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Abstract
Human germinal center–associated lymphoma (HGAL) and LIM domain only-2 (LMO2) are
proteins highly expressed in germinal center (GC) B lymphocytes. HGAL and LMO2 are also
expressed in GC-derived lymphomas and distinguish biologically distinct subgroups of diffuse
large B-cell lymphomas (DLBCL) associated with improved survival. However, little is known
about their regulation. PRDM1/Blimp-1 is a master regulator of terminal B cell differentiation and
may also function as a tumor suppressor in the pathogenesis of DLBCL, where it is frequently
inactivated by mutations and deletions. We now demonstrate that both HGAL and LMO2 are
directly regulated by the transcription repressor PRDM1. In vivo studies demonstrate that PRDM1
directly binds to the recognition sites within the upstream promoters of both HGAL and LMO2.
PRDM1 binding suppresses endogenous protein and mRNA levels of HGAL and LMO2. In
addition promoter analysis reveals that site specific binding of PRDM1 to the promoters is capable
of repressing transcriptional activity. This inhibitory effect of PRDM1 suggests that it has a key
role in the loss of HGAL and LMO2 expression upon differentiation of GC B cells to plasma cells
and may also contribute to absence of HGAL and LMO2 expression in post-GC lymphoid tumors.
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Introduction
Germinal center (GC) reaction is a highly regulated critical step in the generation of humoral
immunity. It is characterized by B cell proliferation, immunoglobulin affinity maturation
leading to antigen selection, immunoglobulin class-switch, and finally differentiation of B
cells into either memory cells or antibody secreting plasma cells [1]. The development of
GC B lymphocytes and the subsequent differentiation to memory and plasma cells is tightly
regulated and is associated with characteristic changes in gene expression [2, 3]. Despite
significant studies on the regulation and function of these gene changes, many important
regulatory steps remain to be deciphered.
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Gene expression profiling previously identified two genes encoding proteins highly
expressed in GC B lymphocytes: human germinal center–associated lymphoma (HGAL),
also known as germinal center expressed transcript 2 (GCET2), and LIM domain only-2
(LMO2) [4, 5]. Both genes are induced in GC B cells and silenced during differentiation into
plasma cells or memory B cells. HGAL and LMO2 are also expressed in GC-derived
lymphomas. Characterization of a large number of diffuse large B-cell lymphomas
(DLBCL) has identified HGAL and LMO2 as markers which can be used to distinguish
biologically distinct subgroups associated with improved survival [4, 6–10].

The HGAL gene, located on chromosome 3q13, encodes a 178–amino acid (aa) protein with
51% identity and 62% similarity to the murine M17 protein, both exclusively expressed in
GC B lymphocytes [6]. Studies in mice revealed that M17 is dispensable for GC formation,
immunoglobulin somatic hypermutation, class-switch recombination, and for mounting T
cell–dependent antibody responses [11]. However, in contrast to its wild-type littermates,
M17-deficient mice exhibited reduced-sized Peyer patches [11]. Recent studies showed that
HGAL is involved in motility regulation of GC B-cells and GC-derived malignant
lymphoma cells. It inhibits IL-6 and SDF-1–induced migration of malignant lymphoma cells
and normal GC B-lymphocytes by interacting with actin and myosin proteins [12, 13] as
well as by regulating the RhoA signaling pathway [12, 14]. HGAL-induces activation of
RhoA and its downstream effectors by directly binding and activating the RhoA-specific
guanine nucleotide exchange factors (RhoGEFs) PDZ-RhoGEF and LARG. This stimulates
the GDP-GTP exchange rate of RhoA and results in inhibition of lymphocyte and lymphoma
cell motility, induction of transcriptional activation by serum response factor and
amplification of RhoA transforming potential [14].

LMO2 gene, located on the short arm of chromosome 11 at band 13 (11p13), is a member of
the LIM-only zinc finger protein family and mediates protein-protein interaction in multi-
protein transcriptional factor complexes. It was discovered from a recurrent translocation in
T-cell acute lymphoblastic leukemia (T-ALL), but its expression is extinguished early in T
cell development and is not required for normal development of this lineage [15]. Aberrant
expression of LMO2 in immature T cells in the thymus leads to thymocyte self renewal [16],
accumulation of early lymphoid precursors and oncogenic transformation leading to
childhood T-cell acute lymphoblastic leukemia. LMO2 plays important role in normal
endothelial and hematopoietic cells. In the endothelial system it is involved in angiogenesis,
playing a critical role in the angiogenetic remodeling of the vasculature [17]. In
hematopoietic system, LMO2 expression is restricted to adult hematopoietic stem cells
(HSCs) and the erythroid lineage [18] and it is essential for yolk sac erythropoiesis [19].
Chimeric animals produced from homozygous-deficient embryonic stem cells demonstrated
abnormal hematopoiesis. We have recently observed specific up-regulation of LMO2
expression in GC B lymphocytes and GC derived DLBCL [2, 5], but its function in these
cells is still unknown.

B lymphocyte differentiation into plasma cells is dependent on the transcription factor PR
Domain containing 1, with Zinc Finger Domain 1 (PRDM1), also known as B-lymphocyte
induced maturation protein-1 (Blimp1). PRDM1 encodes a zinc finger transcriptional
repressor described by Turner et al. as an inducer of B cell differentiation [20]. PRDM1 also
has a key role in regulating effector function of T cells [21–24] and Natural Killer cells [25,
26]. Stimulation of macrophages and dendritic cells through Toll-like receptors also induces
PRDM1 expression suggesting PRDM1 has a role in regulating multiple immune cell types
[27, 28]. PRDM1 functions as a transcription repressor by directly binding DNA and acting
as a scaffold to recruit multiple co-repressor proteins including the histone H3
methyltransferase, G9a [29], the histone deacetylase HDAC2 [30], the arginine
methyltransferase PRMT5 [31] and the histone demethylase LSD1 [32]. In addition, at some
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gene targets PRDM1 may displace transcriptional activators of the Interferon Regulatory
Factor (IRF) family through DNA binding site competition [33].

In B lymphocytes PRDM1 is required for the formation of plasma cells [34]. Conditional
knockout of PRDM1 in the B cell compartment leads to an accumulation of activated B cells
and a loss of plasma cell differentiation [35, 36]. Conversely, enforced expression of
PRDM1 in lymphoma cell lines promotes either partial differentiation or induction of
apoptosis [37]. PRDM1 acts as a tumor suppressor in activated B cell (ABC)-like DLBCL,
where it is inactivated through multiple mechanisms [38–41]. Gene expression profiling
demonstrates that PRDM1 coordinates significant reprogramming of the genes expressed in
GC B lymphocytes [42]. A limited number of these reprogrammed genes have been
identified as direct targets of PRDM1 repression. These include genes required for
maintaining the B cell phenotype and in maintaining cellular proliferation such as CIITA,
PAX5, Spi-B, Id3 and c-myc [42–46]. In addition we have recently identified the
proliferation genes PCNA and MKI67 as functionally important direct targets of PRDM1
during mantle cell lymphoma therapy [47]. Together these studies have identified PRDM1
as a key regulatory step in the transition from a GC B lymphocyte to a plasma cell; however,
many of the functionally important direct targets of PRDM1 in this process remain to be
deciphered. This report now establishes HGAL and LMO2 as two GC proteins whose
expression is directly regulated by PRDM1.

Results
PRDM1 over-expression suppresses endogenous LMO2 and HGAL expression

Gene expression profiling previously performed by us [2] reveals that expression of HGAL
and LMO2 is down-regulated concomitant with induction of PRDM1 during differentiation
of human GC lymphocytes to plasma and memory B cells (Figure 1). Consequently, we
hypothesized that PRDM1 may regulate the expression of these genes. To address this
question, B cell lymphoma cell lines expressing endogenous HGAL and LMO2 proteins
were transfected with a PRDM1 expression construct and the changes in mRNA and protein
were profiled. Immunoblot analysis of the B cell lymphoma cell line, VAL, revealed that
both HGAL and LMO2 protein expression decrease in a dose dependent manner with the
increase of PRDM1 (Figure 2A). Similarly the known PRDM1 target, BCL6, also showed a
dose dependent suppression by PRDM1. This finding was also observed in the B lymphoma
cell line, Raji (Figure 2B). Expression changes at the level of mRNA were analyzed by
quantitative reverse transcription PCR (Figure 2C and 2D). Twenty-four hours after PRDM1
transfection, HGAL and LMO2 mRNA levels are suppressed up to 40% in both the VAL
and Raji B lymphoma cell lines. The level of suppression is similar to the degree observed
with BCL6, a known PRDM1 target. Overall these results show that ectopic expression
PRDM1 in germinal cell-derived lymphoma cell lines down-regulates endogenous mRNA
and protein expression of both HGAL and LMO2.

PRDM1 binds the HGAL and LMO2 promoters in vivo
The effect of PRDM1 on HGAL and LMO2 expression could be through direct or indirect
transcriptional suppression of these genes. PRDM1 is a direct DNA binding transcription
repressor which recognizes the sequence 5′-MAGYGAAAYK-3′ [33]. Bioinformatic search
of the HGAL promoter revealed two potential homologies to this sequence located at
positions –1608 and –1383 upstream of the transcription initiation site. A similar search of
the LMO2 promoter region predicted only one site of high homology at position –1783
relative to the transcription start site. The presence of PRDM1 bound at these promoter
regions was determined through chromatin immunoprecipitation from myeloma cell lines
which represent differentiated plasma cells and express PRDM1. Robust PRDM1 interaction
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was observed at the LMO2 promoter in the myeloma cell line NCI-H929 (Figure 3A) and in
the myeloma cell line U266 (data not shown). The interaction is highly specific as revealed
by the minimal signal obtained with the control antibody. Furthermore the HLA-DRA
promoter which we have previously shown not to bind PRDM1 displayed minimal signal
intensity [28]. In contrast the PCNA promoter which has been previously demonstrated to
bind PRDM1 with very high intensity clearly shows binding similar to that observed with
LMO2 [47]. Chromatin immunoprecipitation was also done at the HGAL promoter (Figure
3B). Similar to the LMO2 results, significant PRDM1 binding was clearly detected at the
HGAL promoter in the region of the predicted PRDM1 binding sites. The intensity of
binding was approximately 7-fold less than observed at LMO2 but remained significantly
stronger than either the negative control promoter, HLA-DRA, or the negative control
antibody. These findings reveal that endogenous PRDM1 is bound to both LMO2 and HGAL
promoters and thus can directly act to suppress these genes.

PRDM1 directly regulates the HGAL and LMO2 promoters
PRDM1 regulates its target genes at the level of transcription. Thus to functionally
determine if PRDM1 is a physiological regulator of HGAL and LMO2 transcription we
cloned the promoters of both genes. A region of the LMO2 promoter from −2591 to +629
base pairs relative to the transcription initiation site was inserted into a luciferase reporter
construct to create 2591LMO2-Luc (Figure 4A). Transfection of this full length, wild type
LMO2 promoter into the Raji B lymphoma cell line demonstrated that this region is
sufficient to promote robust transcription, similar to the well characterized CIITA promoter
[48]. Co-transfection of a PRDM1 expression construct results in an approximate 30%
repression of LMO2 promoter activity(Figure 4B). The level of suppression is similar to that
observed with the CIITA luciferase construct which we have previously characterized as a
direct target of PRDM1 [43]. LMO2 repression by PRDM1 was fully abrogated by either
site directed mutagenesis of the predicted PRDM1 binding site (Mutant-LMO2) or 5′
deletion of the PRDM1 binding region (920LMO2). These findings were confirmed in a
second B lymphoma cell line, CA46 (data not shown).

A similar analysis of the HGAL promoter was performed. The region of −1950 to +96 of the
HGAL promoter relative to the transcription start site was cloned into a luciferase reporter
construct (Figure 4A). Three additional constructs were created in which the predicted
PRDM1 binding sites were disrupted by site directed mutagenesis, either individually or
simultaneously. Co-transfection of the wild-type HGAL promoter with the PRDM1
expression construct led to an approximate 70% repression of HGAL promoter activity in
Raji cells (Figure 4C) and 30% repression in HeLa cells (data not shown). Mutation of either
PRDM1 binding site alone partially reduced the degree of repression by PRDM1.
Concomitant mutation of both PRDM1 binding sites in the HGAL promoter completely
reversed the inhibitory effect of PRDM1 on the HGAL promoter. Together these findings
demonstrate that the predicted PRDM1 binding sites in the LMO2 and HGAL promoters are
functional sites of PRDM1 mediated repression.

Discussion
This study demonstrates that PRDM1 regulates the GC and GC-DLBCL marker genes,
HGAL and LMO2. The repression mediated by PRDM1 is through direct binding to
consensus elements present in the upstream region of both promoters. Repression is
reflected by decreases in both endogenous mRNA and protein. Furthermore, transcriptional
activity from both promoters is specifically inhibited in the presence of PRDM1. These
findings identify two novel genes highly and specifically expressed in GC B cells that are
down regulated by PRDM1 upon transition from GC B lymphocytes to a differentiated
plasma cell. While the full functional spectrum of HGAL and LMO2 in the GC reaction is
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still unknown, future studies most probably will elucidate the importance of their down-
regulation by PRDM1 for success of the terminal differentiation process. Furthermore, since
PRDM1 is a tumor suppressor gene, down-regulation of HGAL and LMO2 may also play a
role in guarding against malignant transformation.

Previous studies showed that PRDM1 may increase migration of breast cancer cells [49].
Repression of HGAL by PRDM1 identifies the first mechanistic link between B cell
migration and PRDM1. HGAL through interaction with RhoA specific guanine nucleotide
exchange factors inhibits B cell motility [12, 14]. Thus PRDM1 has the potential to release
the inhibition and promote B cell migration. This could be physiologically important in a
normal GC to allow the differentiating B cells to egress out of the GC. In DLBCL patients,
HGAL expression is associated with improved survival [4, 6, 7]. This suggests that PRDM1
repression of HGAL may be an important regulatory step contributing to the clinical
outcome. Despite the growing importance of HGAL little is known about the regulation of
its expression. IL-4 stimulation up-regulates HGAL expression and Sp1/Sp3 can activate
HGAL transcription but the specific transcription factors that control HGAL expression are
poorly understood [6, 50]. Investigations of the activation mechanisms and how PRDM1
counteracts activation will provide important insight into this important regulatory process.

LMO2 is a nuclear protein which can participate in the formation of DNA binding
complexes which interact with E-proteins, E12 and E47 [51]. Specific genes regulated by
LMO2 in B lymphocytes are not known. However, a clear correlation between LMO2
expression and better overall survival in DLBCL patients has been documented [10].
Interestingly, many of the identified direct targets of PRDM1 including LMO2 are involved
in transcriptional activation. This suggests that PRDM1 effects on gene expression
reprogramming during B cell differentiation are significantly amplified by a cascade of both
direct and indirect gene silencing. Furthermore, LMO2 transcriptional repression by PRDM1
in lymphocytes may have important implications for lymphoma pathogenesis. PRDM1 was
demonstrated to function as a tumor suppressor in DLBCL. This effect is mediated by
suppression of BCL-6 oncogene and probably additional presently unknown oncogenes.
LMO2 is a known T-cell oncogene that also may function as a B–cell oncogene. Studies in
B cells aimed to identify genes regulated by LMO2 and examining its oncogeneic role are
currently ongoing and will reveal both the role of LMO2 and elucidate the activity of
PRDM1 in this lineage.

Several reports have begun to characterize the functional promoter of LMO2 [18, 52–54].
The gene contains three potential promoters which generate transcripts with distinct 5′
untranslated regions but include the complete protein encoding exons 4 to 6 and thus result
in identical proteins. The promoter which starts transcription at exon 1, referred to as the
distal promoter, conveys tissue specific activity and is the site of activity in hematopoietic
cells. In contrast a promoter located upstream of exon 4, referred to as the proximal
promoter, is active in a broad range of cell types. The distal promoter is activated by factors
of the proline and acidic amino acid-rich protein (PAR) family binding downstream of the
transcription initiation site [52]. Recently, an intermediate promoter was shown to be active
in T-ALL [54]. This promoter is activated by the ETS factors, ERG1 and FLI1. Long range
mapping of histone acetylation and transcription factors recently identified 8 conserved
elements across 250 kb of the LMO2 locus potentially involved in the hematopoietic
expression of LMO2 [18] and functional domains in T-ALL and B-ALL [54]. Binding of
several factors to the hematopoietic enhancers was detected including Gata2, Tal1 and
LMO2 itself. Interestingly, a negative regulatory region was reported in the T cell line,
Jurkat [53]. The element was resolved to a 205 bp region however the specific element and
factor were not able to be identified. This region spans the PRDM1 binding site
characterized in this report. This finding is consistent with our data in B lymphocytes and
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suggests that PRDM1 may have a similar role as a suppressor of LMO2 in acute T cell
leukemia cells. The conclusion that LMO2 is directly regulated by PRDM1 is also supported
by a recent study utilizing chromatin immunoprecipitation combined with microarray
hybridization (ChIP-on-chip) [55]. This report identified LMO2 as a potential gene down-
regulated by PRDM1 in the myeloma cell line, U266. Our functional characterization of the
LMO2 promoter and specific PRDM1 interaction site in B cells significantly expands this
observation.

In conclusion, these findings demonstrate that PRDM1 is a physiological transcriptional
repressor of the expression of LMO2 and HGAL genes. This inhibitory effect may mediate
the loss of HGAL and LMO2 expression upon differentiation of GC B cells to plasma cells
and may contribute, in addition to other presently unknown factors, to the absence of HGAL
and LMO2 expression in post-GC lymphoid tumors. It is also possible that the tumor
suppressor effect of PRDM1 is at least partially mediated by repression of LMO2 and HGAL
genes, which are highly expressed in a subset of DLBCL and potentially have an important
role in the pathogenesis of this malignancy. Now that this regulatory pathway has been
identified it will be important to define the role of PRDM1 inhibition of HGAL and LMO2
in the pathogenesis and outcome of DLBCL.

Materials & Methods
Cell lines and protein accession numbers

Human non-Hodgkin lymphoma (NHL) cell lines VAL (diffuse large B cell lympnoma),
Raji and CA-46 (Burkitt’s lymphoma) were maintained in RPMI medium (Invitrogen,
Grand Island, NY) supplemented with 10% fetal bovine serum (HyClone-Themo Scientific,
Logan, UT) and 1% penicillin/streptomycin (Invitrogen) and 2mM glutamine(Invitrogen).
NCI-H929, a multiple myeloma cell line with a plasma cell phenotype was maintained as
above with an additional 0.05 M β-mercaptoetanol (Invitrogen) supplement. Human cervical
cancer cell line HeLa was grown in Dulbecco’s Modification of Eagle’s Medium (DMEM)
(Invitrogen) similarly supplemented with 10% fetal bovine serum, glutamine and penicillin/
streptomycin. All cell lines were cultured at 37°C and 5% CO2. The Uniprot accession
numbers associated with the proteins used in this report are: LMO2, P25791; HGAL,
Q8N6F7; PRDM1, O75626.

DNA constructs
Expression constructs for PRDM1α have been described previously by Ghosh et.al. [43].
The region consisting of 2591 bp upstream of the human LMO2 transcription initiation site
and 629 bp downstream was cloned by PCR into the vector PCR2.1 (Invitrogen) using
primers 5′-GGCTCGGCCTAAAACCTTC-3′ and 5′-GAAAGAGAAGCCAGAGTGCC-3′.
The initiation site is based on data from the NCBI genome annotation (build 37) and is 208
bp 5′ of the previously reported site [52]. The BamHI-HindIII fragment was then subcloned
into the BglII-HindIII sites of PGL3-Basic (Promega, Madison, WI) to create the
2591LMO2-Luc reporter plasmid. The construct 920LMO2-Luc was constructed by
subcloning the HincII-HindIII fragment from 2591LMO2-pCDNA2.1 into the SmaI-HindIII
sites of pGL3-Basic. The LMO2-mutant reporter plasmid was generated by site-directed
mutagenesis (Mutagenex, Inc. Piscataway, NJ) of 2591LMO2-Luc converting the predicted
PRDM1 binding site at position –1783 bp from 5′-ACCCTCACTTTCATTTC-3′ to 5′-
CCCTCgtcgaCATTTC-3′. All constructs were confirmed by sequencing.

The region consisting of 1950 bp upstream the human HGAL transcription initiation site and
96 bp downstream was amplified from the SUDHL-6 cell line by the Phusion High-Fidelity
PCR Master Mix (Finnzymes Oy, Espoo, Finland) using the primers HGAL-FWD 5′-
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GGAAAGAGCTCGAGTGACCAAACTGGAAACAAC-3′ and HGAL-REV 5′-
GGGAAAGCTAGCTTGTGCTCTGACAGGGCAAC-3′. PCR products were digested with
SacI and NheI (New England Biolabs, Beverly, MA) and ligated into the pGL3-Basic vector
to create the 1950HGAL-Luc construct. Mutagenesis of the predicted PRDM1 binding sites
at position –1608 and –1383 of the 1950HGAL-Luc construct was performed using the
QuickChange XL Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA). Primers used
for mutagenesis with mutations in lower case are HGAL-mutant#1: 5′-
CACAGAAGGTAGGCTTTAAGTCTGGTCgCgTgCtCgTAGTGTAATGCATTTGAGAT
T GATCCA-3′ and 5′-
TGGATCAATCTCAAATGCATTACACTAcGaGcAcGcGACCAGACTTAAAGCCTACC
TTCTGTG-3′ and for HGAL-mutant#2: 5′-
TATAAAAATTTGTACACACAGTCTTAGAGGACATAcGTgTgtCgTGGCTAAATGCC
T AGGAGTGAAATTGC-3′ and 5′-
GCAATTTCACTCCTAGGCATTTAGCCAcGacAcACgTATGTCCTCTAAGACTGTGT
G TACAAATTTTTATA-3′.

Transfections and luciferase assays
Non-Hogdkin lymphoma cell lines were transfected by electroporation using either a
BioRad Gene Pulser II (BioRad Laboratories, Hercules, CA) or an Amaxa Nucleofector II
(Lonza, Walkersville, MD). The Gene Pulser conditions used 107 cells electroporated at
200V and 1070μF in 300μl of RPMI supplemented with 10% FBS. The Nucleofector II
conditions used 3×106 cells electroporated using program X-001 and solution V for VAL
cells and program M-013 and solution V for Raji cells. Transfections for luciferase
measurements were performed with 10–15 μg of the luciferase reporter, 1.5 μg of the
PRDM1α expression vector or control pCDNA3.1 plasmid and 10 ng of the internal control
plasmid pRL-TK (Promega). Cells were cultured for 48 hours after transfection in 10 mL of
complete medium and subsequently harvested into 100 μl Passive Lysis Buffer (Promega).
HeLa cells were transfected in triplicate using SiPort NeoFX (Ambion, Austin, TX)
according to the manufacturer’s instructions. Briefly, 45 ×103 cells per well were seeded
with 50 μl of transfection mix (1 μl of SiPort, 75 ng of pRL-TK, 1.25μg of the luciferase
reporter plasmid, and 1 μg of the PRDM1α expression plasmid or control pCDNA3.1 per
well) in a final volume of 0.5 ml. Cells were cultured for 48 hours after transfection and
harvested in Passive Lysis Buffer. All luciferase readings were performed using the 20/20n
luminometer (Turner Biosystems, Sunnyvale, CA). Firefly luciferase activity was
normalized to Renilla luciferase activity in all experiments.

Chromatin Immunoprecipitation (ChIP)
Chromatin was prepared as previously described [56]. 1.5 × 106 cell equivalents were used
in each immunoprecipitation reaction. Primary antibodies were used at 0.5 μg per reaction
and incubated over night. The antibodies used were PRDM1 (PRDI-BF1) (Cell Signaling,
Danvers, MA) and non specific rabbit IgG (Upstate-Millipore, Billerica, MA). RNA was
removed from the immunoprecipitated DNA by treatment with RNase (Ambion) for 30
minutes at 37°C and proteinase K (Roche) for 1 hour at 45°C. Column purification of the
immunoprecipitated DNA was done using the PCR purification kit (Qiagen, Valencia, CA).
Analysis of the immunoprecipitated DNA was performed by realtime PCR using
SyberGreen (Quanta Biosciences, Gaithersburg, MD) in a CFX96 PCR machine (BioRad
Laboratories) The specific ChIP primers are LMO2-Fwd: 5′-
TGGTGACTGCTGTGGGTAAG-3′, LMO2-Rev: 5′-GCCCACTCACTCTTGCTTTC-3′
and HGAL-Fwd 5′-GGAGTGAAATTGCCAGGTTG -3′ and HGAL-Rev 5′-
GAGAAGGGGTCAAGGGAACT -3′. Primers for ChIP analysis of the HLA-DRA
promoter are as reported previously [56]. Quality control was carried out for each primer set
which included optimization of annealing temperature, melt curve analysis to confirm
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amplification of a single product and standard curve analysis to confirm PCR efficiency was
between 90% and 110%.

Immuno-blotting
Cells were collected 48 hours post-transfection and protein levels were determined by
immunoblot. Transfected cells were washed once with ice-cold phosphate-buffered saline
(PBS) and homogenized in RIPA buffer (1× PBS, 1% Nonidet P-40, 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 10mM phenylmethylsulfonyl fluoride,
1μg/mL aprotinin, and 100mM sodium orthovanadate) on ice for 30 minutes. Cell lysates
were centrifuged at 14,000 g for 15 minutes at 4°C to remove insoluble material. Protein
concentration of the lysates was determined using a Bradford assay Coomasie Plus (Pierce,
Rockford, IL). A total of 40μg of whole-cell lysate per sample was separated on 10% SDS-
PAGE, transferred to polyvinylidene difluoride membranes (BioRad Laboratories), and
immunoblotted with specific antibodies. LMO2 and HGAL monoclonal antibodies were
produced in our laboratory as previously reported [4, 5], PRDM1 antibody was from Cell
Signaling Technology, BCL6 antibody was from Santa Cruz Biotechnology Inc (Santa Cruz,
CA) and β-Actin antibody from Sigma-Aldrich (St. Louis, MO). Films were scanned and
data subjected to densitometric analysis using Scion Image Software (National Institutes of
Health [NIH]). Protein levels were normalized to the corresponding loading controls and
reported as ratios.

RNA isolation, reverse transcription, and Real-time polymerase chain reaction
Total cellular RNA was isolated from transfected cells using the Trizol reagent (Invitrogen)
according to the manufacturer’s instructions. RNA (2 μg) was reverse transcribed using the
High-Capacity cDNA Archive kit (Applied Biosystems, Foster City, CA) according to the
manufacturer’s protocol while incubated at 25°C for 10 minutes and 37°C for 120 minutes.
Real-time polymerase chain reaction measurements were performed using the ABI PRISMs
7900HT Sequence Detection System Instrument and software (Applied Biosystems,
Carlsbad, CA), as previously reported [9]. Commercially available Assays-on-Demand were
used for measurement of expression of LMO2, HGAL, BCL6 and PRDM1 and were
normalized to the 18S endogenous control.

Statistical methods
Quantitative RT-PCR, quantitative PCR, and promoter-luciferase assays were evaluated by
two-tailed paired t tests. p-values are presented in each figure.
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Figure 1. Reciprocal expression of LMO2 and HGAL with PRDM1 in primary B cells
PRDM1, LMO2 and HGAL mRNA expression was analyzed by cDNA microarrays as was
reported previously [2] in GC B-cells and centroblasts, memory B cells and peripheral B-
lymphocytes stimulated for 6 hours with anti-IgM. The results show the ratio of
hybridization of fluorescent cDNA probes prepared from each experimental mRNA sample
to a reference mRNA sample. These ratios are a measure of relative gene expression in each
experimental sample and are depicted according to the color scale shown at the bottom.
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Figure 2. LMO2 and HGAL mRNA and protein levels are decreased by PRDM1. L
ymphoma cell lines, VAL (panel A) and Raji (panel B) were transfected with 15 or 20 μg of
a PRDM1α expression plasmid or empty vector control as indicated at the top of the panel.
Forty-eight hours after transfection cellular proteins were resolved by SDS-PAGE and
immunoblot analysis performed with the antibodies specific for the proteins indicated on the
right side of each panel. The relative intensity of each band was determined by
densitometry, normalized to the actin loading control and the value is shown below each
lane. PRDM1 expression correlated with a decrease in HGAL and LMO2. BCL6 is a
positive control for PRDM1 mediated repression and actin is a loading control. The result is
representative of three independent experiments. C) Lymphoma cell lines, VAL and Raji,
were transfected with 15 μg of a PRDM1α expression plasmid or empty vector control and
the mRNA levels were measured by quantitative RT-PCR. The data shown represents three
independent experiments with the error bars representing the SD and p-values indicated by
asterisks (**p< 0.003, *p< 0.03). D) Quantitation of PRDM1 mRNA and protein levels in
the same experiment shown in panel C (***p< 3×10−7).
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Figure 3. PRDM1 binds to the LMO2 and HGAL promoters in vivo
Chromatin immunoprecipitation analysis was performed from the myeloma cell line, NCI-
H929, expressing endogenous PRDM1. ChIP analysis was done with both the specific
PRDM1 antibody (black bars) and an IgG negative control antibody(white bars). Binding to
the promoter regions were assessed by quantitative PCR using primers proximal to the
predicted PRDM1 binding sites in the LMO2 promoter (panel A) and the HGAL promoter
(panel B). The HLA-DRA promoter was evaluated as a known negative control for PRDM1
binding. The PCNA promoter represents a known positive site of PRDM1 binding. The data
are presented as percent input and the error bars represent the SEM of three independent
experiments. p-values are indicated. Expression of PRDM1 protein in the NCI-H929 cell
line was confirmed by immunoblot analysis (panel C).
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Figure 4. PRDM1 directly regulates the LMO2 and HGAL promoters
A) Schematic of the LMO2 and HGAL luciferase constructs. Grey boxes indicate location
of the PRDM1 binding sites and the X indicates the sequence has been mutated to prevent
PRDM1 binding. Bent arrow indicates the transcription start site. B) Luciferase analysis of
the LMO2 promoter constructs in the Raji B lymphoma cell line. Promoter constructs
indicated at the bottom were co-transfected with either a PRDM1 expression plasmid or the
control pCDNA plasmid as indicated. The results within each transfection are normalized to
the co-transfected pRL-TK signal. The CIITA-luciferase construct is a known PRDM1
target and is shown as a positive control. The results presented represent three independent
experiments with the error bars indicating the SD. p-values are shown. C) Luciferase
analysis of the HGAL promoter constructs in the Raji B lymphoma cell line. The experiment
is as described in panel B and the constructs are shown in panel A. The results presented
represent three independent experiments with the error bars indicating the SD. p-values are
shown.
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