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Abstract

Interactions with cofactors regulate transcriptional activity and also help HOX proteins to achieve the specificity required for
transcriptional regulation of target genes. In this study, we describe a novel protein/protein interaction of HOXB7 with poly
(ADP-ribose) polymerase-1 (PARP-1) that involves the homeodomain of HOXB7 and the first zinc finger domain of PARP-1.
Upon binding to PARP-1, HOXB7 undergoes poly(ADP-ribosyl)altion resulting in a reduction of its transcriptional activity.
Since aspartic acid and glutamic acid residues are acceptors of the ADP ribose moiety transferred by PARP-1, deletion of the
evolutionarily conserved C-terminal Glu-rich tail of HOXB7 dramatically attenuates ADP-ribosylation of HOXB7 by PARP-1.
Further, a mutant of HOXB7 without the Glu-rich tail loses the ability to be negatively regulated by PARP-1 and becomes
transcriptionally more active in luciferase reporter assays. Since the homeodomain is highly conserved among HOX proteins,
five other HOX proteins were tested. All six showed interaction with, and were poly(ADP-ribosyl)ated by PARP-1. However,
among them, this modification altered the DNA binding activity of only HOXA7 and HOXB7. In summary, this study
identifies a new interacting partner of HOX proteins. More importantly, this study reveals a novel mechanism whereby
polyADP-ribosylation regulates transcriptional activities of HOX proteins such as HOXB7 and HOXA7.

Citation: Wu X, Ellmann S, Rubin E, Gil M, Jin K, et al. (2012) ADP Ribosylation by PARP-1 Suppresses HOXB7 Transcriptional Activity. PLoS ONE 7(7): e40644.
doi:10.1371/journal.pone.0040644

Editor: Mohamed-Ali Hakimi, French National Centre for Scientific Research, France

Received July 7, 2011; Accepted June 13, 2012; Published July 23, 2012

Copyright: � 2012 Wu et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: Support for this work was provided by DOD-DAMD-17-02-1-0429 postdoctoral fellowship (X.W.), the Breast Cancer SPORE: NIH P50CA88843 and DOD-
COE W81XWH-04-1-0595 (S.S.), NIH AI64706 and ES015210 (H.C.H.). The funders had no role in study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: saras@jhmi.edu (SS); xinyan@jhmi.edu (XW)

Introduction

The HOX family of proteins is composed of 39 evolutionarily

conserved transcription factors characterized by a 61-amino acid

DNA binding domain (homeodomain). The 39 HOX genes are

organized into four paralogous clusters, HOX-A to -D, on four

different autosomal chromosomes, and are colinearly expressed

during embryogenesis in the order of their genomic localization

[1]. The strict temporal and spatial expression pattern of HOX

genes is critical for HOX protein regulation of embryonic

development and for the maintenance of homeostasis in adult-

hood. Deregulation of their expression has been increasingly

correlated with a variety of diseases including cancers [2]. For

example, over-expression of HOXA9 in mouse progenitor cells

leads to myeloid leukemia [3,4]. HOXB7 mRNA is overexpressed

in breast and ovarian carcinomas and can promote metastasis by

induction of epithelial-mesenchymal transition (EMT) [5];

HOXB13 overexpression correlates with tamoxifen resistance in

breast cancer [6,7]. Loss of expression of HOX proteins is also

found to be related to tumorigenesis. For instance, HOXA5

expression is frequently lost in high-grade breast tumors and leads

to resistance to apoptosis [8,9].

Despite decades of research on HOX genes, their downstream

target genes still remain poorly defined. The complexity of the

regulatory networks controlled by HOX proteins, added to their

short consensus-binding motif has hampered identification of their

target genes. Because of the high homology of the homeodomain

and simplicity of the consensus core motif (TAAT) [10], it is likely

that interaction partners of HOX proteins and post-translational

modification of HOX proteins play a key role in regulating their

transcriptional activity to assist HOX proteins attain their

functional specificity. Interactions between HOX proteins and

PBX1 [11,12,13] or CBP/P300 [14], and more recently SMAD

proteins [15,16] alter the DNA-binding ability of HOX proteins

and either increase or suppress their transcriptional activities.

Conversely, under some circumstances, HOX proteins also

manipulate the functions of their partners. HOX proteins block

the histone acetyltransferase activity of CBP [14], and as recently

shown by our group [17], HOXB7 binds to both DNA-PK

complex and PARP-1. The interaction between HOXB7 and

DNA-PK increased the efficiency of DNA double strand break

repair activity [17]. However, the interaction between HOXB7

and PARP-1 and the biological function of this interaction was not

addressed.

PARP-1 is an abundant chromatin-associated enzyme in the cell

that post-translationally modifies proteins via poly(ADP-ribosyl)a-

tion, and has a demonstrated involvement in multiple crucial

cellular processes including DNA replication, DNA repair,

apoptosis, and genomic stability [18]. In addition, PARP-1 also

regulates gene expression at two different levels [19]. First, PARP-

1 modulates the epigenome by modifying histones, or by
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regulating DNA methylation status to alter chromatin structure.

Second, PARP-1 regulates gene expression by forming complexes

with other transcription factors. Focusing on the latter, a growing

body of work has shown many functional interactions between

PARP-1 and transcriptional factors. Alternatively, PARP-1

functions as a co-activator by interacting with B-MYB [20,21],

HLTV TAX [22], or HIF1 [23] and increases their DNA-binding

activity. On the other hand, PARP-1 interacts with proteins like

YY1 [24] to repress their transcriptional activity. Furthermore,

PARP-1 enzymatic activity is required for transcription regulation

in some contexts, but dispensable in others. For example, PARP-1

catalytic activity is indispensable for regulating gene expression in

cooperation with TEF-1 [25] or with topoisomerase II in ERa-
dependent gene activation [26], and in regulating the expression of

CXCL1 [27]. On the contrary, as a component of a transcriptional

complex with B-MYB [21] or RARa/RXRa heterodimers [28],

PARP-1 does not need its catalytic domain to enhance transcrip-

tion. Of note, when PARP-1 functions as a transcriptional

repressor, PARP-1 can poly(ADP-ribosyl)ate its interacting tran-

scription factors YY1, NF-kB, and TBP, and inhibit their binding

to DNA in vitro [reviewed by Kraus [29]].

In this study, we show that PARP-1 binds to HOXB7 and to

other HOX proteins, and can poly (ADP-ribosyl)ate HOX

proteins both in vivo and in vitro. However, this modification

inhibits the transcriptional activity of only HOXB7 and HOXA7,

but not of several other HOX proteins, by decreasing their DNA-

binding potential. We provide evidence that PARP-1 enzymatic

activity is necessary for its transcription repressive effect on

HOXB7 and HOXA7. This study demonstrates the interaction

between PARP-1 and HOX proteins, and suggests a potential

function for PARP-1 in embryonic development and maintenance

of homeostasis in adulthood via regulation of transcriptional

activity of HOX proteins.

Results

Interaction between HOXB7 and PARP-1
By using GST-HOXB7-Sepharose affinity chromatography

with cell extracts from several breast epithelial cells, both normal

(MCF10A, MCF12A) and cancer (SKBR3), we identified PARP-1

as a HOXB7-interaction partner [17]. To confirm this finding,

anti-GFP polyclonal antibody (that can also recognize YFP) was

used for co-immunoprecipitation to pull down the YFP-HOXB7

fusion protein transfected into SKBR3 cells, followed by Western

blot analysis. As shown in Figure 1A, PARP-1 protein specifically

co-immunoprecipitated with the YFP-HOXB7 fusion protein, but

not with YFP control protein, or following co-IP with a nonspecific

control antibody. To test the interaction under physiological

conditions, MCF-7 breast cancer cells that endogenously express

both HOXB7 and PARP-1 were used. In MCF-7 cell extracts, co-

immunoprecipitation was performed using monoclonal PARP-1 or

HOXB7 antibodies. As shown in Figure 1B, either PARP-1 or

HOXB7 antibodies can reciprocally co-immunoprecipitate the

endogenous HOXB7 and PARP-1 complex. Thus, the data is

supportive of an interaction between endogenous HOXB7 and

PARP-1 proteins in breast epithelial cells.

The Homeodomain Mediates the Interaction between
HOXB7 and PARP-1
It was of interest to define the domains of HOXB7 involved in

the interaction with PARP-1. We constructed a number of

HOXB7 deletions in which distinct regions of HOXB7 were

removed, and, in addition, used previously described [30]

deletion constructs and HOXB7 mutants. To render them

convenient for detection and immunoprecipitation, all HOXB7

mutants were constructed in-frame with the FLAG-tag coding

sequence. These mutants included: 1) mutations in the PBX1-

binding region [FB7WM (W129F, M130I)], shown to be

required for high affinity DNA-binding and transactivation; 2)

deletion of the glutamic acid-rich carboxyl terminal tail

(FB7DGLU), or 3) deletion of helix 3 of the homeodomain

(FB7Dh3). In addition, mutants of the FLAG-tagged HOXB7

expression construct were tested which had: 4) deletions of amino

acids 1–14 (FB7D1-14), 5) amino acids 38-79 (FB7D38-79) or, 6)
81-120 (FB7D81-120). Transient transfection of these constructs

into CHO cells together with PARP-1 showed that, with the

exception of FB7Dh3 (helix 3 deletion) (Fig. 1C, lane 4) that

showed reduced PARP-1 binding, other deletions/mutations in

HOXB7 had no effect on PARP-1 binding to HOXB7. These

findings suggested that the homeodomain of HOXB7 might

mediate its interaction with PARP-1. Further confirmation was

sought. Immunoprecipitation of PARP-1 with in vitro transcribed

and translated HOXB7 and its deletion mutants showed that

HOXB7 utilized its homeodomain for interaction with PARP-1

(Fig. 1D). While the full-length and glutamic acid tail-deleted

forms of HOXB7 still bound to PARP-1, deleting the entire

homeodomain in HOXB7 completely abolished the interaction.

These findings established a critical function for the HOXB7

homeodomain in mediating interactions with PARP-1.

The First Zinc Finger Domain in PARP-1 is Indispensible
for the Interaction
Next, to identify the HOXB7 interaction domain in the

PARP-1 protein, a GST pull-down assay was performed.

Sepharose-immobilized GST-HOXB7 fusion protein was used

to precipitate in vitro transcribed and translated full-length

PARP-1 and truncated mutant proteins that span the entire

PARP-1 protein including the zinc finger domains, auto-

modification domain, and catalytic domain (Fig. 2A). A first

round of screening showed that the C-terminal moiety of

PARP-1 from 372 to 1014 did not interact with HOXB7, but

that the N-terminal part (1-372) mediated the interaction

(Fig. 2B). This 372 amino acid peptide contains two zinc finger

domains which recognize DNA strand breaks and bind to DNA,

and the cleavage site at which PARP-1 is cleaved into two

peptides (24 kD and 89 kD) during apoptosis [18]. In order to

define the interaction domain, we made constructs by deleting

either the first (1-372DZF1), or the second zinc finger domain

(1-372DZF2) from the PARP-1 N-terminal moiety (1-372), and

the N-terminal cleavage domain (1-214). The GST-pull-down

assay revealed that GST-HOXB7 bound to all three peptides

that contained the first zinc finger domain (1-372, 1-372DZF2,
and 1-214), but not to the peptide lacking the first zinc finger

domain (1-372DZF1) (Fig. 2C). We further confirmed that the

first zinc figure domain is required for HOXB7-PARP-1

interaction by co-transfection of plasmids of Flag-HOXB7 and

PARP-1 with deletion of just the first zinc finger, into MCF-7

cells. The Flag-tag antibody based co-immunoprecipitation

showed that deletion of first zinc finger in PARP1 disrupted

the protein/protein interaction (Fig. 2D). These data indicated

that the first zinc finger domain directly bound to HOXB7.

Thus, the results of this series of experiments showed that the

PARP-1-HOXB7 interaction occurs through the first zinc finger

of PARP-1 and the homeodomain of HOXB7.

Poly(ADP-ribosyl)ation of HOX Proteins by PARP-1
To explore the functional consequences of this interaction, we

first examined the enzyme activity of PARP-1. PARP-1 uses

Suppression of HOXB7 by PARP-1

PLoS ONE | www.plosone.org 2 July 2012 | Volume 7 | Issue 7 | e40644



Figure 1. HOXB7 interacts with PARP-1. A. Co-immunoprecipitation of PARP-1 with HOXB7-YFP in SKBR3 cells. SKBR3 cells were stably
transfected with HOXB7-YFP (lanes 1, 4, and 7) or YFP alone as a vector control (lanes 2, 5, and 8) prior to immunoprecipitation with GFP antibodies
and subsequent Western blotting of precipitated proteins. Parental SKBR3 cells, which lack detectable HOXB7, were used as controls as well (lanes 3,
6, and 9). Lanes 1 to 3, protein levels in 100mg of total cell extract (5% of input); lanes 4 to 6, proteins that precipitated with HOXB7-YFP or controls
that did not express HOXB7 (SKBR3-YFP and parental cells). Normal rabbit serum (NRS) was used to control for specificity (lanes 7–9). B. Endogenous
interaction between HOXB7 and PARP-1. Extracts of MCF-7 cells were co-immunoprecipitated with antibodies to PARP-1, HOXB7 or p53 as
a nonspecific IgG (NS IgG). Subsequent immunoblotting was done with the antibodies indicated. C. Flag-tagged HOXB7 or constructs in which select
regions were deleted or mutated, were transiently transfected into CHO cells together with a PARP expression construct (PARPpCR3.1, where
indicated, empty plasmid was used as control) to determine if a specific region of HOXB7 mediated its interaction with PARP. Co-
immunoprecipitation with FLAG antibodies (top panel) was performed followed by immunoblot with PARP antibodies. The lower panel shows
protein expression of all transfected plasmids. Structure of FLAG-HOXB7 showing locations of point mutations and deletions is shown below. F: Flag
tagged HOXB7, P: pentapeptide, H: homeodomain, h: helix 3 of the homeodomain. D. Full length HOXB7 or deletion constructs B7-D1 or B7-D2 were
transcribed and translated in vitro in the presence of 35S-methionine prior to mixing with in vitro transcribed and translated PARP-1.
Immunoprecipitation was performed with PARP-1 monoclonal antibodies (lanes 1, 3 and 5). Complexes were resolved by SDS-PAGE and subjected to
autoradiography for 24 hours. Lanes 2, 4 and 6 are input (20%) from the TNT reactions. Deletions D1 and D2 of full length HOXB7 are shown in
Figure 2. Asterisks point to the specific bands for HOXB7 full-length or deletion proteins. P: pentapeptide, H: homeodomain.
doi:10.1371/journal.pone.0040644.g001
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NAD+ as a substrate and transfers an ADP-ribose moiety to

acceptor proteins, including itself; this automodification is the

major catalytic action of PARP-1 [19]. We examined PARP-1

automodification activity by adding 32P-labeled NAD+ into

permeabilized SKBR3 cells that were transiently transfected

with different amounts of HOXB7-expressing plasmids, followed

by separation of the proteins by SDS/PAGE. As shown in the

top panel of Figure 3A, the automodification levels of PARP-1

showed no significant change with increasing expression levels

of HOXB7 (Fig. 3A). Given that PARP-1 can also modify many

other DNA associated proteins, HOXB7 may also be poly(ADP-

ribosyl)ated via interaction with PARP-1. To test this possibility,

we incubated GST or GST-HOXB7 fusion proteins and 32P-

NAD+ with or without PARP-1 protein. GST-HOXB7

specifically modified only when the enzyme PARP-1, substrate
32P-NAD+ and GST-HOXB7 were combined together. The

GST protein by itself was not modified (Fig. 3B). The

modification on HOXB7 was examined in intact cells as well.

Figure 2. Defining regions of PARP-1 that interact with HOXB7. A. The molecular structure of PARP-1 and the deletion constructs used in the
present study are shown in the panel. B, C. Full-length PARP-1 and different truncations of PARP-1 proteins as indicated were in vitro transcribed and
translated (TNT) in presence of the 35S-methionine and subjected to GST-HOXB7 or GST pull-down assay (left panels Fig. 2B and 2C). The right panels
of Figure 2B and 2C show the input (20%) of the PARP-1 full-length and truncation proteins from TNT products. D. Plasmids coding Flag-tagged
HOXB7 and Myc-tagged wild type PARP1 or first zinc-finger deleted PARP1 were cotransfected into MCF-7 cells. Cell lysates were immunoprecipitated
with anti-Flag antibody. PARP-1 and HOXB7 protein were detected with anti-Myc or anti-Flag antibodies.
doi:10.1371/journal.pone.0040644.g002

Suppression of HOXB7 by PARP-1
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FLAG-tagged HOXB7 (FB7)-transfected SKBR3 cells were

permeabilized with 0.01% digitonin and incubated with 32P-

NAD+ followed by lysis and immunoprecipitation with anti-

FLAG antibody. The autoradiograph showed the presence of
32P poly(ADP-ribosyl)ated FB7; this reaction could be sup-

pressed by the PARP inhibitor, DPQ (Fig. 3C). These results

suggested that HOXB7 is, in all likelihood, poly(ADP-ribosy-

l)ated via interaction with PARP-1.

PARP-1 Suppresses HOXB7 Transcription Activity by
polyADP-ribosylation
As an abundant nuclear protein, PARP-1 can modify a wide

spectrum of proteins, the majority of which are DNA-associated

proteins. A battery of studies has shown that PARP-1 can

poly(ADP-ribosyl)ate chromatin-associated proteins such as his-

tones, and disrupt compact chromosome structures to facilitate

transcription [29]. PARP-1 can also poly(ADP-ribosyl)ate tran-

Figure 3. HOXB7 is the substrate of PARP-1 and is poly(ADP ribosyl)ated by PARP-1. A. Different amounts of Flag tagged HOXB7 plasmids
were transfected into SKBR3 cells, cells were harvested and permeabilized by 0.01% digitonin in PARP-1 activity reaction buffer. PARP-1 auto-
modification was visualized by autoradiograph after the cell lysates were separated by SDS-PAGE (top panel). Immunoblot with anti-Flag, PARP-1 and
b-actin antibodies were performed after autoradiography (bottom panels). B. GST and GST-HOXB7 fusion proteins were incubated with or without
purified PARP-1 protein or 32P NAD+. After 30 minutes incubation, free 32P NAD+ and unbound PARP-1 proteins were washed off with reaction
buffer. Proteins on glutathione sepharose beads were then separated by SDS-PAGE and transferred to PVDF membrane and stained with Ponceau
(left panel). The poly(ADP ribosyl)ated proteins were visualized by autoradiography (right panel). C. Vector control and Flag-tagged HOXB7 plasmids
were transfected into SKBR3 cells. Cells were harvested and incubated with PARP-1 activity assay buffer including 32P NAD+ or PARP-1 inhibitor
(20 mM DPQ). Cell lysates were immunoprecipitated with anti-Flag antibody and separated by SDS-PAGE followed by autoradiography (top panel)
and immunoblotting with anti-Flag antibodies (bottom panel).
doi:10.1371/journal.pone.0040644.g003
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scription factors (SRY, YY1 and TBP and others) [29,31],

resulting in a massive increase of negative charge on these

transcription factors which, as a consequence, decreases their

DNA-binding ability. We hypothesized that PARP-1 mediated

modification may also alter HOXB7-mediated transcriptional

function. To test this, luciferase reporter assays were performed.

Different amounts of HOXB7 and PARP-1 were cotransfected

with a luciferase reporter construct containing 6 HOX-responsive

elements (TTAT) [11] into HeLa cells. Increasing the concentra-

tion of PARP-1 resulted in a stepwise decrease in transcriptional

activation of the luciferase reporter by HOXB7 (Fig. 4A). In

a second set of experiments, we kept the amount of PARP-1

constant while increasing the amount of HOXB7 (Fig. 4B).

HOXB7 transcriptional activity was always lower in cells that had

been transfected with the PARP-1 expression plasmid, in

comparison to cells transfected with control vector. Moreover,

treatment with the PARP inhibitor, DPQ (3,4-Dihydro-5[4-(1-

piperindinyl)butoxy]-1(2H)-isoquinoline), restored the activity of

HOXB7 on the reporter even in the presence of PARP-1 (Fig. 4B).

To determine specificity of the transcriptional suppression of

HOXB7 by PARP-1, the SMAD3/4 responsive luciferase report

system was used as a control. As predicted, overexpression of

PARP-1 did not interfere with the transcriptional activity of

SMAD3/4 (data not shown). Thus, PARP-1 mediated modifica-

tion appears to reduce HOXB7-mediated transcriptional function.

Next, to test if the suppression of transcriptional activity of

HOXB7 by PARP-1 is the result of the interaction between

PARP-1 and HOXB7 or the poly(ADP-ribosyl)ation of HOXB7

itself but not other HOXB7 interacting cofactors such as PBX1,

we performed electrophoretic mobility shift assays. The left panel

of Figure 4C shows that the probe which contains HOX protein

binding motifs [32] bound specifically to HOXB7 but not to GST

or PARP-1. The addition of PARP-1 and substrate NAD+
significantly attenuated HOXB7-DNA-binding activity. The

suppression that occurred was similar to the levels attained by

competition with unlabeled probe present at concentrations 100

times higher than the 32P-labeled probe (Fig. 4C). Notably,

addition of PARP-1 alone did not suppress the ability of HOXB7

binding (Fig. 4C) to the probe, and did not result in a band shift,

suggesting that PARP-1 is not stably interacting with HOXB7 at

this level. These data showed that the interaction between PARP-1

and HOXB7 alone was not sufficient to suppress HOXB7 binding

to DNA. In fact, it raised the possibility that the PARP-1

enzymatic activity may be necessary for the suppression.

To further confirm the suppression of HOXB7-mediated

transactivation by PARP-1, oligonucleotide precipitation (ONP)

assays were performed in SBKR3 breast cancer cells. We found

that, compared to the cells transfected with HOXB7 and control

vector plasmids, the binding ability of HOXB7 to the probe

containing homeobox binding sequence (HBS) [32] was reduced

in PARP-1-overexpressing cells. Treatment with DPQ restored the

binding ability (Fig. 4D). A particularly interesting finding was that

DPQ treatment of cells not transfected with PARP-1 also

increased DNA-binding by HOXB7 (Fig. 4D), suggesting an

effect of endogenous PARP-1 on HOXB7 activity. In line with this

notion, siRNA-mediated knockdown of endogenous PARP-1

elevated HOXB7 transcriptional activity in the luciferase reporter

assay (Fig. 4E). The same suppression pattern was reproduced in

a second breast cancer cell line, MCF-7 (data not shown).

The First Zinc Finger Domain and Catalytic Activity of
PARP-1 are Indispensible for the Suppression of HOXB7
Transcriptional Activity
In the experiments described above, we showed that the first

zinc finger domain in PARP-1 mediated interaction between

PARP-1 and HOXB7, and that the enzymatic activity of PARP-1

is critical for the negative regulation of HOXB7 activity. In order

to study whether both the interaction of PARP-1 with HOXB7

followed by its modification are essential for the suppression effect,

we created mutant forms of PARP-1 protein: 1) deletion of the first

zinc finger (PARPDZF1) that mediates HOXB7-PARP-1 in-

teraction and, 2) E988A mutant (PARP-1-E988A) that lacks ADP-

ribose polymerase activity [33]. The ONP assay showed (Fig. 4F)

that both mutations, PARPDZF1 and PARP-E988A resulted in

the loss of PARP-19s ability to suppress HOXB7 DNA binding

activity. Furthermore, addition of poly(ADP-ribose) glycohydro-

lase (PARG) to hydrolyze the ADP-ribose polymers present on

HOXB7 resulted in the restoration of HOXB7’s ability to bind

DNA (Fig. 4F). These data provided strong evidence that

poly(ADP-ribosyl)ation of HOXB7 is the key mechanism un-

derlying PARP-1-mediated negative regulation of HOXB7

transcriptional activity.

The Glutamic Acid Rich Tail of HOXB7 is a Negative
Regulatory Element for HOXB7 Transactivation
Aspartic acid (Asp) and glutamic acid (Glu) residues are the

known acceptors of first ADP ribose moiety transferred by PARP-

1. Of note, seven out of the last 8 amino acids at the C-terminus of

HOXB7 are Glu residues. We predicted that this Glu-rich tail

might be the target site of ADP-ribosylation and play a key role in

the suppression of HOXB7 binding and transcription by PARP-1.

To test this concept, the PARP modification assay was performed

with the HOXB7 glutamic acid tail-deletion construct, GST-B7-

DGlu. The autoradiograph showed that the ADP-ribosylation level

was dramatically lower in GST-B7-DGlu compared to the GST-

HOXB7 wild type fusion protein (Fig. 5A). These results suggested

that the glutamic acid rich tail in HOXB7 is the major poly(ADP-

ribosyl)ation site for PARP-1, but not the only site that can be

modified by PARP-1. Upon removal of the C-terminal Glu-rich

tail, modification occurred nevertheless, in the N-terminus to the

Glu-rich tail of HOXB7, albeit at a lower level.

To further confirm that the C-terminal Glu-rich tail of HOXB7

is important for PARP-1-mediated suppression of DNA binding

ability of HOXB7, the ONP assay was performed. The data

showed that, unlike the wild type HOXB7 (Figure 4D), deletion of

Glu-rich tail (HOXB7DGlu) completely abolished the PARP-1-

mediated suppression of DNA binding (Fig. 5B). This phenom-

enon was also observed in the promoter luciferase assay.

HOXB7DGlu displayed similar levels of transactivation, irrespec-

tive of whether PARP-1 was overexpressed or not (Fig. 5C). We

had shown in the previous experiment that siPARP significantly

increases HOXB7-mediated transactivation (Fig. 4E). If the Glu-

rich tail is a repressive element in HOXB7, it follows that

HOXB7DGlu should have higher transactivation capability than

the wild type HOXB7. As predicted, in comparison with wild type

HOXB7, the deleted form, HOXB7DGlu, displayed higher

transcriptional activity (Fig. 5D). Thus, in this context of PARP-

1/HOXB7 interaction, the glutamic acid rich tail of HOXB7

behaves as a negative regulatory element.

Suppression of HOXB7 by PARP-1
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Figure 4. Poly(ADP ribosyl)ation on HOXB7 by PARP-1 reduces HOXB7 transcriptional activity. A. Luciferase reporter assay were
performed 24 hours after transfection of HOXB7, different amounts of PARP-1 plasmid as indicated, along with TTATpGL3 reporting reporter plasmid
containing HOXB7 binding motifs, into HeLa cells. B. Different amounts of HOXB7 plasmids as indicated, with or without 400 ng PARP-1 plasmid and/
or its inhibitor (10 nM DPQ), were transfected into HeLa cells, and luciferase activity assay was performed 24 hours after transfection. Paired student t-
test was applied to compare the differences between both groups with or without the overexpression of PARP-1. C. Left panel: GST or GST-HOXB7
proteins were incubated with 32P labeled oligonucleotide consisting of the HOXB7-consensus binding sequence (HBS) in presence or absence of
PARP-1 proteins. Right panel: GST-HOXB7 proteins were incubated with 32P labeled oligonucleotide consisting of the HOXB7-consensus binding
sequence (lane 2) or in combination with 100-fold excess of unlabeled oligonucleotide (lane 3), or purified PARP-1 protein (lane 4), or purified PARP-1
and increasing amounts of NAD+ (lane 5, 6). D. Oligonucleotide precipitation assays (ONP) were performed by using SKBR3 cells transfected with
vector, Flag HOXB7 and/or PARP-1 plasmids. One group of HOXB7 and PARP-1 transfectants were treated with DPQ 6 hours after transfection. Cell
lysates were incubated with biotinylated HBS and/or DPQ. DNA protein complexes immobilized with streptavidin agarose beads were subjected to
western blot with Flag antibody. Biotinylated SP1 binding site probe was used as negative control. Cell lysates were also blotted with anti-Flag, PARP-
1 or b-actin antibody as loading control. E. Top panel: HOXB7 expressing and TTATpGL3 reporting plasmids were co-transfected with siPARP or siGFP
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PARP-1 Suppresses the DNA Binding Ability of HOXA7
but not Other Four HOX Proteins
Based on our findings that the homeodomain mediates the

interaction between HOXB7 and PARP-1, and since the home-

odomain is the most conserved region among HOX proteins, it is

reasonable to predict that PARP-1 will interact with other HOX

proteins as well. Since the Glu-rich tail in HOXB7 is critical for

the suppression of its transcriptional activity by PARP-1, we

performed homology comparisons among the 39 HOX family

members to narrow down our selection of HOX genes to test. We

found that, like HOXB7, four other HOX proteins (HOXA7,

HOXB6, HOXC6 and HOXC8) have Glu-rich tails (Fig. 6C). To

test whether PARP-1 is a common partner of HOX proteins and

can also suppress transcriptional regulation mediated by these

other HOX proteins, the coding sequences of the four HOX

proteins containing Glu-rich tails (HOXA7, HOXB6, HOXC6

and HOXC8) and a HOX protein without Glu-rich tails

(HOXA5) were cloned into FLAG-tag expression vector. By

immunoprecipitation with the anti-FLAG antibody, as predicted,

we found that PARP-1 is a common binding partner as well for all

five HOX proteins tested (Fig. 6A). The PARP-1 modification

assay showed that each of these HOX proteins was a substrate of

PARP-1 (Fig. 6B), and the PARP enzymatic inhibitor, DPQ,

significantly suppressed their poly(ADP-ribosyl)ation. This finding

is in line with our previous data (Fig. 5A) that although the Glu-

rich tail is the major modification site, there are other Glu or Asp

residues in HOXB7 protein that can be ADP-ribosylated by

PARP-1. This also provides an explanation for why HOXA5,

which lacks the C-terminal Glu tail, could still be modified by

PARP-1.

Next, to address whether PARP-1 can also suppress the DNA

binding ability of other HOX proteins, HOXA7, the closest

paralog to HOXB7, was tested first by ONP assays. Similar to

the data obtained with HOXB7, HOXA7 DNA-binding affinity

was suppressed by overexpression of PARP-1, and partially

restored by addition of the PARP inhibitor, DPQ (Fig. 6D).

Intriguingly, the transcriptional activity of neither the three

HOX proteins that contain Glu-rich tails (HOXB6, HOXC6

and HOXC8), nor the two HOX proteins that lack Glu-rich

tails (HOXA1 and HOXA5) were suppressed by overexpression

of PARP-1 (Fig. 6E, HOXC8 data not shown). To further

understand the determinants of PARP-1 action, we carefully

examined the Glu-rich tail of each of these HOX proteins

whose activity was not suppressed by PARP-1. We found that

the Glu-rich tails in HOXB6, HOXC6 and HOXC8 are

disrupted by insertions of basic amino acids lysine and/or

arginine, while both HOXA7 and HOXB7 lack such insertions.

To test whether the acidic milieu created by uninterrupted

stretch of Glu is important for the negative regulation by

PARP-1, a HOXB6 mutant form, HOXB6K221E, was created

by replacement of the Lys at 221 with Glu. The ONP assay

showed that, unlike wild type HOXB6, the DNA binding

activity of HOXB6K221E was suppressed by PARP-1 (Fig. 6F).

Thus, our data indicated that the uninterrupted glutamic acid

stretch in the tails of HOXB7 and HOXA7 was an important

determinant for the suppressive modulation by PARP-1.

Discussion

It is widely acknowledged that members of the HOX gene

family function as crucial transcriptional regulators in diverse

developmental programs. Recently, a growing body of evidence

has also implicated deregulated HOX gene function in various

cancers including both leukemia and solid tumors [2,34]. In stark

contrast to their complicated regulatory roles in both physiological

and pathological conditions, the consensus core recognition

sequence of HOX proteins in DNA is very simple (TAAT/

ATTA). The specificity of HOX proteins in transcriptional

regulation is mediated through interactions with cofactors [10]

that can alter the DNA-binding ability of HOX proteins and

increase regulatory specificity. Our previous work showed that

HOXB7 binds to components of the DNA repair complex, DNA-

PKcs, Ku70/Ku80, and to PARP-1 [17]. In this paper we provide

detailed analysis of the binding of HOXB7 to PARP-1, and show

that upon binding to PARP-1, HOXB7 undergoes poly(ADP-

ribosyl)ation resulting in a reduction of its transcriptional activity

A number of transcriptional factors and chromatin-associated

proteins have been reported as binding partners of PARP-1.

Interaction with PARP-1 can either increase or decrease the

transcriptional activity of its binding partners, frequently through

ADP-ribosylation. For instance, PARP-1 acts as a co-activator

when associated with ER-alpha, HIF1 and B-MYB [21,23,26]. On

the other hand, PARP-1 can suppress the transcriptional activity

of its partners such as SRY, YY1 and TBP [24,29,31] by

transferring poly(ADP-ribose) to them. It has been speculated that

the high negative charge of the poly(ADP-ribose) reduces the

interaction between the DNA-binding elements and transcription-

al factors, so that their transcriptional activity is suppressed. In line

with this notion, our studies revealed that HOXB7 was poly(ADP-

ribosyl)ated by PARP-1 (Fig. 3B, C), and as a result of the

interaction and modification, both the transcriptional activity and

DNA-binding ability of HOXB7 were repressed (Fig. 4). Further-

more, as seen in Figure 4D and 4F, inhibition of PARP enzymatic

activity restored HOXB7 transactivation, which indicated that it

was not the interaction per se, but the poly(ADP-ribosyl)ation in

particular, that repressed HOXB7 activity. More importantly,

HOXB7 transcriptional activity was elevated by suppression of

endogenous PARP-1 enzymatic activity either pharmacologically

with DPQ or by suppression of PARP-1 expression with specific

siRNA (Fig. 4D, E). This suggested that physiologically, PARP-1

functions as a specific modulator to restrict the transcriptional

potential of HOXB7. We previously reported that HOXB7 could

bind to DNA-PK and enhance its enzymatic activity [17].

Similarly, a recent report described the binding of PARP1 with

ERK, which resulted in the activation PARP1 [35]. In contrast, as

seen in Fig. 3A, in this study we found that when HOXB7 binds to

PARP-1, its enzymatic activity remained unchanged.

Previous studies have reported that the N-terminal octapeptide

region [36,37] and the pentapeptide region [38] in HOXB7, and

the automodification domain [24,39] in PARP-1 are the regions

that mediate interactions with their respective partners. However,

our analysis has shown that it is the homeodomain in HOXB7 and

the first zinc finger domain in PARP-1 that are both DNA-binding

domains mediating the interaction. Previous reports have also

shown that homeodomain could mediate protein-protein inter-

control oligomer into HeLa cells, and luciferase activity was measured 24-hours post transfection. P value, derived from the Student t-test is shown.
The efficacy of siPARP oligomer was tested by transient transfection of siRNA into HeLa cells and evaluated by western blot (bottom panel). F. Flag-
HOXB7 plasmids were co-transfected with PARP-1 full-length or PARP-1 mutant plasmids, as indicated, into SKBR3 cells. Cell lysates were used for
ONP assay in presence or absence of poly ADP ribose glycohydrolase (PARG) (top panel). The cell lysates were also used for western blot with anti-
Flag, PARP-1 or b-actin antibody as loading control.
doi:10.1371/journal.pone.0040644.g004
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actions. For instance, the homeodomain of PBX, OCT1 and

HOX proteins can mediate interactions with the pentapeptide

region in HOX proteins [40], VP16 [41], and CBP [37],

respectively. More recently, multiple HOX proteins, including

HOXB7, have been reported to interact with SMAD proteins as

well through their homeodomain [15]. Similarly, zinc finger

domains of PARP-1 have also been demonstrated to interact with

SRY [31] or Kruppel-like factor 5 [42]. As discussed above, the

physical interaction alone between PARP-1 and the home-

odomain in HOXB7 does not affect HOXB7 binding to its

consensus binding sites on DNA (Fig. 4C). It appears that the

interaction of the two proteins allows the transfer of poly(ADP-

ribose) to HOXB7. As shown in Figure 4F, similar to the PARP-1

catalytic mutation E988A, deletion of first zinc finger of PARP-1

also abolished the PARP-1-mediated suppression of HOXB7

transcriptional activity.

Our data also showed that C-terminal Glu-rich tail of HOXB7,

which is evolutionarily conserved from zebra fish to humans, is

pivotal for the transcriptional suppression of HOXB7 by PARP-1

(Fig. 5). Since the suppression is poly(ADP-ribosyl)ation de-

pendent, and aspartic acid (Asp) and glutamic acid (Glu) residues

are acceptors of first ADP-ribose moiety transferred by PARP-1,

we reasoned that the Glu-rich tail would be the major site for

ADP-ribosylation by PARP-1. The deletion of C-terminal Glu tail

significantly reduced the ADP-ribosylation on HOXB7, but not

completely abolished the modification (Fig. 5A). This confirms that

the Glu-rich tail is the major site but not the only site ADP-

ribosylated by PARP-1. Indeed, in addition to the last 7 glutamic

acids in the Glu-rich tail, there are 11-Glu and 5-Asp residues

scattered in the amino acid sequence of HOXB7 that are potential

ADP-ribosylation sites. Importantly, our study showed that the

HOXB7 lacking the Glu-rich tail had higher transactivation ability

than wild type HOXB7 (Fig. 5D). This finding suggests that the

Glu-rich tail functions as an intrinsic negative element in HOXB7,

and PARP-1 may possibly regulate the repressive efficacy of the

Glu-rich tail by the means of ADP-ribosylation. This observation

of the suppressive function of the Glu-rich tail also challenges some

published findings. For instance, in one study, deletion of the last

12 amino acids from the C-terminal end dramatically reduced the

transcriptional activity of HOXB7 [37]. However, this deletion

removed not just the Glu-rich tail, but also 4 additional amino

acids upstream of the Glu-rich tail that contain a consensus CKII

phosphorylation site, T204 [30]. Based on our data, we speculate

that HOXB7’s C-terminal peptides downstream of the home-

odomain may act as machinery that precisely fine-tunes the

activity of HOXB7. The Glu-rich tail may function negatively,

and the CKII target sequence may behave positively in regulation

of the transcriptional activity of HOXB7.

Since the interaction domain (the homeodomain) is conserved

in HOX proteins, the question arises whether regulation of

transcription by all HOX proteins is modulated by PARP-1. If so,

how critical is the Glu-rich tail for this interaction? As a matter of

fact, all six HOX proteins tested, irrespective of the presence or

absence of Glu-rich tails, could interact with PARP-1 and were

poly(ADP-ribosyl)ated (Fig. 6A, B). However, we found that this

modification suppressed DNA-binding activity in only HOXA7

and HOXB7. These two HOX proteins, unlike the other 3 HOX

proteins tested (HOXB6, HOXC6 and HOXC8) that also have

Glu-rich tails, are unique in that both have a continuous stretch of

acidic C-terminal Glu acid residues. In the others, the acidic

environment of Glu residues is interrupted by the insertion of basic

amino acids like Lysine and/or Arginine. The importance of the

continuous stretch of acidic Glu residues was confirmed in an

ONP assays using the mutant, HOXB6K221E (Fig. 6F). The

substitution by E for a K at position 221 in the HOXB6 protein

created a consistent acidic environment, rendering it sensitive to

the suppression by PARP-1.

In summary, this study identifies PARP-1 as a novel partner for

HOX proteins, and characterizes the nature of interaction

between them. Our study also revealed that all tested HOX

proteins were subject to poly(ADP-ribosyl)ation by PARP-1, but

transcriptional activity of only HOXA7 and HOXB7 was

suppressed by this modification. In this study, we have focused

on the influence of the interactions between HOX proteins and

PARP-1 on the DNA binding ability of HOX proteins. Whether

PARP-1/HOX complexes could affect interactions between HOX

proteins and their co-factors, and thereby modulate DNA binding

specificity remains to be studied. Based on the evidence that

PARP-1-modulates HOX functions, and considering the pivotal

role of HOX proteins in physiological and pathological processes,

this study suggests a wide potential influence of PARP-1 as well in

the regulation of embryonic development and tumorigenesis.

Future studies aimed at understanding, in detail, how PARP-1

regulates the binding specificity of HOXB7, HOXA7 and other

HOX proteins are needed.

Materials and Methods

Cell Culture, Plasmids, Transfection, Antibodies and
Other Reagents
All cell lines were obtained from ATCC and cultured as follows:

SKBR3 cells in McCoy’s 5A medium containing 15% fetal bovine

serum (FBS), and MCF-7 cells, CHO and HeLa cells in DMEM

supplemented with 10% FBS. Expression vectors for FLAG-

tagged HOXB7 and mutants described in [30] were gifted by Dr.

Judith Gasson. Constructs (HOXB7-D1 and HOXB7-D2) con-

taining HOXB7-C-terminal truncations used for in vitro transcrip-

tion and translation (TNT) were generated by PCR and subcloned

into the pSG5 vector (Stratagene). Myc-tagged PARP-1 full-length

and mutants were gifted by Dr. Perry Kannan [43], and Myc-

tagged full-length PARP-1 was then subcloned into pcDNA3.1-

Hyg (Invitrogen). The PARP-1 catalytic mutant, PARPE988A,

was provided by Dr. Michael Rosenfeld, and subcloned into the

pcDNA6 vector. Other PARP-1 deletion constructs including

PARP-1-214, PARP-1-372DZF1, PARP-1-372DZF2,
PARPDZF1, PARPDZF2 and PARP-NonZF (illustrated in

Figure 5. Glutamic acid-rich tail in HOXB7 is the major site Poly(ADP ribosyl)ated by PARP-1. A. GST, GST-HOXB7 and GST-HOXB7DGlu
fusion proteins were incubated with or without PARP-1 protein or 32P NAD+. Proteins were then separated by SDS-PAGE and transferred to PVDF
membrane and stained with Ponceau (two bottom panels). The poly(ADP ribosyl)ated proteins were visualized by autoradiograph (top panel). B.
Vector or Flag HOXB7DGlu plasmids were transfected with or without PARP-1 plasmids into SKBR3 cells, and one set of HOXB7DGlu and PARP-1 co-
transfected cells was treated with DPQ 6 hours post transfection. Cell lysates were used for ONP assays and western blots. C. TTATpGL3 reporting
plasmids were transfected together with increasing amount of HOXB7DGlu, and 400 ng PARP-1 or 400 ng empty vector plasmids as control in SKBR3
cells. Luciferase activity was measured 24-hour after transfection. D. Vector, HOXB7 full-length and HOXB7DGlu plasmids (300ng) were each co-
transfected with TTATpGL3 reporter plasmids, and luciferase activity was measured 24-hour after transfection. Student t test was performed to
compare luciferase activity between groups of HOXB7 full-length and HOXB7DGlu transfectants. Student t test was applied to compare the
differences between HOXB7 and HOXB7DGlu groups. Cell lysates were western blotted with anti-Flag or b-actin antibody.
doi:10.1371/journal.pone.0040644.g005
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Figure 6. PARP-1 interacts and modifies other HOX proteins. A. SKBR3 cells were transfected with empty vector, or Flag-tagged HOXA5, B6,
B7, C6 and C8, respectively. Cell lysates were immunoprecipitated with anti-Flag antibody, and western blotted with anti-PARP-1 (top panel) and Flag
antibodies (bottom panel), respectively. HOXC6 transfected SKBR3 cell lysate was used as loading control. B. Vector control and Flag-tagged HOX
plasmids were transfected into SKBR3 cells as indicated. Cells were harvested and incubated with PARP activity reaction buffer containing 0.01%
digitonin and 32P NAD+. Cells were then lysed after incubation and immunoprecipitated with anti-Flag antibody. The precipitated complexes were
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Figure 1D, S1B) were generated by PCR and subcloned into the

pcDNA6.0 vector. HOXA5 and HOXA1 were cloned as de-

scribed [9,44] and subcloned into pcDNA3.1 vector and fused

with an N-terminal FLAG-tag. HOXA7, HOXB6, HOXC6 and

HOXC8 were amplified by PCR from IMAGE clones from Open

Biosystems (4367439, 2107026, 30915460 and 6156539) and

subcloned into pcDNA3.1 vector, in frame with N-terminal

FLAG-tag sequence. The TTAT-pGL3 luciferase report plasmid

was kindly gifted by Dr. Mark Kamps. All subcloned plasmids

were sequenced for verification. Transfections were performed

using Lipofectamine 2000 (Invitrogen). The following monoclonal

antibodies were used for protein detection by immunoblot: Anti-

FLAG M2 (Sigma), anti-PARP monoclonal antibody (clone C-2–

10, Invitrogen), polyclonal anti-HOXB7 antibody (Invitrogen) and

monoclonal anti-HOXB7 antibody (Abcam). PARP-1 inhibitor,

DPQ, was purchased from EMD, 35S-MET, 32P-ATP, 32P-NAD+
from GE Healthcare, and PARG from Biomol.

Co-immunoprecipitation and GST Pull-down Assay
For co-immunoprecipitation of HOXB7-binding proteins from

SKBR3 cells stably expressing HOXB7-YFP or FLAG-tagged

HOXB7, 0.5 to 1 mg of cell protein extracts prepared as described

in [17], were precleared and subjected to immunoprecipitation for

2.5 h at 4uC with the following antibodies: anti-GFP polyclonal

antibodies (Clontech) for immunoprecipitation of HOXB7-YFP,

or anti-FLAG polyclonal antibodies (Sigma) for precipitation of

FLAG-HOXB7 complexes according to manufacturer’s instruc-

tions. To map the domain of HOXB7 interacting with PARP1,

myc-tagged PARP1 and FLAG-tagged HOXB7 wild type or its

deletion constructs were cotransfected into HEK293T cells. Co-

immunoprecipitation was performed with anti-FLAG antibody

(Sigma) and western blotted with anti-myc-tag antibody (Millipore)

or HRP conjugated FLAG-tag antibody (Sigma). To verify the

interaction between endogenous HOXB7 with PARP-1 under

physiological conditions, 2 mg of whole cell lysate of MCF-7 cells

was subjected to immunoprecipitation with PARP-1 (Invitrogen)

or HOXB7 antibodies (Abcam), the immune complexes were

loaded onto 4–12% NuPAGE gels (Invitrogen) and immuno-

blotted with PARP-1 monoclonal (Invitrogen), or anti-HOXB7

rabbit polyclonal antibodies (Invitrogen).

In vitro binding experiments were performed by using PARP-1

antibody to immunoprecipitate PARP-1 with full-length HOXB7

and its C-terminal truncations, B7-D1 and B7-D2 from in vitro

transcription and translation (TNT)-generated proteins, according

to the manufacturer’s instructions (Promega). All HOXB7 related

proteins were labeled with 35S-Met, and the precipitated complex

was separated by SDS-PAGE and scanned with a phosphoimager

system (Typhoon, GE Healthcare Life Sciences).

GST pull-down assay was performed as described with minor

modifications [17]. GST or GST-HOXB7 fusion proteins were

generated by transformation of BL21 competent cells with

corresponding plasmids and induced with 100 mM IPTG at

30uC for 8 hours. BL21 cells were lysed by sonication, and GST

fusion proteins were immobilized on glutathione-Sepharose and

incubated with the 35S labeled PARP-1 or PARP-1 deletion

proteins generated from in vitro-TNT in NETN buffer at 4uC for 2

hours. The binding protein complexes were washed 3 times with

NETN buffer and subjected to SDS-PAGE and autoradiography.

All the immunoprecipitation and GST pull-down assays were

repeated at least two times.

PARP Activity and Poly(ADP-ribosyl)ation Assay
The PARP activity assay was performed as described [45] with

some modification. SKBR3 cells were isolated 36 hours after

transfection of FLAG-tagged HOXB7 in the absence or presence

of DPQ (10 mM). The pellet was incubated with assay buffer

containing 50 mM Tris?HCl (pH 8.0), 28 mM KCl, 10 mM

MgCl2, 0.01% digitonin in ethanol, 1 mM DTT, and [alpha

–32P]NAD+ [0.1 mCi/nmol (1 Ci = 37 GBq)] for 20 min at 4uC.
Cells were washed 2 times with assay buffer without 32P-NAD.

The pellet was lysed and separated by 4–12% SDS-PAGE gel and

transferred to nitrocellulose membranes. PARP activity was

visualized by PhosphorImager scanning.

The poly(ADP ribosyl)ation assay was performed to detect

modification of HOX proteins by PARP-1.4 mg of each of HOX

or HOX mutant expression plasmid DNA was transfected into

SKBR3 cells, followed by poly(ADP ribosy)lation performed as

described above. Cells were then subjected to immunoprecipita-

tion with anti-FLAG antibody and the precipitated proteins were

separated by 4–12% SDS-PAGE gel and transferred to nitrocel-

lulose membranes. The membranes were scanned by Phosphor-

Imager system and subsequently used for western blot to

determine the levels of the precipitated HOX proteins.

Luciferase Promoter Reporter Assay
1.56105 HeLa cells were seeded onto each well of a 24-well

plate 24 h prior to transfection. 1–1.5 mg of plasmid DNA was

transfected into cells using Lipofectamine 2000 (Stratagene)

according to the manufacturer’s instructions. 24 hours post

transfection cells were harvested for luciferase and b-galactosidase
assay using the luciferase activity measuring kit (Promega) and the

b-galactosidase assay kit (ICN Biomedicals) according to the

manufacturers’ instructions. The luciferase activity was normalized

to the b-galactosidase activities for each sample. The fold

activation was calculated as the ratio of normalized luciferase

activity in the cells transfected with the TTAT reporter plasmid in

the presence of HOXB7, PBX1 and/or PARP-1 expression

plasmid to that in the absence of HOXB7 expression plasmid.

Each transfection was repeated at least three times, and means, +/
2 SD are shown in the figures.

Knock-down of PARP Expression by siRNA
siRNA oligomer targeted to PARP-1 was purchased from

Qiagen (SI02662996). To test the efficiency of the silencing,

100 pmol dsRNA were transfected into 66106 HeLa cells seeded

onto each well of a 6-well plate with Lipofectamine 2000

(Invitrogen) according to the manufacturer’s instructions. 48-hour

then separated by SDS-PAGE, transferred to the nitrocellulose membrane that was used for autoradiography (top panel) and western blot (bottom
panel) using anti-PARP-1 and anti-Flag antibodies. C. Multiple sequence alignment of the C-terminal peptides of HOXA5, HOXA7, HOXB6, HOXB7,
HOXC6 and HOXC8 show extent of homology. D. The ONP assay was performed with the SKBR3 cells transfected with Flag HOXA7 with or without
PARP-1, and one set of the HOXA7 and PARP-1 co-transfected cells was treated with DPQ 6 hours post transfection. Cell lysates were used for ONP
(top panel) and western blots (bottom panel). E. ONP assays were performed with SKBR3 cells transfected with Flag HOXA1, Flag HOXA5, Flag HOXC6
or Flag HOXB6 plasmids with or without PARP-1 plasmids, and one set of each of the HOX and PARP-1 co-transfected cells was treated with DPQ 6
hours post transfection. Cell lysates were used for ONP assays (top panel) and western blots (bottom panel). F. ONP assay was performed with the
SKBR3 cells transfected with Flag-tagged HOXB6 or the Lys to Glu mutant, HOXB6K221E, with or without PARP-1. Cell lysates were used for ONP
assays (top panel) and western blots (bottom panel).
doi:10.1371/journal.pone.0040644.g006
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later, cells were harvested and subjected to western blot. For

luciferase promoter activity assay, 20 pmol dsRNA were co-

transfected into HeLa cells with the TTATpGL3 luciferase

reporter plasmid and different sets of expression vectors as

indicated in the figures. Luciferase activity was measured 36

hours post-transfection as described above.

Electrophoretic Mobility Shift Assay
The radiolabeled probe of HOXB7, oligonucleotides 59-

AAATATCAATTAAATCTTAATTATAA-39 and 59-TTA-

TAATTAAGATTTAATTGATATTT-39 [32] were annealed

and labeled with [a-32P]ATP (NEN) and T4 DNA polynucleotide

kinase (New England Biolab). Purified PARP-1 (Trevigen, 300 ng),

GST-HOXB7 (100 ng), and the 32P-labeled probe was incubated

in the binding buffer [50 mM Tris-HCl (pH 7.5), 50 mM NaCl,

1 mM MgCl2, 0.5 mM dithiothreitol, 4% glycerol, 0.5 mM

EDTA, and 0.25 mg/ml poly(dI-dC)Npoly(dI-dC)]. In some

reactions, NAD+ (Sigma) was included. After 20 min incubation,

samples were separated at room temperature in a native 6%

polyacrylamide TBE gel (Invitrogen) at 100 V for 1 hr.

Oligonucleotide Precipitation Assay (ONP)
The assay was done as previously reported with minor

modifications [46]. The nucleotide sequences of biotinylated

HOX binding sequence (HBS) were bio-AAATATCAAT-

TAAATCTTAATTATAA and TTATAATTAAGATTTAATT-

GATATTT [32]. These two complementary strands were

annealed in TEN buffer. After transfection with expression

plasmids, the SKBR3 cells were lysed by IP buffer (2% Triton-

X100, 300 mM NaCl, 20 mM Tris [pH 7.4], 2 mM EDTA, 1%

NP40, 16protease inhibitor cocktail). The cellular debris was

removed by centrifugation. Binding buffer (60 mM KCl, 12 mM

HEPES [pH 7.9], 4 mM Tris-HCl, 5% glycerol, 0.5 mM EDTA,

1 mM dithiothreitol, 16 protease inhibitor cocktail) was added

into the cell extracts (500 mg) to a final volume of 1 ml, and the

samples were precleared with 30 mL immobilized streptavidin-

agarose beads for 1 hour at 4uC with gentle agitation. The cleared

extracts were then incubated with 50 pmol of biotinylated double-

strand HBS for 3 hours at 4uC. HBS-bound protein was pulled

down by incubating the samples with 20 mL of streptavidin-

agarose beads for 1 hour at 4uC with gentle agitation. The

precipitated mixture was collected by centrifugation and washed 3

times with cold binding buffer. The samples were subjected to

SDS-PAGE and Western blotting for HOX proteins with anti-

FLAG antibody. Each ONP assay was performed at least twice,

and representative results are presented.
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