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Abstract
The MHC Class II transactivator (CIITA) acts in the cell nucleus as the master regulator of MHC
class II (MHC II) gene expression. It is important to study CIITA regulation in multiple myeloma
since MHC expression is central to ability of myeloma cells to present antigen and to the ability of
the immune system to recognize and destroy this malignancy. Regulation of CIITA by IFN-γ in B
lymphocytes occurs through the CIITA type IV promoter (pIV), one of the four potential
promoters (pI-pIV) of this gene. To investigate regulation of CIITA by IFN-γ in multiple myeloma
cells, first the ability of these cells to respond to IFN-γ was examined. RTPCR analyses show that
IFN-γR1, the IFN-γ-binding chain of the IFN-γ receptor, is expressed in myeloma cells and IRF-1
expression increases in response to IFN-γ treatment. Western blotting demonstrates that STAT1 is
activated by phosphorylation in response to IFN-γ. RT-PCR and functional promoter analyses
show that IFN-γ up regulates the activity of CIITA pIV, as does ectopic expression of IRF-1 or
IRF-2. In vivo protein/DNA binding studies demonstrate protein binding at the GAS, E box and
IRF-E sites. In vitro studies confirm the binding of IRF-1 and IRF-2 to CIITA pIV. Although
multiple myeloma cells express PRDI-BF1/Blimp-1, a factor that represses both the CIITA type
III and IV promoters, they retain the capability to up regulate CIITA pIV and MHC II expression
in response to IFN-γ treatment. These findings are the first to demonstrate that although PRDI-
BF1/Blimp-1 diminishes the constitutive ability of these cells to present antigen by limiting CIITA
and MHC II expression, it is possible to enhance this expression through the use of cytokines, like
IFN-γ.
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1. Introduction
Multiple myeloma, the most common primary malignancy of bone in older adults, is
characterized by the clonal expansion of malignant plasma cells. These cells produce
monoclonal immunoglobulins that carry unique antigenic determinants and act as tumor-
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specific antigens for recognition and destruction of these cells by the immune system (Wen
et al., 2001; Galea et al., 2002). Immune responses are tightly regulated by CD4+ T helper
(TH) lymphocytes (Cresswell, 1994). Activation of TH cells depends on the recognition of
antigens presented by MHC class II (MHC II). MHC II-recognizing TH cells secrete
cytokines that initiate and sustain CD8+ cytotoxic lymphocyte (CTL) anti-tumor responses.
Therefore, MHC II expression is central to the recognition and destruction of tumor cells by
CTLs. Since myeloma cells generally express low levels of the MHC Class II transactivator
(CIITA), which controls the expression of MHC II, they can escape immune inspection due
to their decreased ability to present antigen (Ghosh et al., 2001). Loss of MHC II expression
in B cell lymphomas is considered as tumorigenic and an immune escape mechanism (Fuji
and Iribe, 1986; Amiot et al., 1998). Consistent with this idea, forced CIITA expression has
been shown to restore MHC II expression and decrease the tumorigenicity of some tumor
cell types (Shi et al., 2006).

The MHC II transactivator (CIITA) is a non-DNA binding protein factor that is recruited to
the enhancer complex of MHC II genes (Harton and Ting, 2000). This factor is the
predominant regulator of MHC II expression and CIITA expression acts as a crucial master
switch for immune responses. Expression of CIITA is regulated in a complex cell-type
specific manner, predominantly at the level of transcription (Ting and Trowsdale, 2002;
Leibundgut-Landmann et al., 2004). The human CIITA gene, MHC2TA, has four distinct
promoters designated as promoters I-IV and it is controlled by at least three of these
(Muhlethaler-Mottet et al., 1997). While the CIITA type I promoter (pI) is mainly expressed
in dendritic cells and macrophages, the type III promoter (pIII) is constitutively expressed in
B lymphocytes, which constitutively express MHC II (Muhlethaler-Mottet et al., 1997;
Landmann et al., 2001; Pai et al., 2002). Recently, we have also described CIITA type IV
promoter (pIV) expression that is regulated by IFN-γ in B lymphocytes (Piskurich et al.,
2006). Similar to the mechanisms described for other cell types where CIITA pIV
expression is IFN-γ-inducible, the mechanism for the regulation of CIITA pIV by IFN-γ in
B cells depends on the binding of signal transducer and activator of transcription (STAT)1
to an IFN-γ activation factor DNA-binding sequence (GAS), IFN regulatory factor (IRF)-1
and IRF-2 to an IFN regulatory factor-element (IRF-E), and the ubiquitously expressed
factor, USF-1, to an interposed E box site (Muhlethaler-Mottet et al., 1998; Piskurich et al.,
1999; Xi et al., 1999; Morris et al., 2002).

Positive regulatory domain I-binding factor 1 (PRDI-BF1), called B lymphocyte-induced
maturation protein 1 (Blimp-1) in mice, is a transcriptional repressor that plays a pre-
eminent role in the terminal differentiation of B lymphocytes into plasma cells (Turner, Jr. et
al., 1994; Lin et al., 1997; Shapiro-Shelef and Calame, 2005). This genetic program of B cell
differentiation, which is largely intact in myeloma cells, includes the loss of constitutive
MHC II expression via extinction of CIITA pIII activity by PRDI-BF1/Blimp-1 (Piskurich
et al., 2000; Ghosh et al., 2001). Since myeloma cells express PRDI-BF1/Blimp-1, they also
generally express low constitutive levels of CIITA and MHC II (Nagy et al., 2002). We and
others have recently described the IFN-γ-inducible CIITA promoter, pIV, as a new target for
repression by PRDIBF1/Blimp-1 (Tooze et al., 2006; Chen et al., 2007). Although they
express PRDI-BF1/Blimp-1, increases in MHC II expression in response to IFN-γ have been
described both in vivo and in vitro for myeloma cells (Yi et al., 1997; Beatty and Paterson,
2001). While extinction of constitutive MHC II and CIITA pIII expression has been studied
in myeloma cells (Ghosh et al., 2001), induction of CIITA by IFN-γ in these cells remains
virtually unstudied, despite several reports indicating that multiple myeloma cells can be
activated by IFN-γ to increase MHC II expression and act as antigen presenting cells (Yi et
al., 1997; Beatty and Paterson, 2001). Here, we demonstrate for the first time that the IFN-γ
signaling pathway for gene induction is intact in myeloma cells and that IFN-γ up regulates
CIITA type IV promoter activity. This is important because it describes a mechanism by
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which cytokines, like IFN-γ, are potentially useful in therapies aimed at enhancing the
ability of the immune system to recognize myeloma cells. Knowledge of this response is
important to the discovery of ways to increase the immunogenicity and decrease the
tumorigenicity of these cells by increasing their expression of CIITA and MHC II.

2. Materials and methods
2.1. Culture and stimulation of myeloma and B cell lines

The human myeloma cells lines, U266 and RPMI 8266, and Raji B lymphocytes were
grown according to American Type Culture Collection specifications in RPMI 1640 with
10% fetal calf serum, 2mM L-glutamine, and 100 U/ml penicillin and streptomycin. NCI-
H929 human myeloma cells were grown similarly, except 2-mercaptoethanol (50 μm) was
added to the culture medium. Cells were treated with recombinant human IFN-γ (500 U/ml,
R&D Systems) as indicated below.

2.3. Constructs
The pIV, pmIV(GAS) and pmIV(IRF-E) MHC2TA promoter reporter constructs have been
described previously (Piskurich et al., 1998; Piskurich et al., 1999). These constructs were
formerly called pIVCIITA.Luc, pmGAS.IVCIITA.Luc (contains the GAS site mutations,
ggagtcTAAA, with mutations designated by lowercase type), and pmIRF.IVCIITA.Luc
(contains the IRF-E site mutations, GAActTagAAGG), respectively. The human IRF-1 and
IRF-2 expression plasmids were a kind gift of Ying Cha Henderson (Cha and Deisseroth,
2004).

2.4. RT-PCR
Total cellular RNA was isolated using TRIzol (Invitrogen) according to the manufacturer's
instructions from 5 × 106 cells, and then digested with RQ1 RNase-free DNase (Promega)
according to manufacturer's directions. To prepare the first-strand cDNA, RNA (1 μg) was
reverse-transcribed in a reaction volume of 20 μl using Superscript II Reverse Transcriptase
and random primers (Invitrogen). Of the cDNA, 1 μl was amplified with AmpliTaq Gold
DNA polymerase (Applied Biosystems). Conditions for the PCR and sizes of the amplified
products were as follows: IFN-γR1, 5'-GTTAAAGCCAGGGTTGGACA-3' and 5'-
ATCGACTTCCTGCTCGTCTC-3', 60°C, 27 cycles, 177 bp; IRF-1, 5'-
GAAGTCCAGCCGAGATGC-3' and 5'-CGGCACAACTTCCACTG-3', 60°C, 24 cycles,
235 bp; IRF-2, 5'-CCACTGAGAGCGACGAGC-3' and 5'-
GTTGGAAGTGACGAAGGACG-3', 60°C, 25 cycles, 236 bp; CIITA pIV, 5'-
AGGGAGAGGCCACCAGCAG-3' and 5'-GAACTGGTCGCAGTTGATG-3', 60°C, 37
cycles, 227 bp; MHC II (HLADRA), 5'-TGTTTGACTTTGATGGTGATGAG-3' and 5'-
AATAATGATGCCCA CCAGACC-3', 55°C, 28 cycles, 558 bp; PRDI-BF1, 5'-
TTCAAGTATGCCACCAACAG-3' and 5'-AATGTTAGAACGGTAGAGGTC-3', 55°C,
25 cycles, 549 bp; PRDI-BF1β, 5'-GTGGTGGGTTAATCGGTTTG-3' and 5'-
ATAGCGCATCCAGTTGCTTT-3', 55°C, 30 cycles, 172 bp; GAPDH, 5'-
ACCACAGTCCATGCCATCAC-3' and 5'-TCCACCACCCTGTTGCTGTA-3', 60°C, 25
cycles, 452 bp. In all cases, PCR was performed as demonstrated in Figure 1B using serial
dilutions of the template and a range of cycle numbers were tested to verify that
amplifications were in the linear range for the assay. Mock preparations of cDNA, where
reverse transcriptase was omitted, were tested by PCR and did not give specific bands. PCR
products (50% of the total reaction volume) were resolved on 1.5% agarose gels, stained
with ethidium bromide and scanned digitally using an electrophoresis documentation and
analysis system (EDAS 290, Kodak).
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2.5 Western blot analysis
U266, RPMI 8266, and NCI-H929 myeloma cells were treated with IFN-γ for 0, or 24 h
before harvesting. Cells were lysed in Mammalian Protein Extraction Reagent (M-PER®)
and the protein concentration of the extracts was determined using the BCA™ Protein Assay
Kit, according to the manufacturer's directions (Pierce). For the analysis, 0.3 μg/lane of
whole cell extracts were resolved on 4-20% SDS-polyacrylamide gels and transferred to
polyvinylidene difluoride membranes (Bio-Rad Laboratories). Immunostaining was
performed for 2 h at room temperature. Proteins were detected using rabbit anti-phospho-
STAT1 (Tyr701) IgG (Upstate Biotechnologies). Bound antibody was visualized using anti-
rabbit IgG horseradish peroxidase-conjugated secondary antibody (Promega), followed by
detection using SuperSignal® West Pico chemiluminescence substrate (Pierce). Membranes
were stripped and reprobed with anti-STAT1 (Upstate Biotechnologies). This was repeated
with anti-β-actin (Abcam) as a loading control.

2.6 Transfections and luciferase assays
U266 and RPMI 8266 myeloma cells were transiently transfected by electroporation and
luciferase assays were performed as previously described (Piskurich et al., 1998) with the
following modifications: 6 h after electroporation, cells were treated with human
recombinant IFN-γ for 24 h and then harvested; luciferase activity was measured using a
Tropix TR717 luminometer (PE Applied Biosystems); as an internal control, each
transfection included 300 ng of the pRL-TK Vector (Promega) which directs the expression
of Renilla luciferase. Renilla luciferase activity was measured using the Renilla Luciferase
Assay System (Promega) according to the manufacturer and was used to normalize the
luciferase activity for transfection efficiency.

2.7. Electrophoretic mobility shift assays (EMSAs)
Nuclear extracts were prepared from 2 × 106 U266 myeloma cells, treated with IFN-γ for 0
or 24 h, according to the manufacturer's directions using NE-PER® Nuclear and
Cytoplasmic Extraction Reagents (Pierce). The CIITA pIV oligonucleotide probe was as
follows: 5'-CTGCAGAAAGAAAGTGAAAGGGAAAAAGAACT-3'. EMSAs were
performed as previously described (Piskurich et al., 2006). Antibodies were purchased from
Santa Cruz Biotechnology.

2.8. In vivo genomic footprinting
The dimethyl sulfate (DMS) treatment, genomic DNA preparation, amplification of human
CIITA (MHC2TA) pIV using ligation-mediated PCR, electrophoresis and visualization were
all performed as previously described (Piskurich et al., 1999). Briefly, 1 × 107 U266 or NCI-
H929 cells were treated with IFN-γ for 0 or 24 h before DMS treatment and genomic DNA
isolation. Three MHC2TA locus-specific primers were used to amplify cleaved fragments
from the upper strand of pIV. Ligation-mediated PCR was also performed on the lower
strand, but no significant protections or enhancements were observed.

3. Results
3.1. Myeloma cells express IFN-γR1, and STAT1 is phosphorylated in response to IFN-γ

Evidence that myeloma cells are capable of responding to IFN-γ is conflicting. Previous
reports demonstrate that MHC II expression is increased in IFN-γ-stimulated myeloma cells
and that these cells present antigen after treatment with this cytokine (Yi et al., 1997; Beatty
and Paterson, 2001). In contrast, a recent report shows microarray data which indicate that
expression of RNA for a portion of the IFN-γ receptor, known as IFN-γR1 or the IFN-γR α
chain, is decreased in PRDI-BF1/Blimp-1-expressing cells including myeloma cells (Shaffer
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et al., 2002). To examine the expression of IFN-γR1 transcripts, primers were designed and
RT-PCR was performed on three human myeloma cell lines and Raji human B lymphocytes
as a positive control (Fig. 1). To control for cDNA loading, RT-PCR was also performed
using primers for GAPDH. This RT-PCR analysis demonstrates that IFN-γR1 RNA is
present in these myeloma cells. In addition, PCR using serial dilutions of template did not
show decreased IFN-γR1 RNA for the myeloma cells compared to Raji B cells, which serve
as a positive control since they express IFN-γR1 but do not express PRDI-BF1/Blimp-1.

The model for cell signaling by IFN-γ includes the binding of IFN-γ to IFN-γR1, which
prompts the association of the IFN-γR1 and IRN-γR2 subunits and activation of the
receptor-associated Janus family of protein tyrosine kinases, (Jak)1 and Jak2 (Schroder et
al., 2004). Jak kinases then phosphorylate IFN-γR1 generating a docking site for STAT1,
which is then activated by tyrosine phosphorylation (Kotenko and Pestka, 2000). As an
indicator of the activity of the IFN-γ signaling pathway in myeloma cells, Western blots
were performed to detect tyrosine phosphorylation of STAT1 in response to IFN-γ (Fig. 2).
In all cell lines tested, STAT1 was phosphorylated in response to IFN-γ treatment both at 24
hours and at earlier timepoints (data not shown). U266 cells expressed more STAT1 protein
than the other cells, consistent with the higher amount of phosphorylated STAT1 observed
for these cells. STAT1 protein levels were increased for all cells at the 24 hour timepoint,
which is consistent with the ability of IFN-γ to regulate the human STAT1 gene (Wong et
al., 2002). Taken together, these experiments demonstrate that myeloma cells are capable of
responding to IFN-γ, since they express IFN-γR1 and the pathway leading to STAT1
activation is intact in these cells.

3.2. MHC II and CIITA type IV promoter-specific RNAs increase in myeloma cells in
response to IFN-γtreatment

Although there have been several reports of increased MHC II expression in myeloma cells
in response to IFN-γ, regulation of CIITA by IFN-γ in these cells was not previously
studied. We and others have recently reported repression of CIITA pIV activity by PRDI-
BF1/Blimp-1 and also by PRDI-BF1β, a truncated isoform of PRDI-BF1 that is co-
expressed with the full-length form in myeloma cells (Gyory et al., 2003; Chen et al., 2007).
Importantly, an increase in CIITA pIV activity in response to IFN-γ was still detected in
Raji B cells when they were subjected to ectopic expression of PRDI-BF1/Blimp-1. This
data suggested that IFN-γ might retain the ability to up regulate CIITA pIV expression in
myeloma cells, which express PRDI-BF1/Blimp-1. Since each CIITA promoter controls the
transcription of a unique first exon, transcripts representing the activity CIITA pIV have a
unique sequence at their 5' termini and can be selectively amplified by RT-PCR. To detect
increases in response to IFN-γ in myeloma cells, RT-PCR analyses using primers specific
for MHC II and CIITA pIV were performed. PCR using either primers specific for PDRI-
BF1 or PRDI-BF1β were included to verify that the myeloma cells in this study express
PRDI-BF1/Blimp-1. The sizes for the PCR products are listed above. Increases in both
MHC II and CIITA pIV-specific RNAs were detected in all of the cell lines examined (Fig.
3). Basal CIITA pIV expression was slightly lower for the myeloma cells compared to Raji
B cells. We have previously demonstrated low constitutive levels of CIITA pIV expression
in both Raji and primary human B cells (Piskurich et al., 2006). These results demonstrate
for the first time that CIITA pIV is active in myeloma cells and that its activity can be
increased by IFN-γ.

3.3. IFN-γincreases CIITA type IV promoter activity in myeloma cells
To functionally test this response, U266 and also RPMI 8266 myeloma cells were
transfected by electroporation with reporter plasmids where the luciferase gene is under the
control of CIITA pIV. The base vector for the CIITA promoter constructs, pGL2-Basic
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plasmid (Promega), was used as a negative control. A 2 to 3-fold increase in the activity of
CIITA pIV was seen in these cells in response to treatment with IFN-γ (Figs. 4A and B).
The mechanism described for CIITA pIV regulation by IFN-γ in other cell types includes
the binding of STAT1 to a GAS sequence element, in conjunction with the binding of IRF-1
and IRF-2 to an IRF-E sequence motif (Muhlethaler-Mottet et al., 1998;Piskurich et al.,
1999;Xi et al., 1999;Morris et al., 2002;Piskurich et al., 2006). Therefore, the activity of the
unmutated CIITA pIV luciferase reporter construct was compared to the activity of CIITA
pIV constructs with mutated GAS or IRF-E sites. The IRF-E mutation completely abolishes
the induction by IFN-γ, while the GAS mutation only partially effects this activation (Fig.
4A). It is likely that both sites are required for full induction, a finding that is consistent with
previous studies in other cell types by ourselves and others (Dong et al., 1999;Piskurich et
al., 2006). The low basal activity for the IRF-E mutation was observed previously in B cells
and fibroblasts, and therefore is not specific for myeloma cells (Piskurich et al., 2006;Chen
et al., 2007). These data are consistent with the RT-PCR analysis which demonstrates that
CIITA pIV is up regulated by IFN-γ in myeloma cells.

3.4. IRF-1 and IRF-2 activate CIITA type IV promoter activity in myeloma cells
Previous reports showed that the CIITA pIV IRF-E site is bound and activated by IRF-1 and
also IRF-2 (Muhlethaler-Mottet et al., 1998; Piskurich et al., 1999; Xi et al., 1999; Morris et
al., 2002; Piskurich et al., 2006). To investigate the ability of IRF-1 and IRF-2 to activate
CIITA pIV in myeloma cells, the effects of ectopic over expression of IRF-1 or IRF-2 on
CIITA pIV activity were examined. U266 myeloma cells were co-transfected with either the
unmutated CIITA pIV luciferase reporter construct or the construct with a mutated IRF-E
site, and with a plasmid that constitutively expresses IRF-1. Ectopic expression of IRF-1
alone without IFN-γ treatment was sufficient to activate CIITA pIV activity, a finding
similar to previous experiments performed in P19 carcinoma cells, embryonic fibroblasts
and B cells (Piskurich et al., 1999; Xi et al., 1999; Xi and Blanck, 2003; Piskurich et al.,
2006). IRF-1 over expression resulted in a 3 to 4-fold induction of activity for the unmutated
CIITA pIV (Fig. 5). In contrast, the CIITA pIV construct with the mutated IRF-E site and
the negative control plasmid were not induced. Ectopic expression of IRF-2 resulted in a
similar activation of CIITA pIV activity for the unmutated CIITA pIV construct. While
IRF-1 and IRF-2 can cooperatively activate CIITA pIV by co-occupying the IRF-E site,
activation of this promoter by IRF-1 or IRF-2 alone has also been previously reported (Xi et
al., 1999; Piskurich et al., 2006). These data support the finding that the IRF-E site is
necessary for the induction of CIITA pIV in myeloma cells. Additionally, they demonstrate
for the first time that IRF-1 and IRF-2 activate this promoter in myeloma cells.

3.5. Expression of IRF-1 and IRF-2 in myeloma cells
Expression of IRF-1 is highly regulated at the level of transcription by IFN-γ (Pine et al.,
1990). While IRF-2 is constitutively expressed in many cell types, its expression can also be
up regulated by IFN-γ through IRF-1, which activates its transcription (Cha and Deisseroth,
2004; Harada et al., 1994). To further examine the down stream activity of the IFN-γ
signaling pathway and to verify the expression of IRF-1 and IRF-2 in myeloma cells, RT-
PCR analyses to detect IRF-1 and IRF-2 transcripts were performed. The sizes for the PCR
products are listed above. Increases in IRF-1 expression in response to IFN-γ were see in all
cell lines examined (Fig. 6). In contrast, IRF-2 was expressed at similar levels both before
and after treatment, although a small increase was detected in response to treatment. These
results demonstrate that IFN-γ-stimulated myeloma cells express both IRF-1 and IRF-2,
which is consistent with the ability of CIITA pIV activity to be up regulated by IFN-γ in
these cells.
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3.6. IRF-1 and IRF-2 bind to the CIITA type IV promoter in myeloma cells
To determine whether IRF-1 and/or IRF-2 bind to CIITA pIV in response to IFN-γ,
electrophoretic mobility shift assays (EMSAs) using U266 myeloma cells were performed.
One specific complex formed on the CIITA pIV site in response to IFN-γ treatment (Fig. 7,
compare lanes 1 and 2). Preincubation of nuclear extracts from IFN-γ-treated cells with anti-
IRF-1 antibody resulted in a supershifted band (lane 4), while preincubation with normal
serum did not (lane 3). Preincubation of extracts from treated cells with an antibody to
IRF-2 resulted in a partially supershifted band (lane 5). The EMSA banding pattern with
anti-IRF-2 and the CIITA pIV probe was observed previously for other cell types and is not
specific for myeloma cells (Xi et al., 1999). The upper bands in this analysis are non-
specific, based on oligonucleotide competition assays (data not shown). We have previously
demonstrated in EMSAs using extracts from untreated U266 cells that pretreatment with
anti-IRF-1 or anti-IRF-2 does not result in supershifted bands (Chen et al., 2007). This
analysis demonstrates that IRF-1 and IRF-2 in extracts from IFN-γ-treated myeloma cells
bind CIITA pIV, and these findings are consistent with IRF-1 and IRF-2 binding and
activating CIITA pIV in myeloma cells. This result lends further support to the functional
promoter analyses, which demonstrated that the IRF-E site is necessary for up regulation of
CIITA pIV activity by IFN-γ.

3.7. Genomic footprint analysis detects protein-DNA interactions at the GAS, E box and
IRF-E sites of the CIITA type IV promoter in myeloma cells

Since the IFN-γ-responsive region of CIITA pIV consists of a relatively small
(approximately 100 bp) region of DNA located upstream of the pIV transcriptional start site
(Muhlethaler-Mottet et al., 1997), genomic footprinting is the method of choice to identify
protein-DNA interactions in vivo at physiologically relevant sequences. DMS-treated
genomic DNA was obtained from U266 and NCI-H929 cells that were either uninduced or
induced with IFN-γ for 24 h. Significant protections indicating protein-DNA contacts were
observed in myeloma cells at the GAS, E box and IRF-E sites (Fig. 8). Similar results were
obtained for both cell lines, and the results for NCIH929 cells are shown. Treatment with
IFN-γ produced significant changes in the protein-DNA contacts at the GAS and E box sites,
with the central guanine residue of each site becoming protected after treatment (see
asterisks). In contrast, similar protein-DNA contacts were observed at the IRF-E site both
before and after induction. These results are consistent with a change in protein binding in
response to IFN-γ at CIITA pIV in myeloma cells and lend additional support to the finding
that IFN-γ modulates CIITA pIV activity in these cells.

4. Discussion
Multiple myeloma is one of the most common hematological malignancies. Despite a
variety of therapeutic approaches, less than 20% of multiple myeloma patients achieve long-
term survival, relapses are common and cures are rare. IFN-α, growth inhibitory for many
human multiple myeloma cell lines, has been used as a maintenance therapy although it is
not effective in all cases (Schaar et al., 2005). In addition to IFN-α, IFN-γ also inhibits
myeloma cell growth and could be useful as a treatment (Portier et al., 1993; Yi et al., 1997).
IFN-γ inhibits osteoclasts and therefore could potentially slow the bone resorption that is
seen in multiple myeloma patients (Takahashi et al., 1986). This cytokine also induces
CD20 expression in myeloma cells, which could facilitate rituximab therapy (Treon et al.,
2002). In addition to these effects, recent studies show that IFN-γ enhances MHC II and
immunoproteosome expression in multiple myeloma cells, therefore it could also enhance
the ability of the immune system to recognize this malignancy (Yi et al., 1997; Beatty and
Paterson, 2001; Altun et al., 2005). While the potential of IFN-γ as a therapy for multiple
myeloma is promising, the ability of the signaling pathway for IFN-γ to function in these
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cells remained largely unexplored. Recent data from microarrays indicated that even the
expression of the IFN-γ-binding chain of the IFN-γ receptor called IFN-γR1, or alternatively
the IFN-γR α chain or CD119, itself might be decreased at the level of transcription in these
cells (Shaffer et al., 2002). Importantly, in our study no decrease in the expression of this
receptor was observed relative to the expression in Raji B lymphocytes.

The binding of IFN-γ to its receptor results in the activation of receptor-associated Jaks and
the phosphorylation of STAT1. Phosphorylated STAT1 forms homodimers, which migrate
to the cell nucleus and activate transcription. Several inhibitors of IFN-γ signaling work
downstream of cytokine binding. One of these inhibitors, SHP1, an SH2 domain-containing
protein tyrosine phosphatase, down regulates IFN-γ signaling by counteracting Jak activity
(Wu et al., 2003). It is noteworthy that for all of the myeloma cells lines in this study,
STAT1 was phosphorylated in response to IFN-γ even after 24 h of cytokine treatment. This
finding is consistent with a previous finding that the gene for SHP1 is often hypermethylated
and inactive in multiple myeloma cells (Chim et al., 2004).

Because of its high constitutive activity in B lymphocytes, the principal target for studies of
CIITA expression in this cell type has been the CIITA type III promoter. However, PRDI-
BF1/Blimp-1 strongly suppresses CIITA pIII in both normal plasma cells and multiple
myeloma cells (Piskurich et al., 2000; Ghosh et al., 2001). We have recently demonstrated
CIITA type IV promoter activity that is up regulated by IFN-γ in B lymphocytes (Piskurich
et al., 2006). We and others have also recently shown that this promoter, like pIII, is a
candidate for repression by PRDI-BF1/Blimp-1 (Tooze et al., 2006; Chen et al., 2007).
Since CIITA regulation is complex and cell-type specific, understanding its regulation in
multiple myeloma requires the study of mechanisms of CIITA transcription as they relate
specifically to these cells. While DNA methylation of both CIITA pIII and pIV limits CIITA
expression in many human developmental and hematopoietic tumors, including myeloid and
T cell malignancies (van den Elsen et al., 2003; Holling et al., 2004; Morimoto et al., 2004),
myeloma cells are an exception in that the CIITA pIV is unmethylated in most cell lines that
have been examined (Morimoto et al., 2004). In this report, we demonstrate for the first time
that CIITA pIV is active in myeloma cells and that its activity is up regulated by IFN-γ even
though these cells express PRDI-BF1/Blimp-1. The activity for CIITA pIV is approximately
2-fold lower than we have observed previously for B lymphocytes (Piskurich et al., 2006),
which might be due to the expression of PRDI-BF1/Blimp-1 by these cells. IL-6 plays a role
in the progression of multiple myeloma by regulating the proliferation and survival of
multiple myeloma cells (Klein et al., 1995). In contrast to a study in which macrophages
secreting IL-6 showed decreased CIITA expression (Nagabhushanam et al., 2003), no
decrease in CIITA expression was seen for U266 cells which secrete IL-6 compared to
RPMI 8266 and NCI-H929 cells which do not.

Consistent with the ability of IFN-γ to increase the activity of CIITA pIV in myeloma cells,
in vivo footprinting analysis revealed a protein-DNA contact at the STAT1-binding GAS
site and the enhancement of a protein-DNA contact at the E box site in response to treatment
with this cytokine. These contacts closely resemble those we have previously observed in
response to IFN-γ treatment in a similar study of this region performed in Raji B
lymphocytes (Piskurich et al., 2006). This footprinting assay also detected protein-DNA
interactions in myeloma cells at the CIITA pIV IRF-E site that are similar before and after
treatment with IFN-γ. We and others have recently demonstrated that the CIITA pIV IRF-E
site is a binding site for the PRD-IBF1/Blimp-1 repressor (Tooze et al., 2006; Chen et al.,
2007). It is possible that PRD-IBF1/Blimp-1 binds the IRF-E site in untreated myeloma cells
and that this binding is replaced after treatment with IFN-γ by IRF-1 and IRF-2, which make
similar contacts at this site and activate CIITA pIV expression. The sequence of the CIITA
pIV IRF-E site is a good consensus site for either PRDI-BF1/Blimp-1 or IRF-1 and IRF-2
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binding (Fig. 8). It has been suggested that PRDI-BF1/Blimp-1 could compete in vivo with
IRF proteins for binding (Kuo and Calame, 2004). Such a competition could be reflected by
the lower fold activation that we typically observe in CIITA pIV promoter analyses
performed in myeloma cells versus Raji B cells. However, our experiments indicate that
competition for this site by PRDI-BF1/Blimp-1 does not completely block activation of this
promoter by IFN-γ in myeloma cells.

In summary, we have investigated the expression of the CIITA type IV promoter in human
myeloma cells and its regulation by IFN-γ. Although our previous findings show that this
promoter is a candidate for repression by PRDI-BF1/Blimp-1, we demonstrate here for the
first time that CIITA pIV is active and exhibits increased activity in response to IFN-γ in
multiple myeloma cells. It is therefore possible that cytokines, like IFN-γ, might be useful
therapeutically to increase the expression of CIITA in some B cell malignancies, like
multiple myeloma, to activate the ability of these tumor cells to function as antigen
presenting cells and to be recognized and destroyed by the immune system.
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Fig. 1.
Myeloma cells express IFN-γR1. (A) Equal amounts of RNA from U266, NCI-H929, and
RPMI 8266 human myeloma cells and Raji B cells were subjected to RT-PCR using primers
specific for human IFN-γR1. PCR using primers for GAPDH was performed as an internal
standard for cDNA loading. This experiment has been repeated twice with similar results.
(B) PCR for IFN-γR1 was performed using serial dilutions of the cDNA template to verify
that amplifications were in the linear range for the assay (-DIL, undiluted). Mock
preparations of cDNA where reverse transcriptase was omitted (-RT), and reaction mixtures
that did not contain cDNA (CTR) were also tested by PCR and did not give specific bands.
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Fig. 2.
STAT1 is phosphorylated in myeloma cells in response to IFN-γ treatment. U266, NCI-
H929, and RPMI 8266 human myeloma cells were either untreated or treated for 24 h with
recombinant human IFN-γ. Whole cell extracts were analyzed by Western blot. Membranes
were probed with an antibody to phospho-STAT1 (Tyr701) to detect the activation of
STAT1 by phosphorylation in response to treatment. Blots were stripped and reprobed with
anti-STAT1. This was repeated with anti-β-actin to analyze protein loading.
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Fig. 3.
Increased levels of MHC II and CIITA pIV-specific RNAs are observed in myeloma cells in
response to IFN-γ. Equal amounts of RNA from U266, NCI-H929, and RPMI 8266 human
myeloma cells and Raji B cells, treated for 0 or 24 h with recombinant human IFN-γ, were
subjected to RT-PCR using primers specific for HLADRα (MHC II), CIITA pIV, PRDI-BF1
or PRDI-BF1β, a truncated form of PRDI-BF1 co-expressed with full-length PRDI-BF1 in
myeloma cells. PCR using primers for GAPDH was performed as an internal standard for
cDNA loading. Mock preparations of cDNA where reverse transcriptase was omitted, and
reaction mixtures that did not contain cDNA were also tested by PCR and did not give
specific bands. This experiment has been repeated twice with similar results.
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Fig. 4.
An increase in CIITA type IV promoter activity is observed in myeloma cells in response to
IFN-γ. (A) Transient transfections of U266 human myeloma cells were performed by
electroporation using 10 μg of a luciferase reporter construct containing unmutated CIITA
pIV (pIV), pIV with a mutated STAT1-binding site (GAS) [pmIV(GAS)], pIV with a
mutated IRF-1-binding site (IRF-E) [pmIV(IRF-E)] or 10 μg of the negative control, pGL2-
Basic (CTR). (B) Transient transfections of RPMI 8266 human myeloma cells were
performed by electroporation using 10 μg of a luciferase reporter construct containing
unmutated CIITA pIV (pIV) or 10 μg of the negative control, pGL2-Basic (CTR). After a 6
h recovery period, half of the cultures were treated with IFN-γ for 24 h before harvesting
and measurement of luciferase activity. Bars show the s.e.m., n = 3. At least three
independent experiments have been performed with similar results.
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Fig. 5.
IRF-1 and IRF-2 activate CIITA pIV activity in myeloma cells. Transient co-transfections of
U266 human myeloma cells were performed by electroporation using 10 μg of IRF-1, IRF-2
or the empty expression plasmid vector, and 10 μg of a luciferase reporter construct
containing either unmutated CIITA pIV (pIV) or CIITA pIV with a mutated IRF-1-binding
site (IRF-E) [pmIV(IRF-E)] or 10 μg of the negative control, pGL2-Basic (CTR). After 24
h, cells were harvested and luciferase activity was measured. Bars show the s.e.m., n = 3. At
least three independent experiments have been performed with similar results.

Zhao et al. Page 17

Mol Immunol. Author manuscript; available in PMC 2008 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
IRF-1 and IRF-2 expression in myeloma cells. Equal amounts of RNA from U266, NCI-
H929, and RPMI 8266 human myeloma cells and Raji B cells, treated for 0 or 24 h with
IFN-γ, was subjected to RT-PCR using primers specific for human IRF-1 or IRF-2. PCR
using primers for GAPDH was performed as an internal standard for cDNA loading. Mock
preparations of cDNA, where reverse transcriptase was omitted, and reaction mixtures that
did not contain cDNA were also tested by PCR and did not give specific bands. This
experiment has been repeated twice with similar results.
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Fig. 7.
IRF-1 and IRF-2 bind to CIITA pIV in myeloma cells. EMSA analysis demonstrates that a
specific protein complex is induced by IFN-γ treatment (lane 1 versus lane 2) (arrow).
Nuclear extracts were from U266 human myeloma cells treated with IFN-γ for 0 (UNT) or
24 h (IFN-γ). The probe spans the CIITA pIV IRF-E. Incubation with anti-IRF-1 or anti-
IRF-2 induces a supershifted or partially supershifted complex, respectively (see asterisks).
This experiment has been repeated with similar results. Antibodies are indicated at the top.
Abbreviations: Ab., antibody; CTR, normal control serum; N.E., nuclear extract.
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Fig. 8.
In vivo footprint of CIITA pIV in myeloma cells reveals protein-DNA contacts within the
GAS, IRF-E and E box sites. The sequence of the promoter region is shown with boxes
indicating the relevant cis-elements. Genomic footprints of the upper strand are shown in the
lower panel. Lane 1 shows genomic DNA that was methylated in vitro to reveal the
complete guanine ladder. Lanes 2 and 3 show the results of IFN-γ treatment using cells
treated with DMS in culture. Open arrows indicate bases protected from modification. While
a number of bases in the IRF-E site are protected both before and after treatment (indicated
by arrows), central bases in the GAS and E box sites become protected after IFN-γ treatment
(see asterisks). Similar results were seen for U266 cells (data not shown).
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