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Poly(ADP-ribos)ylation is one of the
longest-known but most enigmatic post-
translational modifications transducing
specific signals. The enzyme responsible
for the majority of poly(ADP-ribose) poly-
merization in cells, PARP-1, promotes
DNA repair but also mediates a caspase-
independent form of apoptosis in re-
sponse to stressors such as irradiation.
However, the biologic function of most
other PARPs is not known. Macro-PARPs
constitute one branch of the large family

of PARP-like proteins also designated as
B aggressive lymphoma proteins (BAL1,
2a/2b, 3, or PARP-9, PARP-14, and PARP-
15). To elucidate biologic role(s) of a
BAL-family macro-PARP, we analyzed
mice deficient in PARP-14, a binding part-
ner of the IL-4–induced transcription fac-
tor Stat6. We show here that PARP-14
plays a fundamental role mediating pro-
tection against apoptosis in IL-4–treated
B cells, including that after DNA damage,
and mediates IL-4 effects on the levels of

gene products that regulate cell survival,
proliferation, and lymphomagenesis. Col-
lectively, the results establish that
PARP-14 mediates regulation of gene ex-
pression and lymphocyte physiology by
IL-4 and has a function distinct from
PARP-1. Furthermore, the findings sug-
gest mechanisms by which BAL-family
proteins might influence pathologic pro-
cesses involving B lymphocytes. (Blood.
2009;113:2416-2425)

Introduction

The cytokine interleukin-4 (IL-4) regulates the differentiation,
proliferation, and apoptosis of lymphocytes and most other hemato-
poietic cells.1,2 IL-4 binding to its receptor initiates Janus kinase-
mediated tyrosine phosphorylation of Signal transducer and activa-
tor of transcription 6 (Stat6). Stat6 then dimerizes, translocates to
the nucleus, and binds to specific DNA sequences at which it
regulates gene transcription.1,2 Although these points are estab-
lished, considerably less is known about transcriptional cofactors
that influence Stat6 effects on target gene expression or the impact
of such proteins on IL-4 regulation of B-cell physiology.

Aberrant activation of IL-4R signaling is frequently associ-
ated with the pathophysiology of leukemia and lymphoma cells
in that IL-4 receptor signaling is constitutively activated in
many lymphomas, and the levels of IL-4 and IL-4 target genes
are high in such hematopoietic malignancies.3-8 For instance,
FIG1/IL-4I1 (IL-4-induced gene 1) is activated in primary
mediastinal large B-cell lymphoma,5 and target genes such as
Bcl-6 (B-cell lymphoma 6) and HGAL (human germinal center-
associated lymphoma) are highly expressed in germinal center
B-type diffuse large B-cell lymphoma (DLBCL), the most
common non-Hodgkin lymphoma.7 Much remains unknown
about DLBCL pathophysiology, but DLBCLs are often associ-
ated with dysregulated apoptosis or defective DNA repair, and
the IL-4–regulated transcriptional repressor Bcl-6 is strongly
implicated in pathogenesis for some subsets.7,9

In addition to these processes, a protein designated as
B aggressive lymphoma (BAL) was identified by expression
screening for high-risk factors in DLBCL patients. BAL is

expressed at significantly higher levels in more aggressive DLBCL
than in low-risk tumors.10 Although it was suggested that BAL
might promote malignant B-cell migration, the function and
regulatory mechanisms of BAL family members are unclear. More
recently, BAL protein family members have been assigned to one
branch of a family of (poly-ADP ribose) polymerases (PARPs).11

BAL-family proteins encode one or several iterations of a nonhis-
tone “macro” domain present in the histone variant macroH2A
followed by C-terminal similarities to PARP catalytic domain.

Enzymatically active PARPs catalyze the transfer of ADP-
ribose moieties from NAD� to target proteins, thereby building
negative charged polymers of ADP-ribose.11 This process is
counterbalanced by the activity of a PAR glycohydrolase (PARG)
that can remove ADP-ribose from target proteins. Use of broad-
spectrum PARP inhibitors or inactivation of PARG established that
poly(ADP-ribos)ylation (PARylation) plays diverse roles in molecu-
lar and cellular processes, including DNA damage detection and
repair, modulation of global chromatin condensation, transcription,
cell survival, and apoptosis. Protein PARylation is an immediate
biochemical response to DNA damage11,12 and a probable role for
recombinase-mediated DNA damage in the genesis of B-cell
lymphomas has been recognized.13,14

Although originally considered as a single enzymatic function,
genomic studies revealed that mammalian cells encode as many as
17 different proteins with a domain homologous to the conserved
PARP catalytic region.11 Of these, only PARP-1 has been studied
intensively. This enzyme constitutes approximately 70% of PARP
activity in cells and accounts for much of the NAD� depletion and
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activation of the caspase-independent apoptosis-inducing factor
(AIF)–dependent pathways that follow after excessive DNA dam-
age or other physiologic insults.15,16 In contrast to the large body of
knowledge about PARP-1, the functions and biologic roles of other
PARP families are not clear. In particular, almost nothing is known
about functional roles or mechanisms of macro-PARP subfamily
members. Recently, we identified a Stat6-interacting protein,
Collaborator of Stat6 (CoaSt6),17 later determined to be a macro-
PARP subfamily member, PARP-14, and homologous to human
BAL2b, a member of the BAL family. Both mouse and human
PARP-14 /CoaSt6/ BAL2b encode a triple macro domain and a
C-terminal region with sequence homology to PARP; each is
highly similar to the original human BAL protein. PARP-14 is
expressed in lymphoid organs and lymphocyte cell lines.17 Al-
though expressed equally in the basal state and in IL-4-treated
lymphoma cells without apparent change in the fraction of
PARP-14 in the nucleus, transfection assays provided evidence that
PARP-14 could enhance the transcriptional activity of Stat6 in
responses to IL-4 in vitro.17 However, the physiologic functions of
PARP-14 and other members of the BAL (macro-PARP) family are
not known. We hypothesized that, even though PARP-1 is respon-
sible for most NAD� conversion into PAR, PARP-14 plays precise
roles in signal transduction that are distinct from those of PARP-1.
We show here that absence of PARP-14 led to altered proportions
of B-cell subsets in the spleen and impairment of the antigen-
specific IgA response. In contrast to PARP-1, PARP-14 mediated
IL-4–induced B-cell protection against apoptosis after irradiation
or growth factor withdrawal. Furthermore, the induction of
several B-cell survival factors (Pim-1; Mcl-1) by IL-4 depended
on PARP-14.

Methods

Generation of PARP-14–deficient mice

PARP-14–deficient mice were generated from ES cells heterozygous for a
disruption of the 5� end of PARP-14 genomic sequences (Lexicon Genetics,
Woodlands, TX) by standard techniques. The resultant chimeras were
mated to C57BL/6 females to generate mice heterozygous for the PARP-14
mutation. Germline transmission of the mutated allele was identified and
confirmed by polymerase chain reaction (PCR; Table S1, available on the
Blood website; see the Supplemental Materials link at the top of the online
article) and Southern blot analyses of Eco R1-digested genomic DNA
probed with a 315-bp 5� internal fragment. Mice were maintained in
microisolators in specific pathogen-free conditions in the Vanderbilt
University mouse facility and used at 6 to 8 weeks of age after approved
protocols. Studies involving mice were approved by the Institutional
Animal Care and Use Committee at Vanderbilt University.

Measurement of antibody responses

Mice (age 6 weeks) were immunized (100 �L keyhole limpet hemocyanin
[KLH], 100 �g, emulsified with 100 �L incomplete Freund adjuvant given
intraperitoneally), boosted in identical manner after 14 days, followed
5 days later by collection of immune sera. Antibodies (Abs) of each isotype
were quantitated by enzyme-linked immunosorbent assay (with and without
antigen capture) using SBA Clonotyping System (Southern Biotechnology,
Birmingham, AL).

Proliferation and S-phase assays

Triplicate samples of splenocytes (2 � 105 cells per 100 �L of media in
96-well plates) were cultured (24 hours; 37°C) in medium, anti-IgM
(1 �g/mL), or anti-IgM plus IL-4 (5 ng/mL). Tritiated thymidine (1 �Ci in
100 �L of media) was added to each well for the final 8 hours before

counting. To measure S-phase entry rates, splenocytes cultured (16 hours)
in the presence of anti-IgM or anti-IgM plus IL-4 were processed as detailed
in Supplemental Materials.

Flow cytometry and apoptosis assays

Antibodies were from BD Biosciences (San Jose, CA) unless otherwise
indicated. Cells were analyzed using fluorochrome-conjugated Abs, flow
cytometry with a fluorescence-activated cell sorter (FACS) Calibur (BD
Biosciences), and FlowJo software (TreeStar, Ashland, OR) as described.17

For apoptosis assays, cells were cultured with or without IL-4 as indicated,
with or without � irradiation (2-Gy dose from a 137Cs source). TdT-
mediated dUTP nick end labeling (TUNEL) assays were performed as
described previously and detailed in Document S1. To assay active
caspase-3, cells were surface stained for B220, fixed with 4% paraformalde-
hyde, permeabilized (0.2% saponin, 1% fetal bovine serum in phosphate-
buffered saline), and then stained with fluorescein isothiocyanate (FITC)–
conjugated Abs specific for active caspase-3 (BD Biosciences), rinsed, and
analyzed. For FACS measurement of single-cell pan-caspase activity,
cells were incubated with FITC-z-VAD-FMK for 30 minutes at 37°C
(BioVision, Mountain View, CA), washed, surface stained, and analyzed.

Immunoprecipitation and PARP assays

�NX cells were transfected with pcDNA3 or pcDNA3-FLAG-PARP-14.
Lysates prepared as described previously17 were used for immunoprecipita-
tions with monoclonal anti-FLAG (M2) (Sigma-Aldrich, St Louis, MO).
Immune complexes, collected using protein G beads (Santa Cruz Biotech-
nology, Santa Cruz, CA), were rinsed, divided equally, and one eluted
portion was analyzed by immunoblotting. The other fraction was incubated
(30 minutes at room temperature) in PARP assay buffer (20 �L) containing
5 �Ci (0.25 �M) 32P-labeled NAD� (1000 Ci/mmol; GE Healthcare, Little
Chalfont, United Kingdom), 12.5 �M NAD�, 50 mM Tris-Cl (pH 8.0),
4 mM MgCl2, and 0.2 mM dithiothreitol; where indicated, samples con-
tained 1 �M PJ-34 (Calbiochem, San Diego, CA). Beads were washed with
phosphate-buffered saline and eluted proteins visualized by autoradiogra-
phy after sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS-PAGE).

Northern blot and RT-PCR

B cells were purified (� 90%-95%) by depleting Thy1� cells using
biotin-anti-Thy1.2 and streptavidin paramagnetic beads (BD IMAG) accord-
ing to the manufacturer’s instructions, plated (5 � 106 cells/mL), and
cultured at 37°C in the presence or absence of IL-4. RNA was isolated using
TriZol reagent (Invitrogen, Carlsbad, CA). Northern blotting and phospho-
rimaging (Fuji FLA-2000) for quantitation of radioactive signals were
performed as described, as were syntheses of cDNAs for reverse-
transcribed PCR (RT-PCR) analyses.17 Specific cDNA templates were
amplified either in semiquantitative manner, validated by probing Southern
blots of resolved products with radiolabeled internal oligonucleotides (data
not shown), or by real-time PCR using SYBR Green and the primer pairs
detailed in Table S1.

Western blots

Proteins in whole cell extracts were separated by SDS-PAGE, transferred
onto nylon membranes (Millipore, Billerica, MA), and then incubated with
rabbit antibodies against PARP-14,17 phospho-Stat6 (Y641; Cell Signaling
Technology, Danvers, MA), Stat6 (Santa Cruz Biotechnology), Mcl-1
(Santa Cruz Biotechnology), and Bcl-xL (Santa Cruz Biotechnology); and
mouse anti-FLAG (Sigma-Aldrich) or goat anti-actin (Santa Cruz Biotech-
nology) Abs followed by the appropriate fluorophore-conjugated, species-
specific anti-Ig antibodies (Rockland Immunochemicals, Gilbertsville, PA;
and LI-COR (Lincoln, NE)). Proteins were visualized and quantitated by
laser excitation and infrared imaging (Odyssey, LI-COR). To measure
induction of Bcl-2 family members (Bcl-2, Bcl-xL, and Mcl-1), B cells
were cultured (20 hours) in complete medium, counted, and lysates of equal
numbers of viable cells were analyzed by Western blotting. For measure-
ments of the induction of Stat6 phosphorylation by IL-4, purified B cells

PARP-14 TRANSDUCES SURVIVAL SIGNALS 2417BLOOD, 12 MARCH 2009 � VOLUME 113, NUMBER 11

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/113/11/2416/1479589/zh801109002416.pdf by guest on 27 M

ay 2024



were cultured 2 hours in medium alone and then further cultured
(0.5 and 12 hours) in the presence or absence of IL-4 (5 ng/mL). Decay
experiments included samples induced with IL-4 (30 minutes), then
rinsed, cultured further (6 hours), lysed, and analyzed. Confirmatory
experiments measured phospho-Stat6 in freshly isolated samples and
freshly isolated cells stimulated 30 minutes with IL-4 as for pro-
liferation assays (not shown).

Results

Generation of PARP-14 KO mice

BAL2b/CoaSt6/PARP-14 expression was observed predominantly
in lymphoid organs of the mouse.17 This pattern of PARP-14
expression, along with the association of another macro-PARP with
human DLBCL pathophysiology, led us to evaluate PARP expres-
sion in primary lymphocytes and to compare normal B cells with
primary B lymphoma samples. Both B and T cells expressed

PARP-14, and levels of this macro-PARP were elevated in Myc-
induced lymphoma samples compared with normal B cells (Figure
1A,B). To explore physiologic roles of BAL2b/CoaSt6/PARP-14,
we analyzed PARP-14–deficient mice generated by an insertion
into the germ line DNA at the 5� end of the first exon of the
PARP-14 locus (Figure 1C). Southern blotting was used to validate
PCR evidence of germ line transmission (Figure 1D). PARP-14�/�

mice homozygous for the disrupted allele were born in Mendelian
ratios, and there were no gross defects in growth or survival. Using
Northern blotting and RT-PCR, PARP-14 RNA was not detected in
tissues from PARP-14 mice homozygous for the disrupted (�)
allele, and PARP-14�/� mice expressed half the amount of
PARP-14 RNA compared with wild-type (WT) mice (Figure 1E).
To screen for alternatively spliced PARP-14 mRNA expressed after
initiating transcription in the 5�-most exon, we performed RT-PCR
with primer pairs specific for several regions of the PARP-14 locus.
We observed no PARP-14 RNA in the lymphoid tissues of �/�
mice when using primers for the 3� region (Figure 1F) or others
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Figure 1. Germ line gene disruption generates a loss-of-expression PARP-14 allele in mice. (A) Western blot analysis of CoaSt6/PARP-14 levels in T and B lymphocytes.
Extracts from T and B lymphocytes, purified as described in “Northern blot RT-PCR,” were subjected to immunoblot analysis using affinity-purified antipeptide antibodies
against CoaSt6 (PARP-14) or actin, as indicated. (B) Equal masses of protein in extracts from normal B cells or carefully excised primary tumor masses from 4 separate mice
(1-4) were analyzed by Western blotting as described in panel A. Shown to the right is a bar graph of the results from quantitating the fluorescence intensity of the Western
bands and normalizing to actin (PARP-14 was reproducibly increased with or without normalization). Similar results were obtained with cultured B-lymphoma lines (Figure S1).
(C) Simplified map schematizing the normal and mutated PARP-14 alleles, EcoR1 restriction sites used for Southern blot analysis, and positions of hybridization probe and
PCR primers used. Black boxes represent exons 1 to 4 and 8, E1 to E4 and E8, respectively; other portions of the locus downstream from intron 4 are omitted. Gene expression
was disrupted by insertion of a splice-trap element containing an EcoR1 site; PARP-14 PCR primers flanked the insertion site in intron 1 (I1), which along with a splice-trap
specific primer permitted unambiguous assignment of the allele on each chromosome. E8 primers used for RT-PCR also are diagrammed (sequences in Table S1).
(D) Descendants were bred from founder lines established as described in “Generation of PARP-14–deficient mice.” Shown is an autoradiograph of Southern blots of
EcoR1-digested genomic DNA from mice of indicated genotype (identified by PCR using the indicated I1-specific primers, sequences in Table S1) after probing with
radiolabeled PARP-14 5� sequences (gray rectangle in panel C) to reveal approximately 7.3-kb and approximately 5.7-kb bands (WT and mutated, respectively). (E) Total RNA
isolated from thymus or lung of PARP-14�/�, PARP-14�/�, and PARP-14�/� mice, analyzed by Northern blots probed with radiolabeled PARP-14 (551 bp) or GAPDH DNA
fragments. (F) RT-PCR using RNA isolated from lymphoid tissues of �/�, �/�, and �/� mice. The primer pair (downstream pair in panel C) detects sequences downstream
from the gene disruption. (G) Immunoblot analysis of BAL2b/CoaSt6/PARP-14 and actin in splenocytes from WT and PARP-14�/� mice. Similar data were obtained with
extracts of lung, and analysis of the full gel lane disclosed no evidence of a truncated form of the polypeptide.
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(not shown). In addition, the level of PARP-14 protein in heterozy-
gotes was approximately 50% that of �/� controls, and none was
detected in �/� mice (Figure 1G).

Role of PARP-14 in MZB/FOB differentiation and IgA response
to antigen

The pattern of PARP-14 expression prompted us to determine
whether there would be any immune system defect in PARP-14
knockout (KO) mice. Analyses of thymic and peripheral lymphoid
tissue cellularity and subset distributions showed that the overall
numbers of cells in thymus, spleen, and lymph nodes of PARP-14–
deficient mice were no different from controls. Among T-lineage
subsets, there was an increase in the frequency of thymocytes
exhibiting evidence of ongoing positive selection (TCRhi) and in
CD44hi T cells in the periphery, especially for mature CD8 T cells
(Table S2). Because of the association between BAL-family
macro-PARP proteins and DLBCL, however, we focused on the
B lymphoid lineage. Analyses of splenic B cells showed that,
compared with WT (�/�) littermates, PARP-14 KO mice had less
marginal zone B (MZB; WT, 9.9% 	 0.6% vs KO, 5.1% 	 0.8%,
P 
 .01) and more follicular B (FOB) cells (WT 63% 	 2.9% vs
KO 79% 	 2.5, P 
 .01; Figure 2A,B; Table 1). MZB cells are
quantitatively greater sources of IgA than FOB.18 In exploring
B-cell function by immunizing mice and measuring antibody
responses, we focused particularly on antigen-specific IgA levels in
WT and PARP-14 KO mice. Strikingly, the IgA anti-KLH response
was substantially decreased in PARP-14–deficient mice compared
with littermate controls (Figure 2C), whereas there was no signifi-
cant difference in the other isotypes (data not shown). These results
indicate that PARP-14 influences B-cell subset differentiation and
selectively contributes to IgA generation in response to antigen.

Role of PARP-14 in protection of B cells from apoptosis

The effect of PARP-14 on B-cell subsets led us to investigate
whether PARP-14–deficient mice have any defect in the prolifera-
tion or survival of B lymphocytes. Thymidine incorporation in
T cells activated by �CD3 � �CD28, or PMA � IL-4, was the
same for WT and PARP-14 KO samples in proliferation assays
(data not shown). However, PARP-14 KO splenocytes exhibited an
impaired response to IL-4 in assays of B-cell proliferation (Figure
3). Antigen receptor cross-linking induced cell proliferation, and
addition of IL-4 to WT B cells enhanced this response approxi-
mately 2-fold. Although PARP-14 KO cells responded to anti-IgM
with approximately 1.4-fold more proliferation than controls, they
exhibited no further increase in response to IL-4, thereby exhibiting
lower responses than anti-IgM � IL-4 controls (Figure 3A). The
data from such assays reflect both the number of viable responding
cells and their rates of S phase entry. To address whether the
inability of IL-4 to enhance proliferation of anti-IgM–stimulated
PARP-14 KO B cells was the result of effects on receptor expres-
sion or G1/S progression, we measured IL-4 receptor expression on
and bromodeoxyuridine (BrdU) incorporation into B cells. IL-4R
expression (Figure S2) and rates of G1/S progression (Figure 3B)
were comparable for WT and PARP-14–null B cells activated with
anti-IgM with or without IL-4.

IL-4 is a survival factor for B cells, including those removed
from their normal microenvironment during short-term culture ex
vivo, so the proliferation results suggested that the absence of
PARP-14 led to impaired IL-4–induced survival signaling. Consis-
tent with this possibility, TUNEL assays showed that IL-4 de-
creased the rate of apoptosis for anti-IgM–treated WT B cells more
potently than their PARP-14�/� counterparts (Figure 3C). Simi-
larly, when B cells were cultured in the presence or absence of
IL-4, stimulation decreased the amount of “death by neglect” for
WT B cells, but this rescue was attenuated for PARP-14–null
B cells (Figure 4A). This cytokine can protect T cells from
radiation-induced death,19 but the mechanism by which IL-4 exerts
this protective effect and whether it also operates in B cells are not
known. We examined whether IL-4 can rescue B cells from
apoptosis induced by ionizing radiation, and whether this process
involves PARP-14. IL-4 induced a decrease in the apoptosis of WT
B cells after �-irradiation, and assays of PARP-14 KO B cells
found this protective action of IL-4 to be impaired (Figure 4B).
Intriguingly, the ability of IL-4 to protect T lymphocytes against
death by neglect or irradiation was PARP-14–independent (Figure
S3). PARP-1 helps signal DNA damage repair but also mediates
apoptosis after irradiation and other forms of cellular stress.15,20,21
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Figure 2. PARP-14 regulates the balance of B-cell
subsets and contributes to the IgA response to
antigen. (A,B) Single-cell suspensions of splenocytes
were analyzed as described in “Flow cytometry and
apoptosis assays.” Shown are representative FACS pro-
files of cells in the B220� gate using (A) CD21 versus
CD23 or (B) IgM versus IgD to define distinct marginal
zone and follicular B-cell subsets (MZB and FOB, respec-
tively). A reproducible increase in basal CD23 levels on
the surface of PARP-14 FOB cells was incidentally
noted. (C) Role of PARP-14 in promoting the IgA anti-
body response to antigen. WT and PARP-14–null mice
(6 weeks; n � 12) were immunized with KLH followed by
measurement of the KLH-specific IgA response using
capture enzyme-linked immunosorbent assay. The re-
sults are shown as absorbance value from these assays
(*P 
 .05).

Table 1. Prevalence and number of B-cell subsets (MZB vs FOB)

WT PARP-14 KO

% of MZB* 9.9 	 0.6 5.1 	 0.8†

% of FOB* 63 	 2.9 79 	 2.5†

No. of MZB ( � 106)* 3.4 	 0.62 2.0 	 0.86†

No. of FOB ( � 106)* 20.8 	 2.0 26.4 	 3.7‡

Data shown as mean (	 SEM) percentage or number of cells from the
3 independent replicate experiments. MZB indicates marginal zone B cells; FOB,
follicular B cells.

*Total splenocytes were isolated, gated for B220� cells, and analyzed for
percentage or number of MZB (CD23hi CD21hi) or FOB (CD23lo CD21hi).

†Significant difference between WT and PARP-14 KO mice (P 
 .01).
‡Significant difference between WT and PARP-14 KO mice (P 
 .05).
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In contrast to PARP-14, PARP-1–deficient cells exhibited no defect
in IL-4 rescue in either assay, ie, death by neglect or after
irradiation (Figure 4A,B). Despite the dominant role of PARP-1 in
global rates of protein PARylation, therefore, PARP-14 mediates
IL-4–induced B-cell rescue from apoptosis, thereby playing a role
in regulating lymphocyte survival distinct from that of PARP-1.

Stat6 in IL-4–mediated B-cell rescue from radiation-induced
apoptosis

IL-4 receptors transduce signals through nuclear induction of
Stat6.1 Stat6 binds to BAL2b/CoaSt6/PARP-14, so we investigated
whether Stat6 is involved in IL-4–induced protection of B cells

A

B
WT PARP-14 KO

αIgM
+

IL-4

αIgM

BrdU

5 5

16 17

C

WT

PARP-14
KO

αIgM+ IL-4αIgM

Avidin-FITC

MFI=
439

MFI=
412

MFI=
181

MFI=
266

51

48

19

35

∗

[3
H

+
]T

hy
m

id
in

e 
(C

P
M

) αIgM αIgM + IL-4

IL
4-

st
im

ul
at

ed
pr

ol
ife

ra
tio

n 
(C

P
M

) WT
PARP-14 KO∗

Figure 3. Role of PARP-14 in IL-4–stimulated proliferation. (A) Failure
of anti-�–stimulated B lacking PARP-14 to respond to IL-4 with increased
proliferation. Thymidine incorporation into cells from WT and PARP-14–
null mice 32 hours after stimulation with anti-IgM (1 �g/mL) or anti-
IgM � IL-4. Data are shown both as mean (	 SEM) cpm from an assay
representative of 3 independent experiments (left panel) and as the net
effect of IL-4 (IL-4–stimulated proliferation) in each of the 3 replicate
experiments (right panel). Each error bar indicates SD. *P 
 .05, for
difference between means for WT versus PARP-14–null samples in each
case. (B) Normal G1/S-transition response of PARP-14 null B cells to
anti-IgM plus IL-4. The same conditions for measurement of proliferation
of anti-IgM � IL-4–stimulated B cells were used as in panel A, except
that, instead of tritiated thymidine, cultures were pulsed with BrdU,
surface stained to reveal B cells, and processed to determine the fraction
of the B-cell population that incorporated BrdU. Shown are FACS profiles
of anti-BrdU signal gated on B220� cells from 1 experiment representa-
tive of 3 independent repeats; there also was no difference in the
percentage of BrdU� events in the B220(�) gate. (C) Anti-IgM–stimulated
B lymphocytes depend on PARP-14 for survival signaling by IL-4.
Splenocytes from WT and PARP-14 KO were cultured (20 hours) with
anti-IgM (1 �g/mL) or anti-IgM � IL-4 (5 ng/mL), and analyzed by TUNEL.
FACS profiles show TUNEL data (fluorescence intensity of avidin-FITC)
from the B220� gate in a representative experiment of 3 independent
experiments. Inset numbers indicate both the percentage of events
TUNEL-positive in the samples, and mean fluorescence intensity for the
overall population.
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Figure 4. PARP-14 mediates IL-4–induced B-cell rescue from apoptosis. (A,B) Role of PARP-14 in IL-4-induced B-cell protection against apoptosis. Splenocytes from WT,
PARP-14 KO, and PARP-1 KO mice were cultured (20 hours) in the presence or absence of IL-4 and analyzed by TUNEL after death by neglect (A) or after irradiation (2 Gy)
(B). FACS profiles show TUNEL data (avidin-FITC) from the B220� gate in a representative experiment. Bar graphs show mean (	 SEM) quantitation of the reductions in
apoptosis for IL-4–treated samples of the indicated genotypes (n � 5 for WT, PARP-14–null; n � 3 for PARP-1�/�; *P 
 .05) compared with the matched medium-only sample
[“% decrease in death” � (% TUNEL�

medium-only minus% TUNEL�
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medium-only]. Inset numbers indicate both the percentage of events TUNEL-positive in the
samples and mean fluorescence intensity for the overall population. (C,D) Stat6 mediates IL-4 protection of B cells from radiation-induced death. WT and Stat6 KO B cells were
analyzed for death by neglect (C) or after irradiation (D) as in panels A and B; samples are representative of the 5 independent experiments averaged to formulate the bar
graphs of mean ( 	 SEM) quantitative data. Results congruent with these data were also observed by annexin V staining (not shown).
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from apoptosis. When tested for death by neglect and �-irradiation–
induced apoptosis, Stat6-null B cells were poorly rescued by IL-4
(Figure 4C,D). Thus, Stat6 has crucial role in IL-4–induced rescue
of resting B cells from apoptosis induced by irradiation, paralleling
effects of PARP-14. Although the role of PARP-14 may be based in
part on its interaction with the IL-4–induced transcription factor,
the magnitude of the Stat6 contribution appeared larger than that of
PARP-14. This difference suggests that not all of the protective
molecular mechanisms of Stat6 absolutely require PARP-14.

Stat6 and CoaSt6/PARP-14 physically interact, so we consid-
ered the possibility that the similarity of apoptosis assay results
with knockout cells arose because PARP-14 influences Stat6 levels,
induction of Stat6 phosphorylation by IL-4, or its persistence after
abrogation of the IL-4 signal. Western blotting of phospho-Stat6 or
Stat6 in splenocytes after IL-4 treatment, or induction followed by
removal of IL-4, revealed no difference between PARP-14–null
cells and WT controls (Figure 5A). To address the role of
ADP-ribosylation in protection of B cells by IL-4, we next
examined whether PARP activity is important for the rescue
process. Experiments using a restricted segment of BAL2b, the
human PARP-14 fused to GST, have provided evidence that
BAL2b probably encodes a functional PARP.22 The results of in
vitro ADP-ribosylation reactions, in which full-length CoaSt6/
PARP-14 protein was incubated with 32P-NAD� in the presence or
absence of a cell-permeable PARP inhibitor (PJ-34), showed that
the full-length PARP-14 protein has intrinsic PARP activity (Figure
5B). Furthermore, IL-4–induced protection of B cells against
apoptosis was blocked by PJ-34 (Figure 5C). These results indicate
that PAR polymerization mediates a survival signal in resting
B lymphocytes.

PARP-14 mediates IL-4–induced inhibition of caspase-3

The preceding findings suggested that PARP-14 might mediate
inhibition of cell death through caspases rather than the caspase-
independent pathway mobilized by PARP-1. To determine whether
IL-4 decreases caspase activity in primary B cells by a PARP-14–

dependent mechanism, B cells were cultured in the presence or
absence of IL-4, with or without irradiation, and caspase activity
was measured using a fluorophore-linked caspase substrate. In
assays of death by neglect, IL-4 was less effective in suppressing
total caspase activity in PARP-14–null B cells compared with WT
(Figure 6A). Furthermore, IL-4 decreased levels of total caspase
activity in irradiated WT B cells (P � .02), but this cytokine was
less potent in decreasing caspase activation in PARP-14 KO B cells
(Figure 6B). Activation of upstream caspases can be uncoupled
from commitment to apoptosis by prosurvival proteins. Although
also subject to inhibition by survival proteins23 and not a measure-
ment of apoptosis or death,24 activation of “executioner caspases”
such as caspase-3 is a late step in the apoptotic program and closer
to death. IL-4 treatment reduced levels of activated caspase-3 in
WT B lymphocytes (P 
 .001). However, levels of this activated
form of executioner caspase were higher in IL-4–treated PARP-14–
null B cells, and the caspase-inhibitory effect of IL-4 was dimin-
ished in the absence of PARP-14 (Figure 6C,D; P 
 .05 for both
death by neglect and death after irradiation). These findings
indicate that PARP-14 helps mediate IL-4 suppression of caspase-3
activation in IL-4–treated B cells. Intriguingly, although Stat6
and PARP-14 are each essential for a full protective effect of
IL-4 against B-cell apoptosis (Figure 4), PARP-14 played
a quantitatively more significant role in terms of IL-4 suppression
of the frequency of cells positive for active caspase, especially
in death by neglect assays. This disparity suggests that, as is
typical for cofactors of transcription factors, PARP-14 may exert
some Stat6-independent functions rather than being uniquely
linked to Stat6.

PARP-14 mediates IL-4 regulation of the expression of genes
determining B-cell survival

To dissect further the molecular role of PARP-14 in IL-4–induced
B-cell rescue from apoptosis, we measured the expression of gene
products known to determine the susceptibility of B cells to
apoptosis. In addition to screening best-known survival genes, we
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Figure 5. ADP ribosylation mediates survival signal-
ing in B cells, and PARP-14 has intrinsic PARP
activity. (A) Stat6 regulation is intact in PARP-14 KO
cells. Splenocytes from WT (�/�) and PARP-14–null
(�/�) mice were cultured in media, alone (�IL-4),
stimulated with IL-4 (0.5 and 12 hours; �IL-4), or stimu-
lated by IL-4 (30 minutes) followed by removal of IL-4
and further culture for 6 hours. (B) ADP-ribosyltrans-
ferase activity associated with PARP-14. Proteins from
cells transfected with pcDNA3 or pcDNA3-FLAG-
PARP-14 were immunoprecipitated, and bead-bound
immune complexes were assayed for transfer of 32P-
labeled ADP-ribose from NAD� onto proteins in the
presence or absence of the cell-permeable PARP inhibi-
tor PJ-34 (1 �M). Shown are autoradiographs of the
labeled proteins (top panel) and immunoblots to test
protein expression levels (bottom panel) after resolution
by SDS-PAGE. An arrowhead marks the position on the
gel autoradiograph expected for full-length PARP-14
based on the Western blot; the radioactive material
marked by a closed circle derived from nonspecific
polymeric material generated by active PARP and trapped
at the stacker/resolving gel interface. (C) Impaired sur-
vival signaling in B cells subjected to PARP inhibition.
B cells were pretreated with PJ-34 (1 �M), during culture
(20 hours) in the presence or absence of IL-4 and
analyzed by TUNEL assays. Shown are FACS profiles in
the B220� gate (left, FACS profile) as well as a bar graph
showing the mean (	 SEM) percentage of cells rescued
from apoptosis by IL-4 in the 3 independent replicate
experiments (n � 3; *P 
 .05).
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performed microarrays on B-cell mRNAs to identify IL-4–
regulated, PARP-14–dependent genes. Among differentially regu-
lated genes of interest (Table S3), we selected Id3 (inhibitor of
DNA binding-3), an inhibitor of leukemia/lymphoma-associated
E2A transcription factor known to promote survival of B-cell
progenitors as an additional candidate. Id3 expression was sup-
pressed by IL-4 treatment of WT B cells but sustained in PARP-14
KO B cells under these conditions (Figure 7A), showing that IL-4
represses Id3 expression through a PARP-14–dependent pathway.

Pim-1 and -2 levels in T cells are increased by IL-2, -4, and -7.25

The expression of these prosurvival kinases may be regulated by
members of the Stat transcription factor family in other settings.26

Therefore, we analyzed the effect of IL-4 on expression of Pim-1
and -2 in B cells and the role of Bal2b/PARP-14 in regulating their
levels. Purified B cells from WT, PARP-14 KO, and Stat6 KO were
stimulated with IL-4 at times determined (not shown) to maximize
induction by IL-4 in WT samples. Pim-1 was induced after IL-4
stimulation of WT but not PARP-14 or Stat6-null B cells (Figure
7B). In contrast to its regulation in T cells, Pim-2 was modestly
induced at 12 hours after IL-4 treatment of control B cells, and
there was no difference between WT and PARP-14 KO B cells in
terms of Pim-2 induction by IL-4 (Figure 7C). Thus, PARP-14
specifically regulates Pim-1 expression, mediating IL-4 induction
of this survival factor whose overexpression synergizes with
oncogenic stimuli in B lymphoma pathogenesis.

In activated lymphocytes, antiapoptotic Bcl-2 family members
are induced by IL-4 or other cytokines whose receptors share a
common �-chain.27,28 As for Pim-1, increased levels of these
proteins cooperate with oncogenic stimuli to enhance B lym-
phomagenesis.29-31 We observed no role for PARP-14 in regulating
levels of Bcl-2 (data not shown) and at most a modest decrease in
Bcl-xL levels in IL-4–treated PARP-14–null B cells compared with
WT controls (Figure 7D). In contrast, the doubling of Mcl-1
expression induced in WT B cells by IL-4 was abrogated in the
absence of PARP-14 (Figure 7E); such induction was also lacking
in Stat6-deficient B cells. These results establish that PARP-14
mediates IL-4 induction of Mcl-1, which is known to inhibit
caspase induction and protect lymphocytes from apoptosis after
cytokine withdrawal or irradiation. Collectively, our findings show
that a macro-PARP coordinately yet specifically regulates expres-

sion of a set of genes that promote B-cell survival and, intriguingly,
are known to cooperate with oncogenic stimuli to promote a more
aggressive emergence of B lymphoma.

Discussion

We have shown that PARP-14, a member of the macro-PARP
subfamily, mediates the induction and repression of key regulators
of apoptosis and inhibition of an apoptotic program involving
caspase-3. These contributions culminate in a requirement for
PARP-14 in IL-4 induction of B lymphocyte survival after irradia-
tion or withdrawal from an appropriate trophic environment. DNA
strand breaks characterize early development in both T- and
B-lymphoid lineages before differentiation into mature lympho-
cytes, but B cells have substantial strand breaks during class-switch
recombination and somatic hypermutation, processes that can be
promoted by IL-4 and are absent from T cells. Several studies
reported at best a modest requirement for Stat6 in IL-4–induced
protection against apoptosis of T cells.32,33 Intriguingly, we ob-
served that the ability of IL-4 to reduce cell death was fully
preserved in PARP-14–deficient T cells. Thus, the differential role
of PARP-14 provides an intriguing parallel to cell type–specific
differences in the role of Stat6. Finally, comparisons of these
functions of PARP-14 to results with PARP-1 indicate that the
macro-PARP plays at least some role in cell physiology different
from the protein that biochemically is the predominant poly(ADP-
ribose) polymerase.

PARP-1 is exclusively nuclear, ubiquitously expressed, and
plays a pivotal role that balances the DNA damage response and
cell survival. After relatively less severe damage, the functions of
PARP-1 in promoting assembly and activity of DNA repair
complexes appear to dominate, allowing the damaged cell to
recover when its genomic stability can be maintained.34 After
severe DNA damage, however, PARP-1 triggers the release of AIF
from mitochondria and initiates a caspase-independent cell death
pathway.15,21 AIF-dependent, caspase-independent apoptosis ap-
pears to be mediated by PARG-dependent release of PAR into the
cytosol,16 suggesting that any PARP might be able to activate AIF
release but that the outcome requires a high enough PARP activity.
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Figure 6. IL-4 inhibition of the caspase-3 pathway by a
PARP-14–dependent mechanism. Splenocytes from litter-
mate WT and PARP-14-null mice, along with age-matched
Stat6-deficient counterparts, were cultured (20 hours) in
medium with or without IL-4. (A) PARP-14 mediates repres-
sion of caspase activity by IL-4. Shown in top panels are
FACS profiles of B220� cells analyzed using a fluorophore-
conjugated substrate of enzymatically active caspases. The
bar graph in the bottom panel summarizes mean (	 SEM)
data on the protective effect of IL-4 in the experiments,
calculated as in Figure 4. Additional statistical analyses
confirmed that percentage of caspase-positive was higher in
IL-4–treated PARP-14 KO samples than controls (40.3 	 2.0
vs 31.3 	 2.9; P 
 .05). (B) IL-4 acts on B cells with DNA
damage to signal inhibition of caspase activity by a PARP-14–
dependent mechanism. As in panel A, except that cells were
�-irradiated (2 Gy) before culture (20 hours) in the presence
or absence of IL-4. (C) Suppression of caspase-3 activity in
IL-4–treated B cells depends on PARP-14. As in panel A,
except that the B cells were probed by intracellular staining
with antibodies specific for the cleaved, activated form of
caspase-3. (D) As in panel C, except that cells were irradi-
ated (2 Gy) before culture with or without IL-4. All inset
numbers represent the percentage of cells positive for the
caspase signal (total activity or activated caspase-3); n � 4.
*P 
 .05; **P 
 .01; �P � .07; #P � .14.
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Overlapping and partially redundant roles have been identified for
PARP-2, which can function in a physical complex with PARP-1.35

Although development of both B- and T-cell precursors requires
double-strand breaks and unresolved dsDNA breaks are an intrinsic
feature of the B lymphocyte after its generation,36,37 no significant
abnormality of lymphocytes has been reported for PARP-1–
deficient mice, which generated IgA� B cells normally.38 PARP-2–
deficient animals exhibited a 50% decrease in the number of
double-positive (DP) thymocytes and a modest increase in their
susceptibility to apoptosis.39 Our data show that PARP-14 influ-
ences the balance of B-cell subsets at steady state as well as
IgA responses in vivo, and the cellular responses of B lymphocytes
to IL-4 were affected differently by deficiency of PARP-14 versus
PARP-1. The preferential impact on IgA responses observed in PARP-
14–deficient mice is intriguing; although the mechanism is not clear,
IL-4 can enhance the effect of IL-5 on B-cell production of IgA.40

Roles of ADP-ribosylation in cell death after stress or DNA
damage have been identified from analyses of PARP inhibitors,
leading to the emergence of potential therapeutics.41 Both
ribosylation-dependent and -independent roles in these cellular
processes have been worked out for PARP-1, both in gene
regulation and its enhancement of responses to DNA damage and
mediation of AIF activation in launching caspase-independent
apoptosis. However, neither the physiologic functions of any
macro-PARP nor biologic roles of most other PARP family
members are known. One possibility raised by our findings is that
PARP-14, and perhaps other macro-PARPs, protects B lympho-

cytes against apoptosis mediated by the AIF pathway. PARP-1
activity is inhibited by macro domains,42,43 and this domain in a
macro-PARP appears able to serve as a PAR-binding module.43,44

DNA double-strand breaks are inevitable aspects of normal B-cell
physiology, occurring both when rearranging antigen-receptor gene
segments during development and later during class-switch recom-
bination. ATM appears vital for protection of new B cells against
unresolved breaks,45 and PARP-1 interacts with ATM.46 Therefore,
release of ADP-ribose polymers originally generated by PARP-1
may present a risk of apoptosis from PAR-mediated AIF activation
such that macro-PARPs are needed for sequestration of these
ADP-ribose polymers. However, our gene induction data indicate
that this speculative mechanism is not the only reason why
PARP-14 is a critical regulator of caspase induction and apoptosis
susceptibility in B cells.

A fundamental question about the biology of macro-PARP
proteins is raised by their association with the aggressiveness of
B-cell lymphomas in the DLBCL family and the elevated expres-
sion of PARP-14 in the primary tumor masses of myc-induced
B lymphomas. The mechanism(s) by which macro-PARPs might
influence lymphoma pathophysiology are unclear. Transfection and
overexpression of PARP-9/BAL1 enhanced chemokine SDF-1�–
stimulated cell migration.10 Expression of CXCR4, a receptor for
this chemokine, is enhanced by IL-4,47 and increased expression of
IL-4 target genes is observed in many leukemias and lymphomas.
The overactivity of IL-4R signaling in lymphomas suggests that
targets whose induction is regulated by PARP-14 may be involved

A
– IL-4       – IL-4

WT     PARP-14 KO

Id-3

GAPDH

D

Mcl-1

Actin

– IL-4      – IL-4      − IL-4

WT      PARP-14 KO  Stat6 KO

Bcl-xL

Actin

E
– IL-4      – IL-4      − IL-4

WT      PARP-14 KO  Stat6 KO

R
el

at
iv

e 
le

ve
l 

of
 P

Im
-1

R
el

at
iv

e 
le

ve
l 

of
 P

Im
-2

WT         PARP-14 KO   Stat6 KO

∗ ∗

∗

Pim-1

WT PARP-14 KO Stat6 KO

IL-4: − +        − +        − +

B

HPRT

HPRT

Pim-2

Template 
amount

PSL: 2175   790    1582  1555

CPSL:  478   1664    543   1572

EtBr staining

28S
18S

R
e

la
tiv

e 
ex

pr
es

si
on

(M
cl

-1
/a

ct
in

)

R
e

la
tiv

e 
ex

pr
es

si
on

(B
cl

-x
L/

ac
tin

)

Figure 7. PARP-14 mediates IL-4 regulation of genes that influence caspase activation, apoptosis, and B lymphomagenesis. (A) Role of PARP-14 in repression of Id-3
by IL-4. RNA from B cells of WT and PARP-14 KO mice, cultured for 20 hours with and without IL-4, was analyzed by Northern blotting for Id-3 and a GAPDH control. An
autoradiograph from one such analysis is shown, representative of 3 independent experiments. Below each lane are the PhosphorImager quantitations (in arbitrary units of
pixel density) of the relative radioactive signal for each band, and ethidium bromide–stained rRNA signals designated by Š (28S, 18S). Note that GAPDH transcription rates
and mRNA levels are known to increase in response to IL-4. (B,C) PARP-14 mediates IL-4 induction of the pro-survival kinase Pim-1. B cells purified from WT, PARP-14�/�, and
Stat6�/� mice were cultured in medium, alone or supplemented with IL-4. After determination of the optimal induction kinetics for each (not shown), Pim-1 (B) or Pim-2 (C)
mRNA levels were assayed in RNA isolated after 4 hours (B) or 12 hours (C), using both conventional (left panel) and real-time RT-PCR (right panel). For conventional
semiquantitative RT-PCR, the panels show ethidium bromide–stained results from one experiment representative of 4 independent replicates, with the linear relationship of
amplifications to template amount documented by using 2 amounts of input cDNA in separate amplifications for each sample (5 � 104 and 1:3 dilution of 5 � 104 cell
equivalents of recovered RNA; increasing amounts symbolized by the slope of the black triangle above each lane pair). Southern blotting probed with an internal
oligonucleotide sequence was used to confirm the identity, linearity, and relative abundance of the signals (data not shown). To the right in panels B and C, bar graphs show
representative data (mean 	 SEM; *P 
 .05) from separate real-time quantitative RT-PCR performed on the independent replicate samples, with each Pim kinase cDNA
signal normalized to the quantitative RT-PCR result for hypoxanthine phosphoribosyl transferase cDNA levels in each sample. (D,E) PARP-14 mediates IL-4 regulation of
antiapoptotic Bcl-2-family protein. Extracts of purified B cells cultured (20 hours) in the presence or absence of IL-4 were analyzed by immunoblots using anti–Bcl-xL (D) and
anti-Mcl-1 (E) Ab, along with antiactin as a loading control. Quantitation of the relative levels of Bcl-xL and Mcl-1 after normalization to the actin controls (each in arbitrary
fluorescence intensity units detected by the Odyssey imager) is shown in each bar graph (one representative result from reproducible data [n � 3 independent replicate
experiments]). Mcl-1 appears as a doublet because the antibody detects both long (40 kDa) and short (32 kDa) forms expressed in cells.48
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in the pathogenesis of the disease. Although the functional impact
of this regulatory network remains to be determined for lymphoid
malignancies, each of 3 key targets of IL-4 and PARP-14 (ie, Id3,
Pim-1, and Mcl-1) impacts cell survival and cooperates with
oncogenes such as c-Myc to render B lymphomagenesis more
aggressive.

The antiapoptotic Bcl-2 family member protein Mcl-1 plays a
crucial role in both B- and T-cell survival.48 Transgenic mouse
models with deregulated expression of Mcl-1 developed B-cell
lymphoma,49 and higher expression of Mcl-1 was detected in
high-grade B-cell lymphomas compared with low-grade lympho-
mas.50 Importantly, a 50% reduction in Mcl-1 expression resulted
in reduced numbers and increased apoptotic susceptibility of
peripheral B cells in Mcl-1�/� mice. Thus, the reduction in
IL-4–induced Mcl-1 expression in PARP-14–null B cells may be
sufficient to account for their increased susceptibility to apoptosis.

Pim kinase family members also have a critical role in cell
survival and proliferation.51 Previously, it was shown that Pim-1 is
competent to cooperate strongly with c-Myc in the development of
murine B-cell leukemia31,52 and Pim-1 transgenic mice had a very
high frequency of lymphoma induction by chemical carcinogen.53

Pim-2 also can collaborate with Myc, but increased Pim-2 is not
required for Pim-1 to exert its effect.50 Accordingly, increased
expression of macro-PARPs may increase the expression of Pim-1,
thereby influencing lymphoma progression. The importance of
Pim-1 regulation by PARP-14 is emphasized by a network of
paired interactions that have been identified. Pim-1 binds to p100,
cooperatively increasing activity of the proto-oncogene c-Myb,54

whereas p100 also binds to Stat655 and Stat6 interacts with
PARP-14.17 Given the differences between results for Stat6- and
PARP-14–null B cells in terms of several endpoints (Pim-2 induc-

tion; caspase inhibition), further studies will be required fully to
elucidate in which settings Stat6 collaborates with PARP-14 to
mediate specific IL-4 effects on B cells. Nonetheless, the findings
presented here establish that a coordinated set of prosurvival
factors and B-lymphocyte apoptosis susceptibility are regulated by
the macro-PARP BAL2b/CoaSt6/PARP-14.
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