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Summary
PARP-1 is an abundant nuclear enzyme that regulates gene expression, although the underlying
mechanisms are unclear. We examined the interplay between PARP-1, histone 3 lysine 4
trimethylation (H3K4me3), and linker histone H1 in the chromatin-dependent control of
transcription. We show that PARP-1 is required for a series of molecular outcomes at the
promoters of PARP-1 regulated genes, leading to a permissive chromatin environment that allows
loading of the RNA Pol II machinery. PARP-1 does so by (1) preventing demethylation of
H3K4me3 through the PARylation, inhibition, and exclusion of the histone demethylase KDM5B
and (2) promoting the exclusion of H1 and the opening of promoter chromatin. Upon depletion of
PARP-1, these outcomes do not occur efficiently. Interestingly, cellular signaling pathways can
use the regulated depletion of PARP-1 to modulate these chromatin-related molecular outcomes.
Collectively, our results help to elucidate the roles of PARP-1 in the regulation of chromatin
structure and transcription.
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Introduction
Chromatin, a repeating array of nucleosomes and nucleosome-binding proteins, plays key
roles in the regulation of gene transcription by limiting (1) the loading of the RNA
polymerase II (Pol II) machinery at gene promoters, (2) the initiation of transcription from
transcription start sites (TSSs), and (3) the elongation of transcripts through the bodies of
genes (Campos and Reinberg, 2009; Li et al., 2007). Several properties of chromatin
contribute to its gene-regulating effects, including its composition (e.g., types and extent of
histones modifications, repertoire of nucleosome-bound proteins) and structure (e.g.,
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positioning and spacing of nucleosomes) (Campos and Reinberg, 2009; Li et al., 2007).
Although great strides have been made, the molecular mechanisms by which specific
chromatin-binding and histone-modifying proteins interact to alter chromatin structure and
function to regulate transcription require further analysis.

Nucleosome-binding architectural proteins, such as poly(ADP-ribose) polymerase-1
(PARP-1) and the linker histone H1, promote structural alterations in chromatin and, as a
consequence, modulate transcriptional responses (Happel and Doenecke, 2009; Kraus, 2008;
Krishnakumar and Kraus, 2010; Tulin et al., 2003). Both PARP-1 and H1 can alter
nucleosome spacing and promote the compaction of nucleosomal arrays (Happel and
Doenecke, 2009; Kim et al., 2004; Wacker et al., 2007). Although PARP-1 and H1 elicit
grossly similar alterations in chromatin structure in vitro (Kim et al., 2004; Wacker et al.,
2007), their effects on chromatin structure, however, may be interpreted differently in vivo
(Kraus, 2008). PARP-1 and H1 compete for binding to nucleosomes (Kim et al., 2004) and
exhibit a reciprocal pattern of binding at actively transcribed promoters: H1 is depleted and
PARP-1 is enriched (Krishnakumar et al., 2008). Both PARP-1 and H1 are widely
distributed across the genome (Kim et al., 2004; Krishnakumar et al., 2008; Tulin and
Spradling, 2003) and their depletion can promote large scale alterations in chromatin
structure (Fan et al., 2005; Lu et al., 2009; Petesch and Lis, 2008; Tulin and Spradling,
2003), but their effects on transcription are limited to a subset of specific target genes (Fan
et al., 2005; Frizzell et al., 2009; Lu et al., 2009).

Unlike H1, PARP-1 possesses an intrinsic enzymatic activity that catalyzes the
polymerization of ADP-ribose units from donor NAD+ molecules on target proteins
(D’Amours et al., 1999). Although PARP-1 is the major target for PARP-1-mediated
poly(ADP-ribosyl)ation (PARylation) in vivo through an automodification reaction, a
number of other targets have been also described, including core histones, H1, and a variety
of nuclear proteins involved in gene regulation (D’Amours et al., 1999; Krishnakumar and
Kraus, 2010). PARylation of protein targets by PARP-1 alters their function, typically in an
inhibitory manner (Ju et al., 2006; Ju et al., 2004; Kraus, 2008; Krishnakumar and Kraus,
2010). For example, extensive PARylation of PARP-1 can inhibit its ability to bind
nucleosomes (Kim et al., 2004; Wacker et al., 2007), while more modest PARylation of
components of the TLE1 corepressor complex can promote its dissociation from target gene
promoters (Ju et al., 2004). Although PARP-1 enzymatic activity has been shown to play a
key role in the regulation of transcription in some contexts (Cohen-Armon et al., 2007; Ju et
al., 2006; Ju et al., 2004; Krishnakumar and Kraus, 2010; Tulin and Spradling, 2003), in
others it is dispensable (D’Amours et al., 1999; Hassa and Hottiger, 2002; Pavri et al.,
2005). A clear consensus about the targets and role(s) of PARP-1 enzymatic activity during
transcription has yet to emerge.

In addition to nucleosome-binding proteins, covalent posttranslational modifications of the
amino-terminal tails of histone proteins, such as acetylation, phosphorylation, and
methylation, can affect chromatin structure and function. These modifications can alter the
charge of the histone tails and promote structural changes in nucleosomes, as well as create
or destroy binding sites for chromatin-regulating proteins (Berger, 2007; Campos and
Reinberg, 2009). Different histone modifications mark different functional regions of
chromatin. For example, histone H3 lysine 4 trimethylation (H3K4me3) is enriched at TSSs
and is positively correlated with gene expression (Ruthenburg et al., 2007; Santos-Rosa et
al., 2002). This modification creates a binding site for structural modules (e.g., PHD fingers,
chromodomains, and tudor domains) within a variety of proteins that regulate chromatin
structure and transcription (Berger, 2007; Campos and Reinberg, 2009; Ruthenburg et al.,
2007). Enzymes that remove the H3K4me3 mark, such as the KDM5 family of lysine-
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specific demethylases (e.g., KDM5B, a.k.a. JARID1B and PLU1), can reverse the actions of
the proteins that bind the mark (Ruthenburg et al., 2007; Yamane et al., 2007).

Although recent studies have linked PARP-1 to the regulation of histone acetylation (Cohen-
Armon et al., 2007), a clear understanding of how the chromatin-modulating effects of
PARP-1 are coordinated with various covalent modifications to control transcriptional
outcomes is lacking. In the present study, we have examined the mechanisms by which
PARP-1 maintains an active chromatin environment at the promoters of target genes by
exploring the sequence of events following depletion of PARP-1 that lead to transcriptional
repression. We find that PARP-1 maintains H3K4me3 levels by PARylating and inhibiting
the recruitment of the lysine-specific demethylase KDM5B. Collectively, our results
elucidate a pathway by which the chromatin-modulating effects of PARP-1 are coordinated
with a histone modification to regulate transcription.

Results
PARP-1 promotes the binding of RNA Pol II and components of the basal transcription
machinery to the promoters of positively regulated target genes

To better understand how PARP-1 modulates chromatin structure as a means of regulating
gene expression, we conducted a series of molecular assays using MCF-7 human breast
cancer cells. Given the growing interest in the role of PARP-1 in breast cancer biology
(Frizzell and Kraus, 2009), as well as the considerable gene-specific and genomic data
available regarding PARP-1 localization and function in MCF-7 cells (Krishnakumar and
Kraus, 2010), this is an excellent model system to use. We used shRNA-mediated
knockdown to explore PARP-1 function in these cells. As described previously (Frizzell et
al., 2009; Krishnakumar et al., 2008), we see a robust knockdown of PARP-1 in this system
compared to a control knockdown (luciferase; Luc) (Fig. 1A). We focused our studies on a
set of previously characterized genes (i.e., TMSL8, SCN1A, NELL2, ITPR1; (Frizzell et al.,
2009; Krishnakumar et al., 2008)) whose efficient expression requires PARP-1 (i.e.,
expression decreases by >50 percent upon PARP-1 knockdown; termed “positively
regulated” genes in our shorthand; Fig. 1B). Genes in this set function in signaling,
oncogenesis, and cell mobility (Table S1). For comparison, we also examined genes whose
expression is inhibited by PARP-1 (i.e., expression increases >2-fold upon PARP-1
knockdown, such as GDF15; “negatively regulated”) or is unaffected by PARP-1 (e.g.,
ABHD2; “unregulated”) (Fig. 1B; Table S1).

In our initial studies, we examined the effects of PARP-1 depletion on the binding of the
linker histone H1 and components of the Pol II transcription machinery at the promoters of
these genes by using chromatin immunoprecipitation (ChIP) assays. As expected,
knockdown of PARP-1 caused a dramatic reduction in PARP-1 ChIP signal for all genes
tested (Fig. 1C). We have shown previously that H1 competes with PARP-1 for binding to
promoter-proximal nucleosomes and represses gene transcription by Pol II (Kim et al.,
2004;Krishnakumar et al., 2008). For the genes positively regulated by PARP-1, knockdown
of PARP-1 caused an increase in H1 binding at the promoter (Fig. 1D) without a change in
nucleosome density (as determined by histone H3 levels; Fig. 1H). This was accompanied
by a significant reduction (>60%) in the promoter occupancy of TBP, TFIIB, and Pol II for
all four genes in this group (Fig. 1, E – G). Opposite effects were observed for the
negatively regulated gene GDF15 (i.e., the increase in gene expression upon PARP-1
knockdown was accompanied by an increase in the binding of TBP, TFIIB, and Pol II; Fig
1, E – G). As expected, ABHD2, a gene whose expression is not affected by PARP-1,
showed no changes in these parameters upon PARP-1 knockdown (Fig 1, E – G). Taken
together, these results indicate that PARP-1 modulates the occupancy of H1, TBP, TFIIB,
and Pol II at target promoters to control gene expression.
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PARP-1 maintains an open chromatin architecture at the TSSs of positively regulated
target genes

Previous studies have shown that PARP-1 can regulate chromatin structure, nucleosome
compaction, and the accessibility of DNA in chromatin (Kim et al., 2004; Krishnakumar and
Kraus, 2010; Wacker et al., 2007). Based on these results, as well as the data presented in
Fig. 1, we hypothesized that PARP-1 might act to maintain an open chromatin architecture
at the promoters of positively regulated target genes. To test this hypothesis, we examined
the accessibility of promoter DNA surrounding the transcription start sites (TSSs; ca. −300
to +300 bp) to digestion by micrococcal nuclease (MNase). Mononucleosome-sized
genomic DNA fragments (~160 bp; Fig. 2A) were released by MNase digestion from
chromatin isolated from control and PARP-1 knockdown MCF-7 cells. We then used
quantitative real-time PCR (qPCR) to tile through the promoter region with overlapping
amplicons (21 amplicons for ~600 bp, ~30 bp overlap; Fig. 2B) to determine the extent of
MNase digestion. As expected, for all genes we observed regions of increased MNase
protection on either side of the TSS, likely due to −1 and +1 nucleosomes (Ozsolak et al.,
2007; Schones et al., 2008) (Fig. 2C). In addition, we observed a dip in protection at or near
the TSS, as described previously (Krishnakumar et al., 2008; Ozsolak et al., 2007; Schones
et al., 2008). Knockdown of PARP-1 caused a significant increase in the MNase protection
(i.e., decreased accessibility or a closed chromatin architecture) at or near the TSS for the
positively regulated genes relative to the control knockdown (Fig. 2C; TMSL8, SCN1A,
NELL2, ITPR1). This effect was not observed for GDF15 or ABHD2 (Fig. 2C). Together,
the results from Figs. 1 and 2 are consistent with a model in which PARP-1 acts to maintain
an open chromatin structure at the promoters of positively regulated target genes to allow
loading of the transcriptional machinery and subsequent transcription by Pol II.

PARP-1 binding correlates with histone H3 lysine 4 trimethylation at many promoters
across the genome

How might PARP-1 regulate promoter chromatin architecture? We considered the
possibility of a mechanism involving histone modifications, which have been shown in
many contexts to be correlated with specific chromatin states (Berger, 2007; Campos and
Reinberg, 2009). We focused on histone H3 lysine 4 trimethylation (H3K4me3), which
localizes to promoters and positively correlates with gene expression (Barski et al., 2007;
Ruthenburg et al., 2007; Santos-Rosa et al., 2002). We used ChIP coupled with
hybridization to RefSeq promoter arrays (i.e., ChIP-chip) to determine if the binding of
PARP-1 to promoters might correlate with H3K4me3 at promoters across the genome.
Indeed, the pattern of PARP-1 promoter localization that we have observed previously
(Krishnakumar et al., 2008) was similar to the pattern of H3K4me3 in MCF-7 cells (Fig. 3,
A and B). The levels of PARP-1 and H3K4me3 were positively correlated with each other
(Spearman’s correlation coefficient 0.60, p < 2.2 × 10−16), and both were positively
correlated with gene expression, as reported previously (Spearman’s correlation coefficients
of 0.42 and 0.50, respectively, p < 2.2 × 10−16 for both) (Fig. 3, B and C) (Barski et al.,
2007; Krishnakumar et al., 2008). We found statistically significant peaks of both PARP-1
and H3K4me3 at or near about one third of the ~23,500 TSSs on the array using stringent
peak finding criteria (Fig. 3, D and E). The strong correlation of PARP-1 and H3K4me3
suggests a functional link between the two. We explored this possibility in the experiments
noted below.

PARP-1 prevents KDM5B-dependent demethylation of H3K4me3 at the promoters of
positively regulated target genes

To determine if PARP-1 might play an active role in establishing or maintaining H3K4me3
at target gene promoters, we examined the effect of PARP-1 knockdown on H3K4me3
levels. For the positively regulated genes, H3K4me3 levels decreased by more than 65
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percent upon PARP-1 knockdown (Fig. 3F). For the negatively regulated gene, GDF15, the
opposite effect was observed, and for the unregulated gene, ABHD2, no effect was observed
(Fig. 3F). These results correlate well with the effects of PARP-1 knockdown on Pol II,
TBP, and TFIIB binding noted above (Fig. 1). Interestingly, TAF3 (a subunit of the TBP-
containing complex TFIID) has been shown to bind to H3K4me3 (Vermeulen et al., 2007).
Thus, the PARP-1-dependent reduction in H3K4me3 may reduce TBP binding, leading to a
reduction in Pol II occupancy at the promoter.

We considered the possibility that PARP-1 might regulate promoter H3K4me3 levels by
recruiting a histone methyltransferase or by blocking the recruitment of a histone
demethylase. A number of methyltransferases in the TRX/MLL family can trimethylate
H3K4 in mammalian cells (Berger, 2007), while the KDM5 demethylases (A – D) are the
only enzymes known to remove the modification (Nottke et al., 2009; Ruthenburg et al.,
2007). Of the four KDM5 isoforms, KDM5B (lysine demethylase 5B; a.k.a. PLU-1 or
JARID1B) is the most highly expressed in MCF-7 cells (Fig. 3G). Thus, in our studies of
PARP-1 function in MCF-7 cells, we focused on KDM5B. Knockdown of PARP-1 affected
KDM5B binding at the promoters of the six genes tested in a predictable manner that
precisely matched its effects on H3K4me3 levels (Fig. 3H). For example, PARP-1
knockdown increased KDM5B levels and decreased H3K4me3 levels at the promoters of
the positively regulated genes, but not the negatively regulated or unregulated genes. These
results suggest that PARP-1 prevents demethylation of H3K4me3 by KDM5B at the
promoters of positively regulated target genes.

Antagonism of KDM5B-dependent H3K4me3 demethylation by PARP-1 facilitates the
expression of positively regulated target genes

To further explore the role of PARP-1-dependent antagonism of KDM5B in target gene
expression, we examined the effects of KDM5B knockdown using an shRNA sequence.
According to our model, a key role of PARP-1 is to prevent KDM5B-dependent
demethylation of H3K4me3; shRNA-mediated knockdown of PARP-1 allows demethylation
of H3K4me3 by KDM5B and subsequent inhibition of transcription of the positively
regulated genes. If this model is correct, then depletion of KDM5B should reverse the
effects of PARP-1 knockdown. To test this model, we generated a set of cell lines with
knockdown of PARP-1 + Luc (PL), KDM5B + Luc (KL), or PARP-1 + KDM5B (PK),
matched with an appropriate control cell line expressing two shRNAs targeting luciferase
(LL). We confirmed the knockdown of PARP-1 and KDM5B by Western blotting and RT-
qPCR (Fig. S1, A and B). In addition, we showed that knockdown of KDM5B reduced its
signal in ChIP assays (Fig. S3C). Although KDM5B knockdown alone had little effect on
the expression of positively regulated target genes, it reversed the effect of PARP-1
knockdown on target gene mRNA levels (Fig. 4A). In contrast, for the negatively regulated
gene, GDF15, knockdown of KDM5B did not reverse the effect of PARP-1 knockdown,
suggesting a different mode of regulation (Fig. 4A). These results indicate that a loss of
PARP-1 at the promoters of positively regulated target genes can be overcome by removing
KDM5B, consistent with the hypothesis that these two proteins act antagonistically in the
same pathway.

Next, to determine the consequences of PARP-1 antagonism of KDM5B, we assayed factor
binding (Pol II, TBP, H1) and H3K4 trimethylation at the promoters of the PARP-1 target
genes in the double knockdown cells. The results for the positively regulated gene, ITPR1,
are shown in Figs. 4B and 4C for illustrative purposes, while the results for additional genes
are shown in Fig. S1, D – I. As shown above, knockdown of PARP-1 decreased the binding
of Pol II and TBP, as well as the levels of H3K4me3, at the promoters of the positively
regulated genes (Fig. 4, B and C; Fig. S1, E, F, and H), while increasing the binding of H1
(Fig. 4C; Fig. S1G). As we observed with gene expression, knockdown of KDM5B had little
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effect on its own, but was able to reverse all of the effects of PARP-1 knockdown on the
positively regulated genes (Pol II, TBP, H1, H3K4me3; Fig. 4, B and C; Fig. S1, D – I).
These results indicate that removal of H3K4me3 is required for the binding of H1 and the
eviction of Pol II from the promoters of positively regulated target genes. These data support
a model in which antagonism of KDM5B binding and H3K4me3 demethylation by PARP-1
facilitates the expression of positively regulated target genes.

Antagonism of KDM5B-dependent H3K4me3 demethylation by PARP-1 maintains an open
chromatin architecture at the TSSs of positively regulated target genes

In Fig. 2C, we showed that PARP-1 is required to maintain an open chromatin architecture
at the TSSs of positively regulated genes. To determine if PARP-1’s antagonism of KDM5B
and enhancement of H3K4 trimethylation levels plays a role in this process, we used the
MNase protection assay described in Fig. 2 with PARP-1 and KDM5B double knockdown
cells. As with the gene expression outcomes described above, if our model is correct, then
depletion of KDM5B should reverse the effects of PARP-1 knockdown. As described
previously (Fig. 2C), PARP-1 knockdown caused a significant increase in the MNase
protection (i.e., decreased accessibility or a closed chromatin architecture) relative to the
control knockdown near the TSSs of the positively regulated genes ITPR1 (Fig. 4, D and E)
and SCN1A (Fig. S1J), but not for the unregulated gene ABHD2 (Fig. S1K). Although
KDM5B knockdown alone had little effect on the promoter chromatin architecture of ITPR1
and SCN1A, it reversed the effect of PARP-1 knockdown on these genes (Fig. 4, D and E;
Fig. S1J). These results indicate that PARP-1 maintains an open chromatin architecture at
the TSSs of positively regulated genes by inhibiting KDM5B-mediated demethylation of
H3K4me3.

PARP-1 catalytic activity is required to prevent the binding of KDM5B at the promoters of
positively regulated target genes

Previous studies from our lab and others have shown that PARP-1 catalytic activity is
required for the PARP-1-dependent expression of some, but not all, target genes (D’Amours
et al., 1999; Frizzell et al., 2009; Hassa and Hottiger, 2002; Ju et al., 2006; Krishnakumar
and Kraus, 2010; Pavri et al., 2005; Tulin and Spradling, 2003). In some cases, PARP-1
catalytic activity may be required for one or more steps in the gene regulatory pathway,
while the PARP-1 protein itself may be required for other steps. To test this possibility, we
determined the effects of the PARP inhibitor, PJ34, on the same target genes and functional
endpoints that we examined above. We have shown previously that PJ34 effectively inhibits
PARP-1 enzymatic activity in MCF-7 cells (Frizzell et al., 2009). Interestingly, PJ34 had no
effect on gene expression or the binding of PARP-1, H1, or Pol II at the promoters of the
genes examined (Fig. S2, A – F). These results indicate that, unlike depletion of PARP-1
protein, inhibition of PARP-1 catalytic activity is not sufficient to inhibit the expression of
the positively regulated genes. This suggests that the physical presence of the PARP-1
protein at the promoter is key for maintaining gene expression. However, PJ34 did reduce
the levels of H3K4me3 and increase the levels of KDM5B at the same promoters (Fig. 5, A
and B). Thus, of the various endpoints examined, PARP-1 catalytic activity is specifically
directed at preventing demethylation of H3K4me3 by KDM5B.

To explore this possibility in more detail, we determined if a catalytically inactive mutant of
PARP-1 (E988K) could restore PARP-1 function in knockdown cells. We used previously
described Luc or PARP-1 knockdown MCF-7 cells with or without ectopic expression of
RNAi-resistant FLAG-tagged wild-type (Wt) or catalytically inactive PARP-1 (Cat)
(Frizzell et al., 2009). The results for the positively regulated gene, ITPR1, are shown in Fig.
5C for illustrative purposes, while the results for additional genes are shown in Fig. S2, G –
J. ChIP with FLAG antibody showed that both ectopically expressed Wt and Cat PARP-1
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can bind to the promoter regions of target genes (Fig. 5C; Fig. S2J). Only Wt PARP-1,
however, was able to inhibit KDM5B binding and restore H3K4me3 levels (Fig. 5C; Fig.
S2, G and H). These results indicate that PARP-1 catalytic activity is required to prevent the
binding of KDM5B at the promoters of target genes, in agreement with our results using
PJ34. In this regard, knockdown of KDM5B reversed the effects of PJ34 treatment on
H3K4me3 levels (Fig. 5D; Fig. S2, K and L), indicating that PJ34 (and PARP-1 catalytic
activity) acts through a KDM5B-dependent pathway.

PARP-1 binds to, PARylates, and inhibits the histone demethylase activity of KDM5B
Based on the preceding results, we hypothesized that PARP-1 might interact with and
poly(ADP-ribosyl)ate (PARylate) KDM5B in cells, thus preventing KDM5B from binding
to promoters. To test this, we immunoprecipitated KDM5B from MCF-7 nuclear extracts
and subjected the immunoprecipitated material to Western blotting using antibodies to
KDM5B, PARP-1, and PAR. We found that native KDM5B immunoprecipitates native
PARP-1 and is modified by PARylation (Fig 6, A and B). Treatment of the cells with PJ34
(Fig. 6A) and knockdown of PARP-1 (Fig. 6B) inhibited KDM5B PARylation, indicating
that PARP-1 is the enzyme mediating the modification. The specificity of the PARylation of
KDM5B was confirmed in HEK-293T cells with ectopic expression of Myc-KDM5B (Fig.
6C).

To determine the effect of PARylation on KDM5B histone demethylase activity, we set up
an in vitro PARylation-coupled demethylation assay using recombinant KDM5B - either
full-length Myc-KDM5B immunoprecipitated from transfected HEK-293T cells or an
enzymatically amino-terminal fragment purified from bacteria, KDM5B-N. Immobilized
KDM5B was subjected to PARylation (or mock PARylation) using recombinant PARP-1
and NAD+ under conditions described previously (Kim et al., 2004). The resin was then
washed to remove the PARP-1 and NAD+, leaving immobilized PARP-1-free PARylated or
unPARylated KDM5B (Fig. 6D). The immobilized KDM5B was used in H3 demethylation
assays with native HeLa cell histones, which show readily detectable levels of H3K4me3 by
Western blotting. As expected, the addition of Myc-KDM5B or KDM5B-N caused the
demethylation of H3K4me3 (Fig. 6E; Fig. S3A). The demethylation was inhibited by the
PARylation of KDM5B (Fig. 6E; Fig. S3A). Further examination using an in vitro histone
H3 binding assay set up in parallel under the same conditions assay showed that this result is
due, at least in part, to the inhibition of H3 binding by KDM5B (Fig. 6F; Fig. S3B). Taken
together, these results indicate that PARP-1 binds to, PARylates, and inhibits the histone
demethylase activity of KDM5B. These effects of PARP-1 on KDM5B are likely to underlie
PARP-1’s ability to prevent the demethylation of H3K4me3 at the promoters of positively
regulated target genes.

Removal of PARP-1 from promoters is a mechanism utilized by signaling pathways to
negatively regulate gene expression

Having determined a specific role for PARP-1 in maintaining constitutive gene expression
in MCF-7 cells under basal growth conditions, we next asked whether the PARP-1-
dependent regulatory mechanisms which we uncovered might be applicable to signal-
regulated transcription. MCF-7 cells initiate well characterized transcriptional responses to a
wide variety of stimuli, including the phorbol ester 12-O-tetradecanoylphorbol-13-acetate
(TPA), a potent activator of the protein kinase C pathway. Many genes in MCF-7 cells are
responsive to TPA treatment (e.g., (Cunliffe et al., 2003)), including SCN1A and ITPR1
(Fig. 6A). The expression of these two genes is inhibited by treatment with TPA (100 ng/ml
TPA for 3 hours), an effect that is similar to PARP-1 knockdown (Fig. 7A). The expression
of ABHD2, which we examined for comparison, was unaffected by TPA or PARP-1
knockdown (Fig, 7A).
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We considered the possibility that TPA-dependent signaling might inhibit the expression of
SCN1A and ITPR1 by blocking the localization and/or function of PARP-1 at their
promoters. Treatment with TPA promoted the release of PARP-1 from these promoters (Fig.
7B), perhaps as a direct target endpoint of the signaling pathway. Given that TPA promoted
the release of PARP-1 from the SCN1A and ITPR1 promoters, we expected that TPA might
promote the same molecular outcomes as PARP-1 knockdown at these promoters. In this
regard, we observed an increase in H1 binding (Fig. 7C), a decrease in Pol II and TBP
binding (Fig. 7, D and E), and a decrease in the levels of H3K4me3 (Fig. 7, F and G) upon
TPA treatment. Thus, for these endpoints, TPA treatment and PARP-1 knockdown are
functionally similar.

To determine if KDM5B might be involved in this pathway as well, we monitored
H3K4me3 and KDM5B binding at the promoters in response to TPA treatment. As with
PARP-1 knockdown, TPA treatment caused a decrease in H3K4me3 levels and an increase
in KDM5B binding to the promoters (Fig. 7, G and H). To directly link KDM5B to these
TPA-mediated effects, we examined the set of functional endpoints in MCF-7 cells
subjected to knockdown of KDM5B. We found that knockdown of KDM5B inhibited TPA-
mediated repression of SCN1A and ITPR1 (Fig. 7I). In addition, we found that knockdown
of KDM5B inhibited TPA-mediated effects on Pol II, H1, and H3K4me3 (Fig. S4; compare
the Luc KD + TPA versus the KDM5B KD + TPA conditions). Together, these results
indicate that cellular signaling pathways, like those mediated by TPA, can regulate gene
expression by abrogating PARP-1 binding at the promoter, which in turn allows H1 binding,
KDM5B binding, and the removal of H3K4me3.

Discussion
In this study, we examined the functional interplay between PARP-1, H3K4 trimethylation,
and the linker histone H1. We found that PARP-1 is required for a series of molecular
outcomes at the promoters of genes whose expression is dependent on PARP-1 (“positively
regulated” genes). Specifically, our experiments using shRNA-mediated knockdown show
that PARP-1 establishes a permissive chromatin environment at the promoters of these
genes by preventing the demethylation of H3K4me3 through the PARylation, inhibition, and
exclusion of KDM5B, while promoting the exclusion of H1 and increased accessibility of
the promoter DNA at the TSS. Upon depletion of PARP-1, these outcomes do not occur
efficiently. The permissive chromatin environment is required for the efficient loading of the
Pol II transcription machinery (e.g., Pol II, TBP, TFIIB) and subsequent transcription (Fig.
7). Finally, our results indicate that cellular signaling pathways use the regulated depletion
of PARP-1 from promoters to inhibit gene expression.

PARP-1 prevents demethylation of H3K4me3 at the promoters of positively regulated
genes by antagonizing KDM5B

PARP-1 has long been known to regulate chromatin structure, yet the underlying
mechanisms and targets have not been clearly determined (Krishnakumar and Kraus, 2010).
Our results indicate that PARP-1 regulates chromatin in at least two ways. First, it regulates
the covalent posttranslational modification of chromatin by preventing demethylation of
H3K4me3, a histone modification that is positively correlated with gene expression
(Ruthenburg et al., 2007). Second, it regulates the composition of chromatin by promoting
the exclusion of H1, a nucleosome-binding protein associated with gene repression (Happel
and Doenecke, 2009).

With respect to the former, we have shown herein that PARP-1 promotes the exclusion of
the H3K4me3 demethylase KDM5B from promoter chromatin (Fig. 3H) through a
mechanism that requires PARP-1 catalytic activity (Fig. 5 and Fig. S2, G – M). As such,
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PARP-1 is able maintain the levels of H3K4me3 elevated at the promoters of positively
regulated genes, which helps to maintain an active chromatin environment. The intimate
interplay between PARP-1 and KDM5B is illustrated by our studies showing that (1)
PARP-1 and H3K4me3 colocalize on many promoters across the genome (Fig. 3, A – E) and
(2) the requirement for PARP-1 to maintain a variety of molecular outcomes at the
promoters of positively regulated target genes (e.g., Pol II and TBP binding, H1 exclusion,
transcription) is abrogated upon KDM5B knockdown (Fig. 4; Fig. S1, D – I). In addition,
our data suggest that while H3K4me3 demethylation by KDM5B is necessary for reducing
gene expression, it is not sufficient, and that PARP-1 protein must also be physically
removed from the promoter to allow for H1 binding and subsequent changes in chromatin
structure.

How does PARP-1 exclude KDM5B and prevent KDM5B-dependent H3K4me3
demethylation? Our results indicate that PARP-1 binds to and PARylates KDM5B (Figs. 6,
A – C), which inhibits the H3K4me3 demethylase activity of KDM5B (Fig. 6E; Fig. S3A)
and blocks its binding to promoter chromatin (Fig. 5, B and C). PARP-1-mediated
PARylation has been shown to be an effective mechanism for inhibiting the activity of
transcription-related proteins due to its ability to block protein-protein or protein-DNA
interactions (Krishnakumar and Kraus, 2010). In this regard, we found that PARylation of
KDM5B inhibits its ability to bind H3 (Fig. 6F; Fig. S3B). Previous studies have implicated
PARP-1 enzymatic activity in the regulation of factor binding or exchange at target
promoters (Ju et al., 2006; Ju et al., 2004). In this regard, PARP-1’s effects on KDM5B
might be part of a broader process designed to establish a set of histone modifications
permissive to transcription (i.e., regulating the binding of enzymes that elevate H3K4me3
and H3/H4 acetylation, or reduced H3K27me3).

What role might H3K4me3 play in the PARP-1-dependent transcription process? Previous
studies have shown that this modification creates a binding site for structural modules within
a variety of proteins that regulate chromatin structure and transcription (Ruthenburg et al.,
2007), including the PHD finger of TAF3, a component of TFIID (Vermeulen et al., 2007).
The binding of H3K4me3 by TAF3 has been shown to direct the binding of TFIID at
promoters (Vermeulen et al., 2007). In this regard, we found that depletion of PARP-1,
which reduces the levels of H3K4me3 at positively regulated promoters, also reduces the
binding of TBP, another component of TFIID (Fig. 1F). These effects of PARP-1 on TBP
binding are antagonized by KDM5B, and the requirement for PARP-1 to maintain TBP
levels is abrogated upon knockdown of KDM5B (Fig. 4B; Fig. S1F). Thus, one aspect of
PARP-1-dependent maintenance of H3K3 trimethylation may be the promotion of TFIID
binding (Fig. 7J).

PARP-1 promotes the exclusion of H1 and the formation of open chromatin structures at
the promoters of positively regulated genes

In addition to preventing H3K4me3 demethylation by promoting the exclusion of KDM5B,
PARP-1 antagonizes the binding of H1 at the promoters of positively regulated target genes
(Figs. 1D and 7J), likely through competition for overlapping binding sites on nucleosomes
(Kim et al., 2004). PARP-1 catalytic activity is not required for this effect (Fig. S2C),
consistent with the results of our revious biochemical assays showing that PARP-1 catalytic
activity is not required for the displacement of H1 from nucleosomes (Kim et al., 2004).
These results are also consistent with our genomic assays showing that PARP-1 and H1
exhibit a reciprocal pattern of binding at promoters across the genome (i.e., H1 is depleted
where PARP-1 is enriched) (Krishnakumar et al., 2008). Our current results, however,
suggest that additional mechanisms may also contribute to the PARP-1-dependent exclusion
of H1 from promoter chromatin. For example, the effects of PARP-1 knockdown on H1
binding are abrogated upon KDM5B knockdown (Fig. 4C; Fig. S1G), suggesting a role for
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KDM5B. The actions of KDM5B in this PARP-1-dependent process may be through
demethylation of H3K4me3 (Fig. 7), or perhaps demethylation of H1 or another chromatin-
and transcription-related factor.

A key consequence of PARP-1-dependent antagonism of H1 binding is the maintenance of
an open chromatin architecture at the TSSs of positively regulated genes. Previous studies
have shown that H1 binding to nucleosomes can promote the formation of a closed
chromatin architecture that is repressive to transcription (Happel and Doenecke, 2009). In
such cases, removal of H1 is required for efficient transcription. In this regard, we found that
PARP-1-dependent antagonism of H1 binding correlates with an open chromatin
architecture (Fig. 2C) and the binding of the Pol II transcription machinery (Pol II, TBP, and
TFIIB; Fig. 1, E, F and G). Our studies suggest a scenario in which PARP-1 acts upstream in
an ordered series of events including the removal of H1, opening of the promoter chromatin
architecture, and binding of the Pol II transcription machinery (Fig. 7J). This is consistent
with models proposed in the literature (Campos and Reinberg, 2009; Li et al., 2007).

Requirement for PARP-1 catalytic activity at the promoters of positively regulated target
genes

The role of PARP-1 enzymatic activity in transcriptional regulation has been studied in
various gene contexts with different transcriptional activators (D’Amours et al., 1999;
Frizzell et al., 2009; Krishnakumar and Kraus, 2010). In some cases, PARP-1 enzymatic
activity was found to be required (e.g., with HES1 and Elk1) (Cohen-Armon et al., 2007; Ju
et al., 2004), while in others it was not (e.g., NF-κB and retinoic acid receptor) (Hassa and
Hottiger, 2002; Pavri et al., 2005). We found that PARP-1 enzymatic activity is not solely
responsible for PARP-1-dependent effects on the transcription of positively regulated target
genes (Fig. S2A), but it is required for some of the specific molecular outcomes that we
tested. For example, PARP-1 enzymatic activity is required for the prevention of H3K4me3
demethylation through inhibition of KDM5B binding (Fig. 5; Fig. S2, G – M), while it is
dispensable for the inhibition of H1, Pol II, and TBP binding (Supplemental Fig. S2, C, D
and F).

Why might the increased KDM5B binding observed upon PARP-1 knockdown (Fig. 3H),
which inhibits the transcription of positively regulated target genes (Fig. 1B), have a
different effect than the increased KDM5B binding observed upon PARP-1 inhibition with
PJ34 (Fig. 5B), which does not inhibit transcription of those genes (Supplemental Fig.
S2A)? The answer is likely that with PARP-1 knockdown, the PARP-1 protein is removed,
while with PJ34, it is not. Although inhibition of PARP-1 enzymatic activity might allow
certain steps in the pathway involving KDM5B, the removal of the PARP-1 protein itself is
required to allow the binding of H1 and subsequent steps (e.g., promoting a closed
chromatin architecture, inhibiting Pol II occupancy, repressing transcription) (Fig. 7J).
Although the specific molecular role(s) played by PARP-1 enzymatic activity in the
transcription process have been difficult to sort out (Cohen-Armon et al., 2007;Frizzell et al.,
2009;Hassa and Hottiger, 2002;Ju et al., 2006;Ju et al., 2004;Pavri et al., 2005), our results
have helped to discern distinct molecular roles played by PARP-1 protein and PARP-1
enzymatic activity.

Cellular signaling pathways regulate PARP-1-dependent molecular outcomes at target
gene promoters

PARP-1 has been implicated in a number of different signal-dependent gene regulatory
pathways, including those mediated by activation of PKC, CaM kinase IIδ, estrogen
signaling, retinoic acid signaling, or NF-κB-dependent proinflammatory signaling (Hassa
and Hottiger, 2002; Ju et al., 2006; Ju et al., 2004; Krishnakumar and Kraus, 2010; Pavri et
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al., 2005). We found that signaling in the PKC pathway can inhibit the expression of a
subset of genes positively regulated by PARP-1, including SCN1A and ITPR1 (Fig. 7A;
Table S1). Our molecular analyses indicate that TPA promotes the loss of PARP-1 from the
promoters of these genes (Fig. 7B). Like shRNA-mediated knockdown of PARP-1, the
TPA-dependent reduction of PARP-1 binding at these promoters leads to an increase in the
binding of H1 and KDM5B (Fig. 7, C and H), as well as a reduction in the binding of Pol II
and TBP (Fig. 7, D and E), and the levels of H3K4me3 (Fig. 7G). Thus, modulation of
PARP-1 binding to chromatin as an endpoint of cellular signaling pathways can provide a
means of regulating gene expression programs important for cellular outcomes. These
outcomes may play key roles in diseases such as breast cancer, a condition for which both
PARP-1 and KDM5B have been implicated

Collectively, our results help to elucidate the mechanisms by which PARP-1 regulates
chromatin structure and transcription. More broadly, our results help to clarify the molecular
mechanisms by which specific chromatin-binding and histone-modifying proteins interact to
alter chromatin structure and function to regulate gene transcription.

Experimental Procedures
Additional details about the experimental procedures can be found in the Supplemental
Materials.

Cells lines and shRNA-mediated knockdown
MCF-7 cells were maintained and propagated as described previously (Frizzell et al., 2009).
shRNA-mediated knockdown of PARP-1 and KDM5B using stable retrovirus-mediated
gene transfer was performed as described previously (Frizzell et al., 2009). Control-matched
cells expressing shRNAs targeting luciferase (Luc) were generated in parallel. Retrovirus
infected cells were selected and maintained under appropriate drug conditions (0.5 μg/ml
puromycin and 800 μg/ml G418). PARP-1 knockdown MCF-7 cells with ectopic re-
expression of FLAG-tagged wild-type or catalytically inactive PARP-1 have been described
previously (Frizzell et al., 2009)

mRNA expression analyses
Total RNA was isolated from cells at about 80% confluence using Trizol Reagent
(Invitrogen), reverse transcribed, and subjected to real-time quantitative PCR (qPCR) using
gene-specific primers. All target gene transcripts were normalized to the β-actin transcript.

Chromatin immunoprecipitation (ChIP) assays
ChIP-qPCR was performed as described previously (Krishnakumar et al., 2008). For ChIP
assays with the KDM5B antibody, we included an additional crosslinking step with 10 mM
dimethyl suberimidate (Pierce) for 10 min. prior to formaldehyde crosslinking.

Micrococcal nuclease (MNase) protection assays
Nuclei were prepared from formaldehyde-crosslinked cells and chromatin was isolated. The
chromatin samples were divided into two aliquots, one of which was digested with MNase
to yield mononucleosomes and the other was lightly sonicated. Both samples were then
incubated at 65°C overnight to reverse the crosslinks. The DNA was cleared of protein and
residual RNA by digestion with proteinase K and RNase H, respectively. The enrichment of
MNase digested DNA relative to sonicated genomic DNA (“relative protection”) at specific
genomic locations was determine by qPCR with overlapping amplicons.
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Statistical tests for the gene-specific assays
Each gene-specific experiment (i.e., RT-qPCR, ChIP-qPCR, MNase-qPCR) was conducted
a minimum of three times with independent biological replicates to ensure reproducibility.
The significance of differences between experimental and control samples was determined
using a Student’s t-test or ANOVA, as indicated in the figure legends.

ChIP-chip and genomic data analyses
ChIP for PARP-1, H3K4me3, and H3 coupled with hybridization to promoter microarrays
was performed as described previously (Krishnakumar et al., 2008) using a custom RefSeq
promoter array from NimbleGen (−3 kb to +3 kb relative to the TSS). Genomic data
analyses using a 1 kb moving window with 250 bp steps were performed as previously
described (Krishnakumar et al., 2008). The data can be accessed through the NCBI/GEO site
using accession number GSE19619.

Immunoprecipitation of KDM5B from cells and detection of PARylation
Immunopreciptation of KDM5B from MCF-7 nuclear extracts was performed using an
antibody to KDM5B versus a control rabbit IgG. The nuclear extract was incubated with 5
μl of either antibody and protein A-agarose beads for 16 hours at 4°C, followed by
sequential washes with 100 mM, 150 mM, and 300 mM KCl. Immunoprecipitated proteins
were subjected to Western blotting with antibodies to KDM5B, PAR, and PARP-1. Similar
experiments were performed using HEK-293T cells with ectopic expression of full-length
Myc-tagged KDM5B.

PARylation-coupled in vitro histone binding and demethylation assays
In vitro PARylation (or mock PARylation) reactions were set up using immobilized
recombinant KDM5B (full-length Myc-tagged from mammalian cells or a 6xHis-tagged
amino-terminal fragment from bacteria), recombinant 6xHis-PARP-1, and NAD+ as
indicated in the figures. Subsequently, the immobilized KDM5B was washed to remove the
PARP-1 and NAD+, leaving PARP-1-free PARylated or unPARylated KDM5B. H3
demethylation assays were set up using the immobilized KDM5B (or corresponding control
resins from untransfected or uninduced cells). Histone binding assays were performed under
similar conditions. The resin was then washed three times, boiled in SDS loading solution,
and analyzed by Western blotting.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. PARP-1 promotes the binding of RNA Pol II and components of the basal
transcription machinery to the promoters of positively regulated target genes
(A) Western blot showing shRNA-mediated knockdown of PARP-1 with β-actin as an
internal standard.
(B) Analysis of mRNA expression for six genes by RT-qPCR in MCF-7 cells with PARP-1
knockdown. The data are expressed relative to control (Luc) knockdown cells. Each bar
represents the mean plus the SEM, n ≥ 3. The differences observed for all genes except
ABHD2 are significant (Student’s t-test, p ≤ 0.05).
(C – H) ChIP-qPCR analyses of factor or histone levels at the promoters of the PARP-1
target genes from panel A in control (Luc) and PARP-1 knockdown (KD) cells. Each bar
represents the mean plus the SEM, n ≥ 3. The differences observed for the positively
regulated genes (i.e., TMSL8, SCN1A, NELL2, ITPR1) are significant for panels C – G. The
differences observed for the negatively regulated gene (i.e., GDF15) are significant for
panels C, F, and G (Student’s t-test, p ≤ 0.05).
(see Table S1)
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Figure 2. PARP-1 maintains an open chromatin architecture at the TSSs of positively regulated
target genes
(A) Agarose gel showing ethidium bromide-stained DNA from sonicated chromatin (S) or
MNase digested chromatin (M) isolated from MCF-7 cells. Size markers are shown.
(B) Schematic of the qPCR amplicons used for the MNase protection assays. Overlapping
amplicons were used to determine the enrichment of MNase digested DNA relative to
sonicated genomic DNA at specific genomic locations spanning from −300 to +300 bp
relative to the TSS for each gene indicated.
(C) MNase protection experiments in control (Luc) and PARP-1 knockdown (KD) MCF-7
cells. qPCR with overlapping amplicons (see Fig. 2B). Each point represents the mean ± the
SEM, n ≥ 3. The shaded region indicates statistically significant differences between the
Luc and PARP-1 knockdown conditions (Student’s T-test, p ≤ 0.05).
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Figure 3. PARP-1 binding correlates with histone H3 lysine 4 trimethylation at promoters across
the genome
ChIP-chip analysis of PARP-1, H3K4me3, and H3 at ~23,500 TSSs (−3 kb to +3 kb).
(A) Heatmaps showing a visual representation of the ChIP-chip data.
(B) Average PARP-1, H3K4me3, and H3 ChIP-chip signals across promoters based on
expression quartile (0 – 25% = lowest expression; 75 – 100% = highest expression).
(C) Multiple correlation analysis for PARP-1, H3K4me3, and H3 ChIP-chip signals at the
TSS. The Spearman correlation coefficients and the p-value are shown.
(D and E) The total and overlapping peaks of PARP-1 and H3K4me3 are shown in a Venn
diagram (panel D) and a table (panel E).
(F and H) ChIP-qPCR analysis of H3K4me3 and KDM5B levels at target gene promoters in
control (Luc) and PARP-1 knockdown (KD) MCF-7 cells. Each bar represents the mean
plus the SEM, n ≥ 3. The differences observed for GDF15, TMSL8, SCN1A, NELL2, ITPR1
are significant (Student’s t-test, p ≤ 0.05).
(G) KDM5B is the most highly expressed KDM5 isoform in MCF-7 cells. Average signal
intensities for KDM5 isoforms from three different Affymetrix expression arrays. Each bar
represents the mean plus the SEM.

Krishnakumar and Kraus Page 17

Mol Cell. Author manuscript; available in PMC 2011 September 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Antagonism of KDM5B-dependent H3K4me3 demethylation by PARP-1 promotes a
transcriptionally permissive environment at the promoters of positively regulated target genes
The experiments in this figure used MCF-7 cells with knockdown of PARP-1 + Luc (PL),
KDM5B + Luc (KL), or PARP-1 + KDM5B (PK), matched with an appropriate control cell
line expressing two shRNAs targeting luciferase (LL).
(A) Analysis of mRNA expression for six genes by RT-qPCR in PARP-1 and KDM5B
knockdown MCF-7 cells. The data are expressed relative to LL cells. Each bar represents
the mean plus the SEM, n ≥ 3. The differences observed for PL relative to LL are significant
for all genes except ABHD2 (ANOVA, p ≤ 0.05).
(B and C) ChIP-qPCR analysis of factor, histone, and histone modification levels at the
promoter of the PARP-1 target gene, ITPR1, in MCF-7 cells with PARP-1 and KDM5B
knockdown, as indicated. Each bar represents the mean plus the SEM, n ≥ 3. The
differences observed for PL relative to LL are significant for all ChIPs except H3 (ANOVA,
p ≤ 0.05).
(D) MNase protection experiments in MCF-7 cells with PARP-1 and KDM5B knockdown,
as indicated, for ITPR1. Each point represents the mean ± the SEM, n ≥ 3. The shaded
region indicates statistically significant differences between the LL and PL cells (Student’s
t-test, p ≤ 0.05).
(E) MNase protection data at the TSS from panel D, above. Each bar represents the mean
plus the SEM, n ≥ 3. The differences observed for PL relative to LL are significant
(ANOVA, p ≤ 0.05).
(see Fig. S1)
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Figure 5. The enzymatic activity of PARP-1 is required to antagonize the actions of KDM5B at
target gene promoters
(A and B) ChIP-qPCR analysis of H3K4me3 and KDM5B levels at target gene promoters in
MCF-7 cells treated with or without 5 μM PJ34 for 1.5 hours before collection. Each bar
represents the mean plus the SEM, n ≥ 3. The differences observed for TMSL8, SCN1A,
NELL2, and ITPR1 are significant (Student’s t-test, p ≤ 0.05).
(C and D) ChIP-qPCR analysis of H3K4me3, KDM5B, H3, or ectopically expressed
PARP-1 (FLAG) levels at the promoter of the PARP-1 target gene, ITPR1, in MCF-7 cells
with or without: (1) PARP-1 knockdown (KD) or PARP-1 KD + ectopic expression of wild-
type (Wt) or catalytically inactive (Cat) FLAG-tagged RNAi-resistant PARP-1 or (2)
KDM5B KD or KDM5B KD + 5 μM PJ34 treatment for 1.5 hours before collection, as
indicated. Each bar represents the mean plus the SEM, n ≥ 3. The differences observed for
H3K4me3 and KDM5B are significant (ANOVA, p ≤ 0.05).
(see Fig. S2)
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Figure 6. PARP-1 binds to, PARylates, and inhibits the histone demethylase activity of KDM5B
(A and B) PARP-1 binds to and PARylates KDM5B in MCF-7 cells in the absence, but not
the presence, of 5 μM PJ34 for 1.5 hours before collection (panel A), and in control
knockdown (Luc), but not PARP-1 knockdown, cells (panel B). KDM5B was
immunoprecipitated from nuclear extracts and the immunoprecipitated material (IP) was
subjected to Western blotting using antibodies to KDM5B, PARP-1, and PAR. C, IP with
non-specific control antibody; K, IP with KDM5B antibody; In, input.
(C) Myc-tagged KDM5B ectopically expressed in HEK-293T cells is PARylated. IP-
Western blotting experiments with Myc IP/KDM5B Western and KDM5B IP/Myc Western
as shown. The immunoprecipitated material was also subjected to Western blotting for PAR.
(D) Schematic diagram of the in vitro H3 demethylation and H3 binding assays shown in (E)
and (F). Dotted line separating the PARylation and demethylation/binding reactions
corresponds to the dotted lines in (E) and (F).
(E) NAD+-dependent PARylation of KDM5B by PARP-1 in vitro inhibits KDM5B histone
demethylase activity. Reactions were set up as indicated using PARylated or unPARylated
Myc-KDM5B immunoprecipitated from HEK-293T cells (or control IP material) and core
histones from HeLa cells. The reactions were then subjected to Western blotting as
indicated.
(F) NAD+-dependent PARylation of KDM5B by PARP-1 in vitro inhibits KDM5B histone
H3 binding activity. Reactions were set up as in (E) with KDM5B immobilized on protein G
resin. The bound material was washed and subjected to Western blotting as indicated. (see
Fig. S3)
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Figure 7. Signaling in the PKC pathway promotes the removal of PARP-1 from promoters to
negatively regulate gene expression
(A) Analysis of mRNA expression for three genes by RT-qPCR in MCF-7 cells treated with
100 ng/ml TPA for 3 hours versus MCF-7 cells with PARP-1 knockdown. The data are
expressed relative to untreated LL cells. Each bar represents the mean plus the SEM, n ≥ 3.
The differences observed for all genes except ABHD2 are significant (Student’s T-test, p ≤
0.05).
(B – H) ChIP-qPCR analysis of factor, histone, or histone modification levels at the
promoters of three genes, as indicated, in MCF-7 cells with or without 100 ng/ml TPA
treatment for 3 hours. Each bar represents the mean plus the SEM, n ≥ 3. The differences
observed with TPA are significant for SCN1A and ITPR1 for panels C, D, E, G, and H
(Student’s T-test, p ≤ 0.05).
(I) Analysis of mRNA expression for three genes by RT-qPCR in MCF-7 cells with
KDM5B knockdown. The data are expressed relative to untreated LL cells. Each bar
represents the mean plus the SEM, n ≥ 3. The differences observed for SCN1A and ITPR1
are significant (ANOVA, p ≤ 0.05).
(J) Model of PARP-1-dependent gene regulation derived from the data shown herein and the
literature. Additional details are provided in the Discussion.
(see Fig. S4).
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