1 Degradation Likely by Inducing
PARdU of Siah1

As shown above, PARP1 also suppressed Siah1 expression at
the protein level (Figures 3G and 3H). This effect depended on
PARP1’s catalytic activity, because just like the KD of PARP1, in-
hibition by AZD2281 also elevated the Siah1 protein level in both
Hela (Figure 4F) and Jurkat 1G5 cells (Figure S2).

Siah1 is a RING-type E3 ubiquitin ligase that can catalyze self-
ubiquitination, leading to its own degradation (Liu et al., 2012).
Recent studies have revealed how the RING-type E3 ubiquitin
ligase RNF146 is activated by a PARylation signal (DaRosa
et al., 2015; Wang et al., 2012). Iso-ADP-ribose (iso-ADPY), the
smallest internal PAR structural unit, was shown to bind to the
WWE and RING domains of RNF146 to function as an allosteric
signal that switches the RING domain from an inactive to active
state. In addition, RNF146 was found to bind directly to the PAR
Pol tankyrase (TNKS).

To determine how PARP1 controlled the Siah1 protein level
that depended on its enzymatic activity, we first tested whether
Siah1 could bind to PARP1 and, if it could, whether the H,O5-
induced activation and auto-PARylation of PARP1 (Jungmichel
et al., 2013) could enhance this binding. H,O» treatment mark-
edly decreased the Siah1 protein level in whole-cell extracts
(WCE), which was blocked by pre-treating cells with the protea-
some inhibitor MG132 (Figure 4G). This agrees with the idea that

decreased considerably in H,O,-treated
cells, more total as well as the PARylated
PARP1 became bound to the residual immunoprecipitated Siah1
(Figure 4G, lanes 6 and 7). Because the total PARP1 level in WCE
was little affected by H,O, (Figure 4G, lanes 2 and 3), this
increased Siah1-PARP1 binding indicates that the binding was
significantly enhanced by PARylation, which agrees with the
model of PARdU-mediated Siah1 degradation. To confirm this
from a different angle, we inhibited PARP1 with AZD2281 and
found that even though the Flag-Siah1 level increased, the
Siah1-PARP1 binding markedly decreased (Figure 4H), again
indicating the dependence on PARylation for the binding.
Previous studies have identified amino acids Y144, Q153, and
R163 in the RNF146 WWE domain as essential for RNF146’s
binding to and activation by iso-ADPr (Wang et al., 2012; Zhang
et al., 2011). In addition, K61 in the RING domain was also found
to be key for PARdU (DaRosa et al., 2015). Although Siah1 does
not have a canonical WWE domain, Y78, Q87, and R97 presentin
its RING domain are not only conserved but also display the same
spacing as their counterparts in RNF146 (Figure 4l). These three
residues, together with K99, the sole lysine in the entire Siah1
RING domain, were mutated to alanines to create a Siah1 mutant
termed 4M. Compared with WT Siah1 expressed from the same
amount of plasmid, 4M showed a significantly higher level of
accumulation at the protein but not mRNA level (Figures 41 and
4J). More important, even though 4M was present at a higher level
than WT Siah1 in WCE, it had drastically decreased binding to
both total and the PARylated PARP1 (Figure 4l). These data are
consistent with the model that PARP1 promotes Siah1 degrada-
tion likely through inducing PARdU of Siah1.
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Figure 4. Mechanisms by which PARP1 Suppresses Siah1 Expression at Transcriptional and Protein Stability Levels: The Effect of PARP1
Depletion or Inhibition on Protein and mRNA Levels of Three Other Siah1 Substrates

(A, B, and E) NH1 and the NH1-based PARP1 KD line 2-1 (A and B) or HeLa cells treated with DMSO or AZD2281 (E) were analyzed by ChIP-gPCR for the bindings
of PARP1 and NCoR to the Siah1 gene promoter, with total mouse or rabbit IgG used as a negative control. The ChIP-qPCR signals were normalized to those of
input DNA. Statistical significance was calculated from two-tailed Student’s t-test. *p < 0.05, **p < 0.005.

(C) Total RNAs isolated from Hela cells expressing the indicated shRNAs were analyzed using qRT-PCR for the genes marked at the bottom. The signals were
normalized to those of GAPDH and displayed.

(D and F) Hela cells were treated with DMSO or AZD2281. Total RNAs were analyzed using gRT-PCR for the relative levels of Siah1 transcripts, which were
normalized to those of GAPDH and shown (D). NEs were examined using WB for the indicated proteins (F).

(G and H) HeLa cells expressing WT Flag-Siah1 were treated with H,O,, pre-treated with MG132 and then followed by H,O, (G), or treated with AZD2281 (H). WCE
and anti-Flag immunoprecipitates (IPs) derived from WCE were examined using WB. Asterisks denote the positions of non-specific bands.

(I) HeLa cells were transfected with the same amount of plasmid expressing WT or the 4M mutant Flag-Siah1. WCE and anti-Flag IP derived from WCE were
examined using WB. Also shown is an alignment between the RING domain of Siah1 and WWE domain of RNF146.

(J) Total RNAs isolated from HelLa cells either untransfected or transfected with the indicated expression constructs were analyzed using gRT-PCR as in (C).
(K and L) WCE from WT, the PARP1 KO (K), or the AZD2281-treated Hela cells (L) were examined using WB for the indicated proteins.

(M) Total RNAs isolated from either WT or the PARP1 KO Hela cells were analyzed using qRT-PCR as in (C)

The error bars in panels (A)—(E), (J), and (M) represent mean + SD from three independent measurements. See also Figures S2-S4.

PARP1 Is Required for Stable Expression of Not Only
ELL2 but Also Other Siah1 Substrates

Siah1 is an E3 ubiquitin ligase for not only ELL2 but also other
proteins. Given that PARP1 controls the Siah1 expression, which
in turn affects the ELL2 protein level, we asked whether three
other known Siah1 substrates, ACK1 (activated Cdc42-associ-
ated kinase 1), CBP (CREB binding protein), and B-catenin (Qi
et al., 2013) were similarly controlled by PARP1. Indeed, in
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both the PARP1 KO and AZD22 81-treated cells, the protein
but not mRNA levels of the three substrates decreased to varying
degrees, whereas the control proteins CDK9 and B-tubulin were
unaffected (Figures 4K-4M). Notably, KD of Siah1 had no
obvious effect on the expression of other known PARP1 target
genes, such as NELL2 and Hsp70 (Figure S3). Collectively, these
results have identified the PARP1-Siah1 axis as a key regulator
of the expression of ELL2 and other Siah1 substrates.



DISCUSSION

Efficient HIV-1 replication in both human cell lines and primary
monocyte-derived macrophages has been reported to rely on
PARP1’s stimulation of HIV-1 transcription (Kameoka et al.,
2004; Rom et al., 2015). Although the positive effect of PARP1
has been detected on the viral LTR, the precise mechanism by
which PARP1 exerts this effect was unclear. In this study, we
show that a PARP1-Siah1 axis promotes HIV-1 transcription,
especially Tat transactivation, through elevating the cellular
levels of ELL2 and ELL2-SEC. The latter is known to play an
especially important role in mediating Tat transactivation (Li
et al., 2016).

Notably, a recent study (Gibson et al., 2016) shows that
PARP1 also stimulates transcription by modifying and inhibiting
NELF, a negative elongation factor that pauses Pol Il on genes
under the elongation control. Thus, it is possible that both the
PARP1-NELF pathway and the PARP1-Siah1 axis described
here contribute to Pol Il elongation on the HIV-1 proviral DNA.
However, basal and PMA-activated HIV-1 transcription, both
of which are Tat independent, was only mildly inhibited by the
PARP1 KD (Figures 1A and 1B). In contrast, Tat transactivation,
which strongly depends on ELL2-SEC, was more severely
affected (Figure 1A). This key difference suggests that the
PARP1-Siah1 axis that controls the ELL2-SEC formation plays
a predominant role in controlling HIV-1 transcription, especially
Tat transactivation, whereas the PARP1-NELF interplay may
have only a minor role in this process.

When Jurkat 1G5 cells were exposed to PMA plus ionomycin,
a combination that strongly activates T cells (Chatila et al., 1989),
significantly elevated HIV-1 LTR activity was observed (Fig-
ure S4A). However, the treatment did not alter the PARP1 and
PARP2 protein levels (Figure S4B). Thus, HIV-1 transactivation
caused by T cell activation does not appear to involve an
elevated PARP1/2 expression and the PARP1-Siah1 axis.

PARP1 has been shown to control transcription by binding to a
sequence-specific motif at the promoter or other regions of its
target genes in a few cases. In others, it uses alternative mech-
anisms such as forming co-regulatory complexes at the pro-
moter and inducing chromatin remodeling, which can be
dependent or independent of its catalytic activity (Kraus and
Lis, 2003). In this study, we found that the transcriptional co-
repressor NCoR depends on PARP1 to bind to the Siah1 pro-
moter region and also co-localizes with PARP1. Although
NCoR was shown to be required for transcriptional repression
of Siah1, the molecular details underlying its cooperation with
PARP1 in this process remain to be elucidated.

PARylation has been shown to control the polyubiquitination
and degradation of certain proteins through a mechanism called
PARdU. So far, almost all known proteins regulated by PARdU
are PARylated by the PAR polymerase (Pol) TNKS (Pellegrino
and Altmeyer, 2016). Our data suggest that PARP1 could be
another PAR Pol that can also use PARdU to activate Siah1.
Consistently, a previous report shows that PAPR1 can bind
and PARylate the E3 ligase UHRF1, which in turn facilitates
UHRF1’s binding and polyubiquitination of its substrate
DNMT1 (De Vos et al., 2014). In addition, PARP1 has also been
reported to bind to the E3 ligase RNF146, which can target the

PARylated PARP1 for proteasomal degradation (Kang et al.,
2011). A major difference between our present finding and the
well-studied TNKS-RNF146 case implicated in PARdU is that
instead of PARylating an exogenous substrate, PARP1 can
modify itself. The binding of Siah1 to this PAR moiety (probably
through iso-ADPr) on PARP1 in turn activates the Siah1 RING
domain, leading to the polyubiquitination and degradation
Siah1’s exogenous substrates as well as Siah1 itself. Many
details of this pathway are still unknown. Future studies will
certainly shed more light on the intricate control and function
of the PARP1-Siah1 axis especially during HIV-1 infection.

EXPERIMENTAL PROCEDURES

PARP1 KO

The HelLa-based PARP1 KO cell line was generated by using CRISPR-Cas9
with a single-guide RNA (sgRNA) (5'-CCACCTCAACGTCAGGGTGC-3') that
targets exon 2 of PARP1. The plasmid vector pSpCas9(BB)-2A-Puro
(PX459), which expresses Cas9 and sgRNA, was from Addgene (plasmid
48139). Two days after transfection, cells were challenged with 2 ug/mL puro-
mycin. The drug-resistant cells were diluted and allowed to grow into single
colonies, which were subsequently examined for the loss of PARP1 expres-
sion by western blotting. The positive KO clones were verified by Sanger
sequencing of the genomic amplicons obtained with the TA cloning kit (Life
Technologies).

shRNA KD of PARP1

The shRNA constructs were annealed and ligated into the pSilencer vector
(Life Technologies). Sequences for shPARP1-1-3 and shPARP1-2-1 are listed
in Table S1. The procedures for shRNA-mediated gene KD have been
described previously (He et al., 2008).

qRT-PCR Analyses

qRT-PCR reactions were performed as described previously (He et al., 2008).
All reactions were run in triplicate. The primers used for the analyses are listed
in Table S1.

Co-immunoprecipitation

Co-immunoprecipitation (colP) was performed as described previously with
minor changes. Briefly, 4 ng of CDK9 antibody was added to 700 pL nuclear
extracts (NEs) from HeLa or PARP1 KD or KO cells and incubated overnight.
Then, 25 plL protein A agarose beads (15918-014; Sigma-Aldrich) were added
to the mixture for another 7 hr to collect the immunoprecipitated complex.
After washing and elution, the immune complexes were analyzed using
SDS-PAGE and western blotting with the indicated antibodies.

ChIP-qPCR Assay

The assay conditions were as previously described (Yang et al., 2005) with
some modifications. Briefly, one 15 cm dish of NH1 WT and PARP1 KD cells
at 100% confluency was harvested and subjected to the ChIP assay. Cells
were lysed and sonicated by using a Covaris-S2 sonicator (Covaris) for a total
processing time of 25 min (30 s on and 30 s off). For each immunoprecipitate
(IP), 5 ug anti-PARP1 antibody (sc-74470X; Santa Cruz Biotechnology), 5 ng
anti-NCoR antibody (A301-145A; Bethyl Laboratories), or 5 pg total rabbit
IgG (sc-2025; Santa Cruz Biotechnology) was incubated with the diluted
sheared chromatin. Twenty microliters of protein G Dyna beads (10003D;
Life Technologies) or protein A Dyna beads (10002D; Life Technologies)
were added to each tube and incubated at 4°C for 3 hr. After washing
and elution, DNA was purified using the PCR purification kit and analyzed
using qPCR.

Statistical Analysis

Statistical analysis was performed using two-tailed Student’s t-tests in Micro-
soft Excel 2010; p values < 0.05 were considered to indicate statistical signif-
icance in all analyses (*p < 0.05, *p < 0.005, ***p < 0.001).
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Supplemental Figures Figure S1
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Figure S1. The shRNA-mediated silencing of PARP2 expression promotes Tat-transactivation. Related to
Figure 1. NH1 cells containing an integrated HIV-1 LTR-luciferase reporter construct were co-transfected with a
plasmid expressing the indicated shRNA and the Tat-expressing construct or an empty vector. Luciferase activities
were measured in extracts of the cells and compared to that in the first lane, which was set at 1.0. Error bars represent
mean + SD from three separate measurements. The PARP2 and a-Tubulin levels in the extracts were determined by

Western blotting and shown at the bottom.



Figure S2
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Figure S2. Treatment of Jurkat 1G5 cells with AZD2281 decreased the endogenous protein level of ELL2 but
increased the level of Siahl. Related to Figures 2 & 4. 1G5 cells were treated with 20 uM AZD2281 or the DMSO

control for 24 hrs. Whole cell extracts were prepared and analyzed by Western blotting to detect the indicated proteins.



Figure S3
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Figure S3. The expression of NELL2 and Hsp70, two known PARP1 targeted genes, was not significantly
affected by the KD of Siahl. Related to Figure 4. Total RNAs isolated from HelLa cells, which were transfected
with the indicated shRNAs, were analyzed by qRT-PCR for the genes marked at the bottom. The signals were
normalized to those of GAPDH and displayed, with the RNA levels in the shScramble-expressing cells set to 1. The

error bars represent mean +/- SD from three independent measurements.



Figure S4
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Figure S4. PMA plus ionomycin dramatically elevate HIV-1 LTR activity without significantly altering the
PARP1 and 2 protein levels. Related to Figure 4 & Discussion. A. Jurkat 1G5 cells containing an integrated HIV-
1 LTR-luciferase reporter construct were treated with the indicated agents. Luciferase activities were measured in
extracts of the treated cells and compared to that of the DMSO lane, which was set at 1.0. Error bars represent mean

+ SD from three separate measurements. B. The indicated proteins present in the extracts were determined by Western

blotting.



Supplemental Table

Table S1. Primers used in this study. Related to Experimental Procedures.

Primer name Sequence

Siahl-RT-F CTGCTTTGACTATGTGTTACCGC

Siahl-RT-R ACTGAATTAGCCACTTTCTCCAT

B-Actin-RT-F CATGTACGTTGCTATCCAGGC

B-Actin-RT-R CTCCTTAATGTCACGCACGA

GAPDH-RT-F AGGTGAAGGTCGGAGTCAAC

GAPDH-RT-R CGCTCCTGGAAGATGGTGAT

AFF1-RT-F ACAAGAAAGGTGACCGAAGAG

AFF1-RT-R GAAGAGTTTGCTGGTTGGAATG

AFF4-RT-F CACACCATAATAGTGAAGGAG

AFF4-RT-R GGGTTCAGGCTCGGGAGAT

ELL2-RT-F CACCAGCCGTTCAGAATCTCCT

ELL2-RT-R GGTGGTACTCTGTTCGTCAGGT

Siahl-Y78A-F AAGAATGGGCGGTAACACAGCGTCAAAGCAGACTGGACAC
Siahl-Y78A-R GTGTCCAGTCTGCTTTGACGCTGTGTTACCGCCCATTCTT
Siah1-Q87A-F CAAACAAGATGGCCACTCGCACATTGAAGAATGGGCGGTAA
Siah1l-R97A-F GTGAGCTTTGGGGCACAGTTGCTACAAACAAGATGGC
Siahl-R97A-R GCCATCTTGTTTGTAGCAACTGTGCCCCAAAGCTCAC
Siah1-R97A- GCAAGTTGGACAACATGTGAGGTCTGGGGCACAGTTGCTACAAACAAGATG
K99D-F

Siah1-R97A- CATCTTGTTTGTAGCAACTGTGCCCCAGACCTCACATGTTGTCCAACTTGC
K99D-R

Siah1-ChiP-3FN

AGACTTCCAGGCACCTAAGTG

Siah1-ChIP-3RN

CGCTGGATGCTGATATGAGC

shPARP1-F GATCCTTGGTAGCAAGGCAGAGAATTCAAGAGATTCTCTGCCTTGCTACCAATT
TTTTGGAAA

shPARP1-R AGCTTTTCCAAAAAATTGGTAGCAAGGCAGAGAATCTCTTGAATTCTCTGCCTT
GCTACCAAG

shPARP2-F GATCCAGAGAAAAGGCGATGAGGTTTCAAGAGAACCTCATCGCCTTTTCTCTTT
TTTTGGAAA

SshPARP2-R AGCTTTTCCAAAAAAAGAGAAAAGGCGATGAGGTTCTCTTGAAACCTCATCGCC
TTTTCTCTG

SshPARP2-1-F CCGGACTATCTGATTCAGCTATTAGCTCGAGCTAATAGCTGAATCAGATAGTTT
TTTG

SshPARP2-1-R AATTCAAAAAACTATCTGATTCAGCTATTAGCTCGAGCTAATAGCTGAATCAGA
TAGT

ShPARP2-2-F CCGGTCTGAATCCAGATGGTTATACCTCGAGGTATAACCATCTGGATTCAGATT
TTTG

SshPARP2-2-R AATTCAAAAATCTGAATCCAGATGGTTATACCTCGAGGTATAACCATCTGGATT
CAGA

ACK-F ATGTCATCACCGTCATCGAG

ACK-R TGTGGATGAAGCTGTTCTGC




CBP-F ACACAGGGCAATACCAAGAG

CBP-R TTGCGTCCACAGCAATATCC
B-catenin-F TGAAGGTGCTATCTGTCTGC
B-catenin-R CCTTCCTGTTTAGTTGCAGC
IPTR1-F GCTGAAGACACTATCACTGC
IPTR1-R TATCAGTTCCTGGGTCACTG
NELL2-F AGCTGTCTCGAGCTGAACAG
NELL2-R GACTTAAGTGGGCAGTCAGG

HSP70-HSPA4-F | ACTCTTGAGGCCTACTACAG

HSP70-HSPA4-R | AAGATGCACTGGACACACTG

NcoR-shRNA-1F | CCGGGCCATCAAACACAATGTCAAACTCGAGTTTGACATTGTGTTTGATGGCTT

NcoR-shRNA-1R ;LTF?I'CAAAAAGCCATCAAACACAATGTCAAACTCGAGTTTGACATTGTGTTTGA
NcoR-shRNA-2F -CrlgggGCTCTCAAAGTTCAGACTCTTCTCGAGAAGAGTCTGAACTTTGAGAG CTT
NcoR-shRNA-2R X/I;'rl'?l'CAAAAAGCTCTCAAAGTTCAGACTCTTCTCGAGAAGAGTCTGAACTTTGA
NcoR-F iggiCAAGTTTATCCAGCATCC

NcoR-R GCAATTTGCTGGTTTCTGCC




Supplemental Experimental Procedures

Cell culture, Reagents

NH1 cells, HeLa cells and PARP1 KO HeLa cells were all grown in DMEM with 5% FBS.
Jurkat-based 1G5 cells (A gift from Dr. Andrew Rice of Baylor College) were maintained in
RPMI1640 with 10% FBS. PARPL1 inhibitor AZD2281 was purchased from Selleckchem (S1060).
lonomycin (1 uM) and PMA (10 ng/ml) were used to stimulate Jurkat 1G5 cells. Antibodies for
Western blotting were listed as follows: Anti-PARP1 (46D11) was purchased from Cell Signaling
Technology. Anti-Poly(ADP-ribose) (ALX-210-890A-0100) was purchased from Enzo Life
Science. Anti-ELL2 (A302-505A), anti-ELL (A301-645A), anti-ENL (A302-268A), anti-AF9
(A300-595A) and anti-AFF1 (A302-344A) were all from Bethyl Laboratories. Anti-tubulin
(ab6046), anti-AFF4 (ab57077) and anti-PARP2 (ab176330) antibodies were from Abcam. Anti-
CyclinT1 (sc-10750), anti-CBP (sc-7300), anti-ACK (sc-28336) and anti-p-catenin (sc-133240)
were from Santa Cruz Biotechnology. The antibodies against CDK9, Brd4, LARP7 and HEXIM1

were generated in our own laboratory and have been described previously (He et al., 2008).

Plasmids

Plasmids coding for HA-ELL2, Flag-ELL2 and Flag-Siahl WT (Long form 313 amino
acids) were constructed in our previous work (Liu et al., 2012). Mutations in Siah1 were generated
by using the KAPA HiFi PCR kit (KR0368, Roche). Primers used for mutagenesis were listed in
supplemental Table S1. The Flag-tagged, shPARP1-resistent WT and mutant PARP1 were

constructed in pcDNAS3 vector. Primers were listed in supplemental Table S1.
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