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BAL1 is a transcription modulator that is overexpressed in chemoresistant, diffuse large B-cell lymphomas
(DLBCLs). BAL1 complexes with a recently described DELTEX family member termed BBAP. Herein, we
characterized BAL1 and BBAP expression in primary DLBCL subtypes defined by their comprehensive
transcriptional profiles. BAL1 and BBAP were most abundant in lymphomas with a brisk host inflammatory
response, designated host response (HR) tumors. Although these DLBCLs include significant numbers of
tumor-infiltrating lymphocytes and interdigitating dendritic cells, BAL1 and BBAP were expressed primarily
by malignant B cells, prompting speculation that the genes might be induced by host-derived inflammatory
mediators such as gamma interferon (IFN-�). In fact, IFN-� induced BAL1 and BBAP expression in DLBCL
cell lines; doxycycline-induced BAL1 also increased the expression of multiple IFN-stimulated genes, directly
implicating BAL1 in an IFN signaling pathway. We show that BAL1 and BBAP are located on chromosome
3q21 in a head-to-head orientation and are regulated by a IFN-�-responsive bidirectional promoter. BBAP
regulates the subcellular localization of BAL1 by a dynamic shuttling mechanism, highlighting the functional
requirement for coordinated BBAP and BAL1 expression. IFN-�-induced BAL1/BBAP expression contributes
to the molecular signature of HR DLBCLs and highlights the interplay between the inflammatory infiltrate and
malignant B cells in these tumors.

Diffuse large B-cell lymphoma (DLBCL) is the most com-
mon lymphoid malignancy in adults. Although approximately
50 to 55% of DLBCL patients can be cured with modern
therapy, the remaining patients succumb to their disease (1). In
a broad-based screen for genes and pathways associated with
inferior DLBCL outcome, we previously identified a novel,
risk-related gene, termed BAL1 (B-aggressive lymphoma 1). In
pilot and confirmatory series of DLBCLs, BAL1 expression
was significantly higher in chemoresistant tumors (3, 4).

BAL1 encodes a nuclear protein with C-terminal similarities
to the catalytic domain of Tankyrase and polyADP ribose
polymerase (PARP) and a duplicated N-terminal sequence
homologous to the nonhistone region of histone macro-H2A
termed the macro domain. Recent studies indicate that BAL1
is a member of a larger gene family with C-terminal PARP
homology and multiple N-terminal macro domains (3). Several
lines of evidence implicate macro domain-containing proteins
in the regulation of transcription, including structural similar-
ities to DNA binding domains and interference with transcrip-
tional factor binding in a positioned nucleosome (3, 6, 9, 28).
Consistent with these observations, we recently demonstrated

that the BAL1 full-length protein and N-terminal macro do-
main modulate transcription when tethered to a promoter (3).

Of interest, BAL1 complexes with a recently described
DELTEX family member and E3 ubiquitin ligase termed
BBAP (B-aggressive lymphoma and BAL1 binding partner)
(34). Both genes are localized to a 46-kb region on chromo-
some 3q, prompting speculation regarding coordinated regu-
lation. Despite the clear link between BAL1 overexpression
and poor outcome in DLBCL, the signals modulating the ex-
pression of BAL1 and its binding partner, BBAP, in high-risk
tumors remain unknown.

Recent studies indicate that discrete subsets of DLBCLs can
be identified by their unique transcriptional profiles and asso-
ciated clinical and genetic features—oxidative phosphorylation
(OXP), B-cell receptor/proliferation (BCR), and host response
(HR) tumors (27). HR tumors have a brisk host immune/
inflammatory response and increased expression of T/natural
killer (NK) cell receptor and activation pathway components,
complement cascade members, and macrophage/dendritic cell
markers. Consistent with this signature, primary HR DLBCLs
contain significantly higher numbers of morphologically dis-
tinct tumor-infiltrating lymphocytes and interdigitating den-
dritic cells (27). The T-cell and dendritic cell infiltrates in HR
tumors resemble those of a histologically defined provisional
WHO subtype of DLBCL, T-cell/histiocyte-rich B-cell lym-
phoma (T/HRBCL). Similar to T/HRBCLs, HR tumors have
fewer known genetic abnormalities than non-HR tumors
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and occur in younger patients, who often present with
splenomegaly and bone marrow involvement (27). In spite
of the brisk inflammatory infiltrates in HR (and T/HRBCL)
tumors, patients with these DLBCLs do not have a more
favorable outcome.

Primary HR tumors have increased expression of multiple
inflammatory mediators and downstream targets, including
IFN-� and IFN-�-induced transcripts. IFN-� is typically se-
creted by activated tumor-infiltrating cytotoxic T lymphocytes
and NK and NK/T cells. IFN-� signaling leads to the activation
of JAK1 and -2 kinases and subsequent phosphorylation of
STAT-1 (signal transducer and activator of transcription 1).
Following homodimerization, STAT-1 translocates to the nu-
cleus and induces the transcription of IFN-stimulated genes
(ISG) with STAT-1 binding sites in their promoters. A major
STAT-1 target is IRF-1 (IFN regulatory factor 1), a transcrip-
tion factor that activates additional secondary IFN-� target
genes with IRF-1 binding sites. Recent studies suggest that
IFN-� modulates the host response to tumors in two different
ways. Although the cytokine aids in the protection of hosts
against tumor development (immunosurveillance), IFN-� also
promotes the outgrowth of tumors with reduced immunoge-
nicity (immunoediting) (11, 13, 15, 16, 26, 31–33, 35).

Herein, we demonstrate that BAL1 and BBAP are highly
expressed in HR DLBCLs with a brisk inflammatory infiltrate
and IFN-� signature. In addition, BAL1 and BBAP are coor-
dinately regulated by a single IFN-�-responsive bidirectional
promoter that includes canonical IRF and STAT binding sites.
Highlighting the importance of BAL1 and BBAP coregulation,
we find that BBAP regulates the subcellular localization of
BAL1 by a dynamic shuttling mechanism.

MATERIALS AND METHODS

Generation of BAL1 Tet-On inducible clones. The BAL1-inducible lymphoma
cell line was generated using a Tet-On gene expression system (BD Biosciences
Clontech, Palo Alto, CA). Briefly, the FLAG-tagged BAL1 open reading frame
was generated by PCR amplification and ligated into the pTRE2 vector. An
aggressive B-cell lymphoma cell line (BJAB) was transfected with the pTET-On
regulatory plasmid and selected by neomycin resistance. pTET-On-positive
clones were screened for low background and high inducibility with pTRE2-Luc.
Selected clones were supertransfected with pTRE2-FLAG.BAL1 or an empty
pTRE2 vector and selected by puromycin resistance. Thereafter, cells were
treated with doxycycline at a final concentration of 1 �g/ml (BD Biosciences
Clontech). After 3 to 48 h of doxycycline treatment, candidate clones were lysed,
size fractionated, and immunoblotted with anti-FLAG (Sigma-Aldrich, St. Louis,
MO) as described below. Two clones with low baseline BAL1 background ex-
pression and high BAL1 inducibility (clones 1 and 2 [C1 and C2]) and one empty
vector control clone (Vector) were selected for further experiments. All clones
were maintained in RPMI 1640 medium supplemented with 10% tetracycline
(Tet)-approved fetal calf serum (BD Biosciences Clontech), 10 mM HEPES
buffer, 4 mM L-glutamine, 50 U/ml penicillin, 50 U/ml streptomycin, 1.5 mg/ml
G418, and 0.75 �g/ml puromycin.

Microarray analysis of BAL1 inducible clones. To eliminate variability in gene
expression caused by doxycycline and/or selection drugs, BAL1-inducible clones
and empty vector controls were maintained in culture medium containing the
same concentrations of selection drugs (puromycin and neomycin). For the
microarray experiments, BAL1-inducible clones and the empty vector control
clone were treated with doxycycline for 0 to 48 h. Thereafter, total RNA was
extracted, processed, hybridized to U133A and U133B Affymetrix oligonucleo-
tide microarrays, and scanned as previously described (27). All experiments were
performed in duplicate. After replicate arrays were pooled, the top 4,112 genes
meeting variation index criteria (0.3 � standard deviation/mean � 10) (24) were
selected for further analysis. Genes that were induced or repressed following
BAL1 induction were selected by two-way analysis of variance (ANOVA) and
rank correlation test with a P value cutoff of �0.001. All analyses were done with

the dChip v1.3 program (24). Selected transcripts (IRF-7 and STAT-1) were
validated by quantitative reverse transcriptase PCR (RT-PCR) using prede-
signed gene expression assays (catalog no. Hs00185375_m1 and Hs00234829_m1;
Applied Biosystems, Foster City, CA), the Applied Biosystems 7500 real-time
PCR system, and the manufacturer’s recommended relative quantification
method (with GAPDH [glyceraldehyde-3-phosphate dehydrogenase] as the ref-
erence).

Primary DLBCL microarray data and cluster designation. RNA microarray
data from 176 primary DLBCLs was obtained as previously described (27). Based
on their gene expression profiles, tumors were assigned to comprehensive clus-
ters (OXP, BCR/proliferation, or HR) and cell-of-origin categories (Germinal
Center, activated B, “other”) (27, 37).

Quantitative PCR-TaqMan analysis of BAL1 and BBAP transcripts. RNAs
from 106 (51 BCR, 28 OXP, and 27 HR tumors) of the above-mentioned primary
DLBCLs (27) were used to evaluate BAL1 and BBAP transcript abundance by
quantitative TaqMan PCR. In brief, cDNAs were transcribed from total RNA
(27) using Superscript II reverse transcriptase (Invitrogen). The transcribed
cDNA was diluted in water to a volume of 200 �l; 5 �l of this diluted template
was used in each 20-�l reaction mixture. All reactions were carried out in an ABI
7700 thermal cycler using TaqMan universal PCR master mix (Applied Biosys-
tems, Foster City, CA). Each BAL1 or BBAP reaction mixture contained a 100
nM concentration of the TaqMan probe and 200 nM concentrations of upstream
and downstream primers (probe and primer sequences are available upon re-
quest) in a total reaction volume of 20 �l. The thermal cycling conditions were
50°C for 2 min, 95°C for 10 min, and 40 cycles of a denaturing step at 95°C for
15 seconds and an extension step at 60°C for 1 min. Reactions were performed
in triplicate for each primer and probe set. PCR was also performed with a serial
dilution curve of plasmid DNA containing the PCR target sequence. Cycle
threshold (CT) values were generated using Sequence Detection Software, ver-
sion 1.7 (Applied Biosystems), and the values from triplicate reactions were
averaged. CT values from the serial dilution were plotted against log (number of
plasmid copies) to generate standard curves for each primer and probe set. With
these curves, tumor specimen CT values were used to calculate the amount of
template present for each transcript. The level of gene expression of each target
was calculated relative to that of the housekeeping gene, cyclophilin A (GenBank
accession no. NM_021130). Multiple comparisons of median expression values
were done by Kruskal-Wallis ANOVA. All statistical analyses were done using
Statistica 6.0 software (Statistica, Tulsa, OK).

Analysis of BAL1 and BBAP induction in IFN-�-treated lymphoma cell lines
by immunoblotting. Lymphoma cell lines (DHL4 and DHL10) were maintained
as previously described (4) After 2 to 48 h of IFN-� treatment (10 to 1,000 U/ml;
Roche Applied Science, Indianapolis, IN), cells were lysed in buffer containing
150 mM NaCl, 50 mM Tris (pH 7.4), 1% Nonidet P-40, and protease inhibitor
mixture (Complete; Roche Applied Science). Whole-cell lysate protein concen-
trations were determined by Bradford assay, and equal amounts of protein were
resuspended in sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(PAGE) sample buffer, heated at 95°C, size fractionated by sodium dodecyl
sulfate-PAGE, and transferred to polyvinylidene difluoride membranes (Milli-
pore Corp., Bedford, MA). Membranes were immunostained with the appropri-
ate primary antibody (anti-BAL1 [4] or anti-BBAP [34]) and horseradish per-
oxidase-conjugated mouse anti-rabbit or goat anti-mouse secondary antibody
(Amersham Biosciences, Piscataway, NJ) and developed using a chemilumines-
cence method (ECL; Amersham Biosciences).

Analysis of the BAL1/BBAP promoter and generation of BAL1/BBAP promoter
constructs. Computational analysis of the BAL1/BBAP promoter was performed
with publicly available programs: Genomatix (http://www.genomatix.de) (30),
FirstEF (http://rulai.cshl.org/tools/FirstEF) (10), GrailEXP (http://compbio.ornl
.gov/grailexp) (38), rVISTA (http://rvista.dcode.org/) (25), and CONSITE (http:
//mordor.cgb.ki.se/cgi-bin/CONSITE/consite) (29). To generate a series of BAL1
promoter reporter constructs, fragments spanning nucleotides �2452 to �458,
�2020 to �458, �1559 to �458, �544 to �458, �109 to �458, �2452 to �58,
and �198 to �58 from the previously identified BAL1 transcription start site
(TSS) (4) were PCR amplified and cloned into the promoterless pGL3 luciferase
vector (Promega, Madison, WI). The BBAP promoter region (�1648 to �109
from the BAL1 TSS) was PCR amplified and cloned into the same reporter
vector. A fragment containing the BAL1/BBAP predicted shared minimal pro-
moter (�109 to �458 bp from BAL1 TSS) was cloned bidirectionally.

Generation of mutant BAL1/BBAP promoter constructs. The predicted IRF
and STAT binding sites or the entire minimal promoter sequence was deleted
from the BAL1/BBAP regulatory region using a PCR-based mutagenesis ap-
proach. Briefly, the BAL1�109�458Luc plasmid served as a template to PCR
amplify promoter fragments: nucleotides �80 to �239, �254 to �458, �80 to
�264, �283 to �458, �109 to �79, and �308 to �458. These PCR products
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were excised from agarose gel and purified; thereafter, the following pairs
were blunt-end ligated: (i) �80 to �239 and �254 to �458, (ii) �80 to �264
and �283 �458, (iii) �80 to �239 and �283 to �458, and (iv) �109
to �79 and �308 to �458. The ligation products (i) BAL1�80�458dIRF,
(ii) BAL1�80�458dSTAT, (iii) BAL1�80�458dIRE-IFN response element, and (iv)
BAL1�109�458dMP-minimal promoter, respectively, were reamplified, gel purified,
and cloned into the pGL3 vector. Fragments �80 to �458, �109 to �79, �80
to �307, and �308 to �458 were amplified and cloned into the same reporter
vector and used as controls.

Analysis of BAL1/BBAP promoter constructs and luciferase assays. HEK293
cells were maintained in Dulbecco’s modified Eagle’s medium (Cellgro Media-
tech, Herndon, VA) supplemented with 10% fetal calf serum (Cellgro Media-
tech), 10 mM HEPES buffer, 4 mM L-glutamine, 50 U/ml penicillin, and 50 U/ml
streptomycin. HEK293 cells were seeded on 96-well plates, grown to 60 to 80%
confluence, and cotransfected with 80 ng/well of the appropriate promoter pGL3
construct (wild-type or mutant BAL1 or BBAP) and 20 ng/well of the control
reporter plasmid, pRL-TK (Promega), using FuGENE 6 transfection reagent
(Roche Applied Science) according to the manufacturer’s protocol. Six hours
after transfection, cells were treated with 1,000 U/ml of IFN-�. After 24 h of
incubation, cells were lysed and luciferase activities were determined by chemi-
luminescence assay using the dual luciferase assay kit (Promega) and a Lumi-
noskan Ascent luminometer (Thermo Lab Systems, Franklin, MA). Luciferase
activities are presented as means from three experiments � standard deviations.

Inhibition of IFN-�-mediated BAL1 induction with AG490. HEK293 cells
were transfected with 0.4 �g of the BAL1/BBAP promoter reporter plasmid
BAL1�109�458Luc and 0.1 �g of plasmid pRL-TK and treated with IFN-� (1,000
U/ml) with or without the JAK2 kinase inhibitor AG490 (Calbiochem, San
Diego, CA) (10, 25, or 50 �M) or vehicle (dimethyl sulfoxide) alone. After a 24-h
incubation, luciferase activities were measured as described above.

Analyses of IRF and STAT binding sites in the BAL1/BBAP promoter elec-
trophoretic mobility shift assay. Nuclear extracts from HEK293 or HeLa cells
treated with IFN-� (1,000 U/ml) for 0, 2, or 6 h were prepared with a nuclear
extraction kit (Active Motif, Carlsbad, CA) and stored at �80°C. Double-
stranded, PAGE-purified wild-type and mutant probes (wild-type IRF [5�-CAA
AGTTTCAGTTTCGCTTCCCTGGAGGTC-3�] and STAT [5�-TCCCTCCCT
GTTCCCGGCAGAGCCGCTTCC-3�]; mutant IRF _MUT [5�-CAAAGTTTC
AtacgCGCTTCCCTGGAGGTC] and STAT_MUT [5�-TCCCTCCCTGcgatCG
GCAGAGCCGCTTCC] [mutant bases are in lowercase letters]) were end
labeled with [�-32P]ATP, purified on Sephadex G-25 columns (Roche Applied
Science), and used in binding reactions. DNA binding was carried out using 5 �g
of nuclear extracts and �10,000 cpm of radiolabeled probe in 20 �l of binding
buffer [4% glycerol, 1 mM MgCl2, 50 �M EDTA, 50 �M dithiothreitol, 50 mM
NaCl, 10 mM Tris-HCl, pH 7.5, and 50 mg/ml of poly(dI-dC)]. The reaction
mixtures were incubated at room temperature for 30 min, loaded on a 5%
polyacrylamide gel, and electrophoresed at 30 mA for 2 h. Gels were vacuum
dried and exposed to X-ray films overnight at �80°C. For competitor studies, a
100	 molar excess of unlabeled wild-type or mutant probe was included in the
binding reaction mixtures. For supershift studies, 1 �l of IRF-1, IRF-2, or
STAT-1 antibody (Santa Cruz Biotechnology, Santa Cruz, CA; Abcam, Cam-
bridge, MA) was added to the reaction mixture 15 min prior to the probe.

IRF-1 and -2 transient transfections. The cDNAs for the IRF-1 and IRF-2
genes were generated by RT-PCR using RNA isolated from IFN-�-treated Raji
cells with TRIzol (Invitrogen, Carlsbad, CA). One microgram of RNA was
reverse transcribed and PCR amplified using a one-step RT-PCR kit (Invitro-
gen). Amplification products were gel purified and ligated into the linearized
vector pFLAG-CMV2 (Sigma-Aldrich). HEK293 cells were transfected with 0.4
�g of the BAL1/BBAP promoter reporter plasmid BAL1�109�458Luc, 0.1 �g of
plasmid pRL-TK, and 0.4 �g of pFLAG-IRF1, pFLAG-IRF2, or pFLAG-CMV2
alone as described above. Thereafter, cells were lysed and luciferase activities
determined by chemiluminescence assay (as described above).

Immunohistochemistry. Immunohistochemistry was performed using 5-�m-
thick formalin-fixed, paraffin-embedded tissue sections of HR-type DLBCLs.
Slides were deparaffinized, pretreated with 10.0 mM citrate buffer (pH 6.0;
Zymed, South San Francisco, CA) in a steam pressure cooker (Decloaking
Chamber; BioCare Medical, Walnut Creek, CA), and washed in distilled water.
All further steps were performed at room temperature in a hydrated chamber.
Slides were initially treated with peroxidase block (DAKO USA, Carpinteria,
CA) for 5 min to quench endogenous peroxidase activity and subsequently
incubated with primary rabbit polyclonal anti-BAL1 (1:2,000) (4) or rabbit poly-
clonal anti-BBAP (34) (1:100) antibodies in antibody diluent (DAKO) for 1 h.
Thereafter, slides were washed in 50 mM Tris-Cl–0.05% Tween 20, pH 7.4, and
anti-rabbit horseradish peroxidase-conjugated antibody (Envision Plus; DAKO)
was applied for 30 min. After further washing, immunoperoxidase staining was

developed using diaminobenzidine chromogen (DAKO) per the manufacturer’s
instructions and counterstained with Harris hematoxylin.

BAL1 and BBAP immunofluorescence staining and fluorescence microscopy.
COS-7 cells were seeded on glass coverslips and transfected with enhanced green
fluorescent protein (eGFP)-BAL1 and/or FLAG-BBAP plasmids described pre-
viously (4, 34) and FuGENE6 (Roche Applied Science). Forty-four hours after
transfection, cells were treated with 10 ng/ml leptomycin B (LMB; Sigma-
Aldrich) or vehicle (methanol) alone for 4 h as indicated in Fig. 6. Thereafter,
coverslips were rinsed with ice-cold phosphate-buffered saline (PBS), cells were
fixed in 4% paraformaldehyde in PBS for 20 min, and eGFP-BAL1-expressing
cells were analyzed. For FLAG-BBAP studies, cells were permeabilized in 0.1%
NP-40 in PBS for 15 min and nonspecific binding was blocked with 5% nonim-
mune mouse serum in PBS for 15 min. Cells were then incubated for 60 min with
PBS supplemented with 0.1% NP-40 and 5% mouse serum containing primary
antibody (mouse anti-FLAG monoclonal antibody [M2; Sigma-Aldrich]),
washed extensively with PBS containing 0.1% NP-40, and then incubated for 60
min with secondary antibody [Rhodamine Red-X-conjugated F(ab�)2 fragment
goat anti-mouse antibody; Jackson ImunoResearch Laboratories, West Grove,
PA] in PBS containing 0.1% NP-40 and 5% mouse serum. Nuclei were stained
with 4,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich). After being washed
extensively, coverslips were mounted in gel mount medium (Biomeda, Foster
City, CA) and analyzed by fluorescence microscopy with a SPOT camera (Di-
agnostic Instrument, Sterling Heights, MI). Composite images were generated by
Adobe Photoshop software.

RNA interference-mediated BBAP knockdown. BBAP-specific small interfer-
ing RNA (siRNA) was designed using siRNA Selection Program (39) (http://jura
.wi.mit.edu/bioc/siRNAext/), synthetized as single-stranded DNA oligonucleo-
tides by Integrated DNA Technologies (Coralville, IA), and annealed. A BBAP-
specific, annealed DNA oligonucleotide (BBAP RNAi, GATCCGGCGAAGC
AGTATGTTCTATTCAAGAGATAGAACATACTGCTTCGCCTTTTTTG)
or scrambled oligonucleotide (SCR, GATCCCCUCCAUAUCUCGCGCGUC
TTCAAGAGAGACGCGCGAGATATGGAGGTTTTTTG) with BamHI and
EcoRI overhangs was ligated into the linearized retroviral vector pSIREN-
RetroQ-ZsGreen (BD Clontech). Thereafter, 15 �g of the BBAP RNAi-pSIREN-
RetroQ-ZsGreen or SCR-pSIREN-RetroQ-ZsGreen retroviral vector was co-
transfected with 8 �g of pKAT and 15 �g of a vesicular stomatitis virus G protein
vector into 293T cells using FuGENE 6 transfection reagent (Roche Applied
Science). Following 60 h, retroviral supernatants were collected, mixed with
hexadimethrine bromide (Sigma-Aldrich) at an 8-�g/ml final concentration, and
used to infect HeLa cells. Following 12 h of retroviral transduction, HeLa cells
were incubated for 60 h and used to prepare whole-cell extracts in the lysis buffer
described above or used to prepare nuclear and cytoplasmic fractions (nuclear
extraction kit; Active Motif). Extracts were size fractionated on polyacrylamide
gels and immunoblotted with anti-BAL1, anti-BBAP, anti-
-actin (Sigma-
Aldrich), or anti-HDAC1 (Santa Cruz Biotechnology) antibodies as described
above. Densitometric analysis of X-ray films was performed with ChemiImager
4400 software (Alpha Innotech, San Leandro, CA).

RESULTS

BAL1 induces IFN-responsive genes. The nuclear localiza-
tion of BAL1 and its role as a modulator of transcription
prompted us to identify BAL1 target genes. Using a Tet-in-
ducible system in a lymphoma cell line with low levels of
endogenous BAL1, we selected two BAL1-inducible clones
(C1 and C2) and a vector-only clone for further experiments.
Following doxycycline treatment, BAL1 expression was detect-
able at 6 h and maximal at 24 to 48 h (Fig. 1A). At sequential
time points following doxycycline treatment, total RNA from
BAL1-inducible clones and empty vector controls was ob-
tained for transcriptional profiling. Genes that were induced or
repressed by BAL1 were selected by two-way ANOVA and
rank correlation tests (P � 0.001). With these criteria, 110
genes were induced and 92 genes were repressed following the
expression of BAL1. Of the 110 upregulated genes (repre-
sented by 130 probe sets), 17 genes (represented by 25 probe
sets [15%]) were bona fide type 1 and 2 ISG (e.g., 2�-5�
OAS, IFIT1, IFIT2, STAT-1, IRF-7, and IFI-15K) or genes
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FIG. 1. BAL1 induction of ISG. (A) BAL1 expression in a doxycycline-inducible lymphoma cell line. BAL1-inducible and empty vector control
lines were treated with doxycycline (Dox) for the indicated periods of time. Thereafter, whole-cell lysates were size fractionated, immunoblotted,
and analyzed with anti-FLAG antibody. WB, Western blotting; �-FLAG, anti-FLAG. (B) ISG induced by BAL1. Seventeen genes (represented
by 25 probe sets) were bona fide type 1 and 2 ISG or genes indirectly modulated by IFN-�. (C) Quantitative RT-PCR analysis of STAT-1 and IRF-7
induction by BAL. RNAs from a BAL1-inducible clone (C1) and control vector-only cells that were untreated (�) or treated with doxycycline (�)
for 36 h were analyzed for STAT-1 and IRF-7 abundance by quantitative RT-PCR.
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indirectly modulated by IFN (HLA class II) (chi-square test,
P � 0.001) (Fig. 1B). Using quantitative RT-PCR, we then
confirmed BAL1 induction of two selected ISG, IRF-7 and
STAT-1 (Fig. 1C).

IFN-� induces BAL1 expression in DLBCLs. Next, we
treated B-lymphoma cell lines with 10 to 1,000 units/ml IFN-�
and evaluated subsequent BAL1 expression by immunoblot-
ting. The BAL1 binding partner, BBAP, was similarly assessed.
Both BAL1 and BBAP were induced in B-lymphoma cell lines
treated with increasing concentrations of IFN-� (Fig. 2A).

IFN-�, BAL1, and BBAP are more abundant in HR DLBCLs
than in non-HR DLBCLs. We then assessed BAL1 and BBAP
expression in primary DLBCLs with a brisk host immune/
inflammatory response and increased IFN-� signaling (HR
tumors) (Fig. 2B and C). In newly diagnosed DLBCLs with
available transcriptional profiles and comprehensive cluster
designations, �-IFN, BAL1, and BBAP transcripts were signif-
icantly more abundant in HR tumors than in BCR and OXP
tumors (P � 0.001, Kruskal-Wallis test) (Fig. 2B and data not
shown) and highly correlated across the data set (correlation
coefficient R, 0.72; P � 0.001 [data not shown]). Similar results

were obtained when BAL1 and BBAP transcripts were directly
analyzed in 106 of the same DLBCLs using quantitative PCR
(Fig. 2C) (P � 0.001). In addition, BAL1 and IFN-� transcript
levels were closely correlated across the DLBCL series (cor-
relation coefficient R, 0.44; P � 0.0001 [data not shown]).
Therefore, BAL1 and BBAP are most abundant in DLBCLs
defined by their brisk inflammatory infiltrate and signature of
IFN-� signaling. No significant differences in BAL1/BBAP ex-
pression were observed when the same tumor series was seg-
regated into the developmentally defined cell-of-origin catego-
ries (data not shown) (27, 37).

In silico prediction of the BAL1/BBAP promoter. To eluci-
date potential mechanisms of IFN-�-mediated BAL1 and
BBAP induction, we analyzed the 5� regulatory regions of
BAL1 and BBAP in silico and demonstrated a head-to-head
orientation of the BAL1 and BBAP loci on chromosome 3q21
(Fig. 3A). Next, the sequence 4 kb upstream to 1 kb down-
stream from the BAL1 TSS was evaluated with two indepen-
dent promoter prediction algorithms (10, 30). A single CpG-
related minimal promoter, shared by both genes, was identified
at �80 to �307 bp from the BAL1 TSS (Fig. 3A). Comparison

FIG. 2. BAL1 and BBAP induction by IFN-� in lymphoma cell lines and overexpression in primary DLBCLs. (A) Induction of BAL1 and
BBAP by IFN-� in two lymphoma cell lines (DHL4 [right panel] and DHL10 [left panel]). Cells were treated with the indicated doses of IFN-�
(0 to 1,000 U/ml) for 24 h. Thereafter, whole-cell lysates were size fractionated, immunoblotted, and analyzed with anti-BAL1 or anti-BBAP
antibodies (�-BAL1 or �-BBAP, respectively). (B and C) Overexpression of IFN-�, BAL1, and BBAP transcript abundance in DLBCL compre-
hensive clusters. Primary DLBCLs were identified as BCR, OXP, and HR tumors, and levels of IFN-�, BAL1, and BBAP transcript abundance
in the clusters were compared using a Kruskal-Wallis test. (B) IFN-� transcript abundances were compared using microarray data (U133A probe
set 210354_at [arbitrary units]). (C) BAL1 and BBAP transcript abundance was evaluated using real-time quantitative RT-PCR. Data are
developed using graphs which denote the medians (■ ), 25 to 75% values (shaded bars), and nonoutlier ranges (I bars).
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FIG. 3. Identification and characterization of the IFN-�-inducible, bidirectional BAL1/BBAP promoter. (A) Schematic representation of the
bidirectional genomic organization of BAL1 and BBAP genes and their shared, CpG-related promoter (common promoter [CP], indicated by a red
bar). In, intron; Ex, exon; 5�UTR, 5� untranslated region. (B) Identification of a minimal, bidirectionally active BAL1/BBAP promoter. (Upper
panel) BAL1 promoter fragments including or lacking the predicted minimal promoter sequence (�80 to �307, represented by a red bar) were
cloned into a luciferase reporter vector, transiently transfected into HEK293 cells, and assayed for responsiveness to IFN-�. (Upper right panel)
Respective BAL1 promoter constructs (black lines) were cloned upstream of the firefly luciferase gene (gray bar with arrow). (Upper left panel)
Representative luciferase activities from three independent experiments are normalized to Renilla luciferase activity and are presented as black
bars � standard deviations. (Lower panel) The reversed minimal promoter construct (BBAP�458�109Luc) or constructs with an additional 1.2 kb
of 5� upstream sequence (BBAP�1648�109Luc) were transiently transfected into HEK293 cells and assessed as for the upper panel. (C) The
bidirectional BAL1/BBAP promoter requires intact IRF-1 and STAT binding sites for IFN-�-induced activity. A series of deletion constructs
lacking predicted individual IRF or STAT binding sites or both sites (dIRF, dSTAT, and dIRE, respectively) were cloned into the pGL3 vector,
transiently transfected into HEK293 cells, and assessed as described for panel B. ISRE, IFN-stimulated response element.
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of the predicted human, mouse, and rat BAL1/BBAP se-
quences (25, 29) revealed one highly conserved regulatory
module that included IRF (�239 to �254) and STAT (�264 to
�283) binding sites (data not shown).

The BAL1/BBAP promoter is bidirectionally activated by
IFN-�. To elucidate the mechanism of IFN-�-mediated BAL1/
BBAP induction and locate critical cis-acting elements in the
shared regulatory regions, a set of BAL1 promoter fragments was
cloned into a luciferase reporter vector, transiently transfected
into HEK293 cells, and assessed for responsiveness to IFN-� (Fig.
3B). Promoter constructs including the predicted BAL1/BBAP
minimal promoter sequence (�80 to �307) increased IFN-�-
responsive luciferase activity �20-fold, whereas constructs lacking
the minimal promoter sequence were unresponsive to IFN-�
treatment (Fig. 3B, top panel). A series of 5� deletions of the
longest BAL1�2452�458Luc promoter construct revealed that se-
quences �2452 to �109 bp from the BAL1 TSS were dispensable
for IFN-�-mediated BAL1 activation (Fig. 3B, top panel). Similar
results were obtained with COS-7 cells (data not shown).

To assess bidirectional BAL1/BBAP promoter activity, a
fragment containing the minimal shared promoter sequence
(�109 to �458 from the BAL1 TSS) was cloned into the pGL3
luciferase vector in the opposite direction. The reversed min-
imal promoter also increased luciferase activity �20-fold fol-

lowing IFN-� treatment (Fig. 3B, bottom panel). BBAP pro-
moter constructs with an additional 1.2 kb of 5� upstream
sequence (BBAP�1648�109Luc) were similarly responsive to
IFN-�, indicating that there were no additional IFN-� regula-
tory elements within this region. Similar results were obtained
with COS-7 cells (data not shown).

IFN-�-induced BAL1/BBAP transactivation requires JAK2
kinase and an intact IRF element. We next analyzed the down-
stream signaling molecules required for IFN-�-mediated

FIG. 4. BAL1/BBAP IRF and STAT promoter elements directly
bind IFN-�-induced proteins. (A) IRF shift assay. (Left panel) Nuclear
extracts from IFN-�-treated (lanes 2 to 5) or untreated (lane 1) cells
were incubated with a wild-type (WT) (lanes 1, 2, 4, and 5) or mutant
(MUT) (lane 3) 32P-labeled, double-stranded DNA probe correspond-
ing to the IRF binding site in the BAL1/BBAP promoter. Specific
(S) or nonspecific (NS) competitor was included in certain assays (lane
4 or 5, respectively). The gel shift band corresponding to the probe-
protein complex is indicated with an arrow. (Right panel) Nuclear
extracts from IFN-�-treated (lanes 7 to 11) or untreated (lane 6) cells
were incubated with the 32P-labeled IRF probe. Antibodies against
STAT-1, IRF-1, IRF-2, or 
-actin were included in lane 8, 9, 10, or 11,
respectively. The gel shift band corresponding to probe-protein com-
plex is indicated with an arrow, and supershift bands corresponding to
probe-protein-antibody complex are noted with asterisks. (B) STAT-1
shift assay. (Left panel) Nuclear extracts from IFN-�-treated (lanes 2
to 5) or untreated (lane 1) cells were incubated with a wild-type (lanes
1, 2, 4, and 5) 32P-labeled, double-stranded DNA probe corresponding
to the STAT binding site in the BAL1/BBAP promoter. Specific (S) or
nonspecific (NS) competitor was included in lane 4 or 5, respectively.
The gel shift band corresponding to the formed probe-protein complex
is indicated with an arrow; the lower shift band is nonspecific (NSB).
(Right panel) Nuclear extracts from IFN-�-treated (lanes 7 to 9) or
untreated (lane 6) cells were incubated with the wild-type, 32P-labeled
STAT probe. Antibodies against STAT-1 or 
-actin were included in
lane 9 or 8, respectively. The gel shift band corresponding to formed
probe-protein complex is indicated by an arrow, and disruption of the
complex by the STAT-1 antibody is noted by asterisks. (C) Roles of
IRF-1 and -2 in BAL1 promoter activation. The BAL1 minimal pro-
moter construct (BAL1�109�458Luc) was transiently cotransfected with
the empty pFLAG-CMV2 vector or with the IRF-1 or IRF-2 pFLAG-
CMV2 expression vector. Control cells were transfected with
BAL1�109�458Luc (alone) and treated with IFN-� or left untreated as
indicated. Thereafter, cells were lysed and assessed for luciferase ac-
tivity as described in the legend to Fig. 3.
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BAL1/BBAP induction. For this reason, HEK293 cells were
transfected with a luciferase reporter vector driven by the
BAL1/BBAP minimal promoter (BAL1�109�458Luc) and treated
with IFN-� in the presence or absence of the chemical JAK2
inhibitor AG490 (used at doses that specifically inhibit JAK2
kinase activity without nonspecific toxicity [12, 22]). AG490
inhibited IFN-�-induced BAL1/BBAP promoter activity in a
dose-dependent manner, directly implicating JAK2 and the
associated STAT-1 and IRF transcription factors in this pro-
cess (data not shown).

Next, we directly analyzed the requirement for IRF and
STAT transcription factors in electrophoretic mobility shift
assays (Fig. 4). Nuclear extracts from IFN-�-treated HEK293
(or HeLa) cells were incubated with radiolabeled wild-type or
mutant probes corresponding to IRF and STAT elements in
the BAL1/BBAP promoter. BAL1/BBAP IRF and STAT wild-
type probes, but not mutant probes, directly bound to IFN-�-
induced nuclear proteins (Fig. 4A and B, left panels). The
complexes formed with BAL1/BBAP IRF and STAT probes
were displaced by unlabeled wild-type but not by mutant com-
petitors, further confirming binding specificity. In supershift
assays, the BAL1/BBAP IRF complex was retarded by IRF-1

and IRF-2 antibodies (Fig. 4A, right panels). In similar assays,
the BAL1/BBAP STAT complex was specifically disrupted by a
STAT-1 antibody (Fig. 4B). The complex associated with a
control STAT-1 probe was also disrupted with a STAT-1 an-
tibody, as previously described (data not shown) (8).

The individual roles of IRF-1 and IRF-2 proteins in inducing
BAL1/BBAP expression were then evaluated in cotransfection
studies (Fig. 4C). Specifically, the cDNAs for IRF-1 and IRF-2
were cloned, placed under the transcriptional control of the
cytomegalovirus promoter, and transiently cotransfected into
HEK293 cells with the BAL1/BBAP minimal promoter re-
porter vector (BAL1�109�458Luc). Cotransfection of FLAG-
tagged IRF-1 significantly increased BAL1/BBAP promoter ac-
tivity, whereas FLAG-tagged IRF-2 had only a minor effect
(Fig. 4C).

BAL1 and BBAP expression and subcellular localization in
HR-type DLBCLs. Given the coregulation of BAL1 and BBAP
by a single IFN-�-responsive, bidirectional promoter, the dem-
onstrated role of BAL1 as a modulator of transcription, and
the increased abundance of BAL1 and BBAP transcripts in
HR tumors, we next evaluated the expression of these proteins
in HR DLBCLs by immunohistochemistry. As expected, BAL1

FIG. 5. Subcellular localization of BAL1 and BBAP in primary HR DLBCLs. (A) Cytoplasmic and nuclear (inset, right panel) staining of BAL1
in the tumor cells of two primary HR DLBCLs (left and right panels). (B) Cytoplasmic and nuclear (inset, right panel) staining of BBAP in tumor
cells of the same two primary HR DLBCLs. Magnification, 	400; inset, 	1,000.
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FIG. 6. Subcellular localization of transfected BAL1 and BBAP in COS-7 cells. COS-7 cell monolayers were grown on coverslips and
transfected with the following expression vectors: either eGFP-BAL1 or full-length FLAG-BBAP (A), eGFP-BAL1 and FLAG-BBAP (B),
FLAG-tagged full-length or N-terminal BBAP (C), and eGFP-BAL1 and FLAG-tagged N-terminal BBAP (D). Cells in panels C and D were
treated with LMB (10 ng/ml) as indicated. After 24 h, cells were fixed and subjected to indirect immunofluorescence. Nuclei were visualized by
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and BBAP were primarily expressed by the malignant B cells
rather than the infiltrating host immune/inflammatory cells in
HR tumors. Unexpectedly, however, the immunohistochemis-
try analysis revealed significant levels of BAL1 and BBAP
protein in the cytoplasm of these cells, with detectable, but less
prominent, nuclear localization (Fig. 5A and B).

Since our previous analyses of BAL1 nuclear immunolocal-
ization were with transfected fibroblasts without detectable
BBAP expression (4), we reasoned that concurrent BBAP ex-
pression might alter the subcellular localization of BAL1. To
assess this possibility, COS-7 cells were transfected with eGFP-
tagged BAL1, full-length FLAG-tagged BBAP, or a combina-
tion of eGFP-BAL1 and full-length BBAP and analyzed by
immunofluorescence microscopy. Consistent with previous re-
ports (4), cells transfected with eGFP-tagged BAL1 alone ex-
hibited prominent nuclear fluorescence (Fig. 6A, upper panel).
In contrast, full-length BBAP transfectants had predominant
cytosolic fluorescence (Fig. 6A, bottom panel) whereas cells
cotransfected with eGFP-tagged BAL1 and FLAG-tagged
BBAP had abundant cytoplasmic and less prominent nuclear
expression of the binding partners (Fig. 6B). Similar results
were obtained when eGFP-BAL1 was cotransfected with a
BBAP N-terminal construct (amino acids [aa] 1 to 560) that
includes the BAL1 binding domain (34) (data not shown).

Taken together, the data suggested that BBAP might regu-
late the subcellular localization of BAL1. Although the BAL1
sequence includes a putative nuclear localization signal (RKKK,
aa 650 to 653), BBAP contains both strong predicted nuclear
localization signals (PRVRRKL [aa 20 to 26] and RKHLHQ
TKFADDFRKRH [aa 462 to 478]) and an export signal (LN
HQFTKLLI [aa 325 to 334]). To assess the possibility that
BBAP protein might shuttle between the nuclear and cytoplas-
mic compartments, we transfected full-length or N-terminally
FLAG-tagged BBAP into COS-7 cells in the presence or ab-
sence of the nuclear export inhibitor LMB. Following LMB
treatment, full-length and N-terminal BBAP (aa 1 to 560) were
retained primarily in the nucleus (Fig. 6C, upper and bottom
panels, respectively). When BAL1 and N-terminal BBAP were
cotransfected in the presence of LMB, both proteins were
trapped in the nucleus (Fig. 6D). Taken together, these data
suggest that BBAP regulates BAL1 subcellular localization,
facilitating nuclear export and shuttling from the nucleus to the
cytosol (Fig. 6D).

To further define the role of BBAP in regulating BAL1
subcellular localization, we transduced a cell line that ex-
pressed high levels of endogenous BAL1 and BBAP (HeLa)
with a retrovirus encoding a BBAP-specific short hairpin RNA
(shRNA), an empty virus or a virus expressing a scrambled
control sequence. After confirmation of the efficacy of BBAP
knockdown (Fig. 6E, left panel), nuclear and cytosolic fractions

were analyzed for BAL1 protein by immunoblotting and scan-
ning densitometry (Fig. 6E, right panel). In cells transduced
with either control, BAL1 was detected in both the cytosol and
nucleus; in marked contrast, BAL1 was localized primarily to
the nucleus in cells with RNA interference-mediated knock-
down of BBAP (Fig. 6E, right panel). Therefore, the subcel-
lular localization of BAL1 is determined by its coordinately
regulated binding partner.

DISCUSSION

Herein, we show that BAL1 and BBAP are induced by
IFN-� and overexpressed in a subset of DLBCLs with a brisk,
but ineffective, host inflammatory response (HR tumors) and
IFN-� signature. The basis for the coregulated, IFN-�-induced
expression of BAL1 and BBAP is a shared, bidirectional pro-
moter containing a phylogenetically conserved IFN-� response
element. Coregulated expression of the BAL1 and BBAP bind-
ing partners results in the formation of a biological complex
that shuttles between the cytoplasm and the nucleus.

The BAL1 and BBAP genes are located in a “head-to-head”
orientation on chromosome 3q21. The human genome con-
tains numerous pairs of genes with similar “head-to-head”
orientations and transcription start sites separated by less than
1 kb (36). Several of these gene pairs are known to be regu-
lated by a single bidirectional promoter (36). Bidirectional
promoters typically have high GC contents, frequently lack
TATA boxes, and often are conserved among mouse orthologs
(36). All of these structural features are present in the bidi-
rectional human, mouse, and rat BAL1/BBAP promoters.

Bidirectional promoters typically ensure the coordinate ex-
pression of genes with complementary roles (14, 36). For ex-
ample, bidirectional promoters (i) maintain stoichiometric
quantities of transcribed genes (5), (ii) drive the transcription
of genes involved in the same cellular pathway or/and activated
by the same cellular signal (14), and/or (iii) regulate the ex-
pression of genes that need to be sequentially activated (21). In
this regard, the bidirectional BAL1/BBAP promoter ensures
tightly coordinated transcriptional regulation of the BAL1/
BBAP complex in response to IFN-�. In addition, BBAP reg-
ulates the subcellular localization of BAL1 by a dynamic shut-
tling mechanism, highlighting the functional requirement for
coordinated BBAP and BAL1 expression.

There are multiple examples of binding partners regulating
the nucleocytoplasmic trafficking of transcription factors (2, 7,
18–20). Numerous cell cycle regulators and/or tumor suppres-
sors shuttle between nucleus and cytoplasm in a tightly regu-
lated fashion, where binding either impedes export and leads
to nuclear retention of the complex or facilitates export of the
binding partners (7, 17, 20). BAL1/BBAP binding facilitates

counterstaining with DAPI. (E) shRNA-mediated knockdown of BBAP. HeLa cells were transduced with a retrovirus expressing BBAP-specific
shRNA (BBAP-RNAi) or virus encoding no shRNA (vector) or expressing a negative-control scrambled sequence (SCR). Seventy-two hours after
retroviral transduction, whole-cell lysates or nuclear and cytosolic fractions were obtained, size fractionated, and analyzed by immunoblotting (left
panel) or immunoblotting and scanning densitometry (right panel). (Left panel) Immunoblots of whole-cell lysates analyzed with anti-BBAP
(a-BBAP), anti-BAL1, and anti-
-actin (loading control). (Upper right panel) Immunoblots of nuclear and cytosolic fractions analyzed with
anti-BAL1 and anti-HDAC1 (nuclear-protein control). (Lower right panel) Densitometric analysis of relative nuclear and cytosolic BAL1 protein
abundances in vector-, SCR-, or BBAP RNAi-treated cells.
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the export of the BAL1/BBAP complex, likely due to the
BBAP nuclear export signal.

BAL1 and BBAP are most abundant in HR DLBCLs that
have a prominent immune/inflammatory infiltrate that includes
interdigitating dendritic cells and CD2�/CD3� T cells, a likely
source of IFN-� (27). However, the IFN-�-inducible BAL1 and
BBAP proteins are primarily expressed by tumor cells, under-
scoring the dynamic interaction between HR tumor cells and
their microenvironment. In this context, IFN-�-induced BAL1
expression and BAL1-induced IFN-stimulated genes directly
place BAL1 in the IFN signaling pathway.

The unique clinical and biological features of HR tumors,
including fewer known genetic abnormalities and younger ages
of patients at presentation than with non-HR tumors, prompt
speculation regarding the cause and nature of an associated,
ineffective host immune response. Previous studies suggest a
dual role of IFN-� in tumor immunity, initially protecting the
host from tumor formation and development but subsequently
immunoediting established tumors to resist attack. For exam-
ple, IFN-� delays the growth and increases the rejection of
carcinogen-induced tumors in mice (13, 23, 32). However,
IFN-� also induces the expression NK/T-cell inhibitory mole-
cules, making IFN-�-treated tumor cell lines more resistant to
NK cell- or lymphokine activated killer-mediated lysis in vitro
(11, 35). Given the IFN-� inducibility of BAL1, the modulation
of IFN-stimulated genes by BAL1, and the adverse effect of
BAL1 expression on DLBCL outcome, it is possible that
BAL1/BBAP may play a role in editing or inhibiting the host
immune response against lymphoma. The current studies de-
fining the regulation of BAL1 expression in HR DLBCLs be-
gin to address this important issue.
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