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Diffuse large B-cell lymphoma (DLBCL) is a disease marked by heterogeneity in clinical
presentation, morphology, and underlying biology. Importantly, this translates into variability
of patient response to chemotherapy. While a majority of patients can be cured effectively with
modern chemotherapy regimens, many present with or acquire resistance to treatment.
Characterizing the mechanism(s) responsible for poor patient outcome is critical for identifying
future targets to improve treatment.

Major histocompatibility complex class II (MHCII) molecules are cell-surface glycoproteins
that present peptides for antigen recognition, and are important for the adaptive immune
response. Studies have shown that loss of MHCII expression correlates with poor outcome in
DLBCL following CHOP or R-CHOP therapy [1–3], as well as in primary mediastinal B-cell
lymphoma (PMBCL) [4]. This loss has been associated with deficiencies in tumor-infiltrating
T-lymphocytes [2], suggesting a loss of immune surveillance.

The expression of classical MHCII, non-classical MHCII, and invariant chain molecules are
coordinately regulated by the class II transactivator (CIITA), the master regulator of MHCII
transcription [5–7]. CIITA is essential for MHCII expression; thus, control of MHCII
expression depends on control of and by CIITA expression [5,8]. MHCII cell-specific and
temporal expression is controlled by the differential activation of four different promoters
within the CIITA gene [8]. The CIITA promoters pIII and pIV are important for MHCII
expression in B-cells and hematopoietic tumors [6]. We have shown that expression of each
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of the classical, non-classical, and invariant chain MHCII molecules and CIITA correlate with
one another in DLBCL patient samples, that intervening genes are not affected, and that large
deletions within MHCII genes do not explain lost expression [9]. Our demonstration that
MHCII is consistently downregulated in concert with CIITA suggests that altered transcription
of MHCII via the master transactivator CIITA is a mechanism for MHCII down-regulation in
DLBCL, a finding confirmed in DLBCL cell culture studies [7]. We have further shown that
mutations of CIITA do not explain the coordinate down-regulation [10].

DNA methylation of CIITA pIII and pIV is one mechanism of MHCII suppression in
hematopoietic and other tumors [6,11,12]. Treatment with demethylating agents has been
shown to re-express CIITA and MHCII [11,12], suggesting a potential for such agents in
therapy. We therefore asked whether CpG methylation of CIITA is associated with loss of
MHCII expression in DLBCL. As we have shown that CIITA expression correlates with
MHCII expression in DLBCL [9], and because loss of MHCII is a meaningful endpoint in
DLBCL, we chose to correlate methylation of CIITA with MHCII expression. We
hypothesized that methylation of CIITA pIII and pIV would be more extensive in MHCII(−)
samples. To determine whether CpG methylation (Me-CpG) of CIITA pIII and pIV correlated
with loss of MHCII expression in DLBCL, we performed bisulfite sequencing [13].

Approval for this study was obtained from the University of Arizona Institutional Review
Board in accordance with the Declaration of Helsinki. Forty-six patient samples were obtained
from the Leukemia/Lymphoma Molecular Profiling Project (LLMPP), of which we are
principle participants. These cases had been previously reviewed by a panel of
hematopathologists and each contained a minimum of 70% tumor. MHCII expression had been
determined by gene expression profiling [1]. As described previously, the patients in the lowest
tenth percentile of MHCII expression by gene expression profiling were considered MHCII
(−) [9]. Twenty-three LLMPP samples comprised 20 de novo DLBCL and three PMBCL in
the lowest 10% of MHCII expressers and were considered MHCII(−). Two transformed
DLBCL, one relapsed DLBCL, and one relapsed PMBCL with expression of MHCII in the
range of the low 10% expressers were considered MHCII(−). Four de novo DLBCL in the
range of 10–25% of MHCII expressers were considered MHCII(+). DLBCL cases represented
both ABC and GCB subtypes [Supplemental Figure 1]. The remaining 15 LLMPP samples
were PMBCL samples with levels of MHCII(+) expression in the 25–100% range [4].

Fourteen tissue samples were obtained from the Arizona Lymphoid Tissue and Blood
Repository. Four were lymphoma cases: one MHCII(+) DLBCL; one MHCII(−) DLBCL; and
two MHCII(−) peripheral T-cell lymphoma (PTCL), unspecified. MHCII expression was
determined by immunohistochemistry (data not shown); we have previously shown that cases
in the tenth percentile of MHCII by gene expression profiling, which correlate with poor
outcome, are also negative by immunohistochemistry [2]. Ten additional samples were reactive
tissues: seven lymph nodes and three tonsils.

MHCII expression in twelve cell lines was determined by flow cytometry [7] (and data not
shown); cell lines with peaks that did not differ substantially from isotype controls were
considered MHCII(−). Jurkat, JAR, Raji, and DB lines were from the American Type Culture
Collection (Manassas, Virginia). The RJ2.2.5 cell line was a gift from Dr. Jeremy Boss (Emory
University, Atlanta, Georgia) with the permission of Dr. Robert Accolla (University of
Insubria, Varese, Italy) [14]. Other lines were gifted from Dr. Louis Staudt (coauthor).

Bisulfite modification of purified DNA (50 ng) was performed using the Epitect Bisulfite Kit
(Qiagen) with 40 μL yield. Bisulfite-modified DNA was amplified by nested polymerase chain
reaction (PCR) using the Multiplex PCR Kit with Q-solution (Qiagen). CIITA pIII and pIV
were amplified individually using primers specific for bisulfite-modified DNA (i.e., assuming
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C converted to T). Initial amplification was performed using 3 μl bisulfite-modified DNA and
20 nM primers per 25 μl reaction. The second, nested amplification was performed using 3
μl DNA from the initial PCR reaction, with 20 nM primers per 50 μl reaction. Primer sequences
for nested PCR: P3forward: 5′-TTAAGGGAGTGTG GTAAAATTAGAGGGTG-3′;
P3reversenested: 5′-AAACACAAACTCCTATTCCCATCCTCAC-3′; P3reverseouter: 5′-
AAACAA CTCTTTCACATCTTCCAATAACCTAC-3′; P4forwardouter: 5′-GGTTG
GATTGAGTTGGAGAGAA ATAGAGAT-3′; P4forwardnested: 5′-
TGGGGATAAGTTTTTTGTAA TTTAGGA-3′; P4reverse: 5′-
CTACTAATAACCTCTCCCTCCAGCCAA-3′. CIITA pIV primers, as well as PCR
conditions, were as described by Morris, et al., 2002 [15]. Amplicons were purified with the
QiaQuick PCR Purification Kit (Qiagen), ligated into the pGEM-T Easy plasmid (Promega,
Madison, WI), and transformed into DH5α competent E. coli cells (Invitrogen). Single colonies
were expanded and plasmids purified with the Wizard Plus SV Miniprep DNA Purification
system (Promega). Sequencing was performed at Arizona’s Genomic Analysis and Technology
Core using primer PCM13R = 5′-TCACACAGGAAACAGCTATGAC, which binds within
the plasmid lacz gene, to sequence the locus of amplicon inserts. Ten pIII and pIV amplicons
were reported per sample.

The methylation status of CIITA pIII and pIV was determined at nine and twelve CpG sites,
respectively [Figure 1A]. Tallies of methylation marks within each of the ten amplicons per
sample, per promoter, were divided by the number of possible methylation marks in ten samples
(i.e., 90 for pIII, and 120 for pIV), to give a percentage methylation for each sample. Raji and
RJ2.2.5 were used as negative controls. Raji, a Burkitt line, expresses CIITA and MHCII
constitutively, and does not demonstrate methylation at the CIITA pIV promoter [11,12].
RJ2.2.5, a derivative of Raji [14], is MHCII(−) due to a deletion and an inactivating mutation
of the CIITA alleles [5]. Both Raji and RJ2.2.5 revealed minimal methylation of pIII (1.1%)
and pIV (0.0%) [Figure 1B]. Jurkat and JAR were used as positive controls. Jurkat, a T-cell
leukemia line, does not express CIITA or MHCII, and has been shown to be methylated at
CIITA pIV [12]. JAR, a human placental choriocarcinoma line, does not express CIITA or
MHCII, and has been shown to be extensively methylated at CIITA pIV [11]. We confirmed
extensive methylation, with Jurkat having 41.1% and 22.5%, and JAR having 61.1% and 55.8%
methylation at pIII and pIV, respectively [Figure 1B].

The reactive tissues contain a variety of cell types, including B-cells, T-cells, dendritic cells,
macrophages, and stromal cells, which likely have varying levels of MHCII expression, with
varying underlying methylation of the CIITA promoter. Median methylation of pIII in benign
tissues was 12.2% (range: 4.4% to 23.3%). Median methylation of the pIV was 4.2% (range:
0.0% to 10.0%) [Figure 1B].

The 20 MHCII(+) cases comprised five de novo DLBCL and 15 PMBCL. Six MHCII(+)
DLBCL lines were included: SUDHL4; SUDHL6; SUDHL10; OCI-Ly3; OCI-Ly7; and OCI-
Ly19. Median methylation of pIII in MHCII(+) cases and lines was 7.2% (range: 1.1% to
27.8%). Median methylation of pIV was 4.2% (range: 0.0% to 33.3%) [Figure 1B].

The 30 MHCII(−) cases comprised 21 de novo DLBCL, three relapsed or transformed DLBCL,
two PTCL, three PMBCL, and one relapsed PMBCL. Two MHCII(−) lines were included: DB
and OCI-Ly10. Median methylation of pIII in MHCII(−) cases and lines was 6.7% (range:
0.0% to 18.8%). The median percentage of pIII promoter methylation in MHCII(−) cases was
significantly lower than benign samples (p<0.05), but not significantly different from MHCII
(+) cases. Median methylation of pIV in MHCII(−) cases and lines was 2.50% (range: 0.0%
to 18.3%). The median percentage of pIV promoter methylation in MHCII(−) cases was not
significantly different from benign samples or MHCII(+) cases [Figure 1B]. Additionally,
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CIITA pIII and pIV methylation did not correlate with CIITA gene expression data in the
MHCII(+) and (−) cases (data not shown).

We conclude that differences in CIITA promoter methylation do not correlate with differences
in MHCII expression. Therefore, epigenetic silencing of CIITA by DNA methylation is not a
likely mechanism for loss of MHCII expression in DLBCL. Ongoing research will investigate
other mechanisms, including CIITA histone acetylation changes and the expression of genes
in regulatory pathways upstream of CIITA.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) CIITA promoter sites tested for CpG methylation and primers used for nested PCR.
Possible CpG sites for methylation of CIITA promoters pIII and pIV are boxed and numbered.
Sites for primer binding are underlined. Exons are in capitals and indicated by +1 [8]. (B)
Percentage methylation of CIITA promoters pIII and pIV. Tallies of methylation marks within
each of the ten amplicons per sample, per promoter, were divided by the number of possible
methylation marks in ten samples (i.e., 90 for pIII, and 120 for pIV), to give a percentage
methylation for each sample. Raji and RJ2.2.5 do not demonstrate CIITA methylation, as
described in the text, and were used as negative controls. Jurkat and JAR demonstrate CIITA
methylation, as described in the text, and were used as positive controls. Kruskal-Wallis One
Way Analysis of Variance on Ranks and Dunn’s method were used to determine significant
differences in methylation of CIITA pIII and pIV between reactive tissues, MHCII(+), and
MHCII(−) samples using SigmaPlot 11.0 (San Jose, CA). Cell lines within the MHCII(+) and
MHCII(−) groups are indicated with open circles.
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