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The p53 tumor suppressor pathway limits oncogenesis by inducing cell cycle arrest or apoptosis. A key p53
target gene is PUMA, which encodes a BH3-only proapoptotic protein. Here we demonstrate that Puma deletion
in the Ep-Myc mouse model of Burkitt lymphoma accelerates lymphomagenesis and that ~75% of Ep-Myc
lymphomas naturally select against Puma protein expression. Furthermore, approximately 40% of primary
human Burkitt lymphomas fail to express detectable levels of PUMA and in some tumors this is associated with
DNA methylation. Burkitt lymphoma cell lines phenocopy the primary tumors with respect to DNA methylation
and diminished PUMA expression, which can be reactivated following inhibition of DNA methyltransferases.
These findings establish that PUMA is silenced in human malignancies, and they suggest PUMA as a target for

the development of novel chemotherapeutics.

The pS3 tumor suppressor blocks cancer cell growth and
impairs survival by functioning within signaling pathways that
respond to various forms of stress, including oncogene activa-
tion, DNA damage, and hypoxia (for a review, see reference
47). Upon cellular stress, the pS3 protein becomes stabilized
and activates the transcription of multiple target genes that
negatively regulate cell proliferation (e.g., p21"** and PTPRV)
(9, 14) and survival (e.g., Bax, Noxa, and Puma) (18, 34, 35, 37,
52). Thus, disruption of the p53 gene in the mouse results in
aberrant cell cycle control and the acquisition of resistance to
stress-induced death stimuli in a broad range of cell types.
Human tumors frequently bypass these growth restrictions by
inactivating p53 directly through mutation. This pathway can
also be disrupted through alterations in upstream regulators
(e.g., ATM, Mdm?2, and pl14*%F) and downstream effectors
(e.g., Caspase-9 and APAFI) (4).

Puma (p53-upregulated modulator of apoptosis) encodes a
proapoptotic BH3-only protein belonging to the Bcl-2 family
of proteins (18, 35, 52). Upon induction, Puma initiates pro-
grammed cell death as a sensitizer and/or direct activator of
Bax and Bak, resulting in cytochrome ¢ release and caspase
activation (28, 50). Indeed, deletion of Puma efficiently pro-
tects against apoptosis induced by either DNA damage or
oncogene activation, rivaling the degree of protection when
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p53 is deleted (25, 46). Therefore, Puma plays a significant role
in pS3-dependent cell death. Further, Puma activates apoptotic
pathways independently of p53, such as when murine myeloid
progenitors are deprived of growth factors or during glucocor-
ticoid treatment of primary thymocytes (25). Thus, Puma is a
critical mediator of both p53-dependent and p53-independent
cell death.

Human Burkitt lymphomas (BLs) arise through the translo-
cation of the c-MYC proto-oncogene into the immunoglobulin
heavy- or light-chain promoter-enhancers in B lymphocytes,
resulting in the constitutive overproduction of c-MYC (3). The
Ep-Myc transgenic mouse model resembles the human dis-
ease, and these mice develop fully penetrant, lethal B-cell
lymphomas (1). Premalignant Ep-Myc B cells undergo p53-
dependent apoptosis, which serves as a rate-limiting step in
lymphomagenesis (12, 42, 43). Consequently, 75% of the re-
sulting B-cell lymphomas express mutant p53, delete or silence
p19*7 (the murine homolog of human p14*%"), and/or over-
express Mdm?2 (12), similar to reported findings on human BL
(29, 49). Therefore, the Arf-p53-Mdm?2 axis serves as a guard-
ian that prevents tumorigenesis in c-Myc-driven B-cell malig-
nancies in both mice and humans.

Previous studies implicated the apoptotic arm of the p53
signaling pathway as its primary tumor suppressor function (30,
40, 43, 45). Since Puma functions as a critical mediator of
pS3-dependent cell death, we explored the role of Puma in
Myc-driven lymphomagenesis in (i) the Ep-Myc transgenic
mouse model, (ii) established human BL cell lines, and (iii)
primary human BLs. We report that Puma restricts B-cell
lymphomagenesis in the mouse and that Puma protein is un-
detectable in most Ep-Myc lymphomas and, most importantly,
demonstrate that PUMA expression is silenced in 40% of hu-
man BLs. Further, we present evidence for the epigenetic
silencing of PUMA through DNA and histone methylation,
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providing mechanistic insight into how PUMA expression can
be repressed in BL and possibly other tumor types. These
findings demonstrate PUMA inactivation in primary human
cancer and highlight PUMA as a potential target for the de-
velopment of novel therapeutics.

MATERIALS AND METHODS

Cell culture. Keml and KemlII are established human BL cell lines that
maintain either a type I or a type III Epstein-Barr virus (EBV) latency, respec-
tively, and were maintained in RPMI 1640 medium supplemented with 10%
defined fetal bovine serum (HyClone), 2 mM L-glutamine, penicillin (100 TU/ml),
and streptomycin (100 wg/ml) at 37°C in 5% CO, (39). DNA methyltransferase
activity was inhibited by the addition of 5 WM 5-aza-2'-deoxycytidine (5-Aza;
Sigma-Aldrich, St. Louis, MO) to the tissue culture medium, which was replen-
ished every 24 h. At the indicated intervals, the cells were harvested and lysed
and total RNA was isolated for real-time PCR analysis (see below).

Animals. Puma~'~ (C57BL/6/129) (25) mice were interbred with transgenic
Ep-Myc mice (C57BL/6) (11). Puma™'~ and Puma™*'~; Ep-Myc littermates (F,
generation) were intercrossed to obtain nontransgenic and Ep-Myc transgenic
Puma™'*, Puma™'~, and Puma~'~ animals (F, generation). Both male and
virgin female mice were then observed daily for signs of morbidity and tumor
development. Animals were sacrificed, and tumors were harvested for RNA and
protein analysis. Spleen and bone marrow samples were also harvested at 7
weeks of age from each genotype to characterize disease progression. All animal-
related procedures were approved by the St. Jude Children’s Research Hospital
(St. Jude) Institutional Animal Care and Use Committee.

B-cell proliferation and apoptosis assays. Proliferation of B220"/IgM™ B cells
was measured in vivo with bromodeoxyuridine (BrdU), followed by cell sorting
with a Flow Cytometry kit (BD Biosciences PharMingen, San Diego, CA).
Briefly, nontransgenic and transgenic wild-type and Puma-deficient mice were
injected intraperitoneally with 100 pl BrdU (10 mg/ml) in sterile phosphate-
buffered saline. Animals were sacrificed at 12 h postinjection, and spleens were
harvested. Splenic B cells (1 X 10°) were isolated with a FACScalibur cell sorter
(Becton Dickinson, Franklin Lakes, NJ) and antibodies specific for B220, im-
munoglobulin M (IgM), and BrdU. Apoptosis was measured in splenocytes (1 X
10°) with antibodies against B220 and IgM, followed by staining with annexin V
and propidium iodide and fluorescence-activated cell sorter (FACS) analysis
(36). Terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end la-
beling assays were performed with an ApopTag Fluorescein In Situ Apoptosis
Detection kit (Chemicon) by following the provided protocol.

Real-time PCR analysis. Analysis of primary human BL samples was approved
by the St. Jude Institutional Review Board. Total cellular RNA was isolated from
primary tumor samples and BL cell lines with RNA/DNA kits (Qiagen, Valencia,
CA) and iMACS mRNA isolation columns (Miltenyi Biotec, Auburn, CA),
respectively, according to the manufacturers’ recommendations. Complementary
DNA was prepared from 1 pg of RNA with the iScript cDNA synthesis kit
(Bio-Rad, Hercules, CA). A two-step real-time PCR assay was performed with
the IQ Sybr green Supermix and iCycler PCR instrument (Bio-Rad) and oligo-
nucleotide primers PUMA-F (5'ACGACCTCAACGCACAGTACGA) and
PUMA-R (5'GTAAGGGCAGGAGTCCCATGATGA). The samples were de-
natured at 95°C, followed by an annealing and extension step at 60.2°C. Relative
expression was quantified by the AC; method and normalized to human
ubiquitin expression, which was determined with primers UB-F (5'ACCTG
ACCAGCAGCGTCTGATATT) and UB-R (5 TCGCAGTTGTATTTCTGG
GCAAGC).

Microarray analysis. CRNA was synthesized from total cellular RNA with
One-Cycle Target Labeling and Control Reagent kits (Affymetrix) and hybrid-
ized to 430A mouse chips (Affymetrix). Samples were analyzed with an Af-
fymetrix GeneChip Scanner 3000 and Spotfire software (36).

Methylation-specific PCR analysis. Genomic DNA was isolated with a DNA
extraction kit (Chemicon International Inc., Temecula, CA). As a positive con-
trol for methylation, 100 ng of nonmethylated DNA was treated in vitro with SssI
methylase (New England BioLabs, Ipswich, MA) to convert all CpG dinucleoti-
des to methylated cytosines. Bisulfite DNA modification was performed with the
CpGenome DNA modification kit according to the manufacturer’s recommen-
dations (Chemicon). Two sequential PCRs were then performed on the modified
DNA with the following degenerate oligonucleotides corresponding to PUMA
exon 2: PUMA-exon2F1 (5GGGTAGGTTGGAGGTATAGTGGGT), PUMA-
exon2F2 (5'GGAGTTYGTAGAGGGTTTGGTTYG), and PUMA-exon2R1 CC
RATCTCCAACCCTCTCTCTTCC) (R = A/G; Y = C/T). The first amplification
step was performed with PUMAexon2F1 and PUMAexon2R1 by denaturing at
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95°C for 30 s, annealing at 55°C for 1 min, and extension at 72°C for 1 min. The
PCR product was purified and used as a template for a second round of PCR
with the PUMAexon2F2 and PUMAexon2R1 primers under the same condi-
tions. The PCR fragments were purified by gel electrophoresis and sequenced by
the St. Jude Hartwell Center for Biotechnology. Additional details regarding
primer sequences and conditions for examining CpG sites 1 and 3 are available
upon request.

ChIP assays. Chromatin immunoprecipitation (ChIP) assays were performed
with anti-dimethyl-histone H3 (Lys9) antibody (Upstate, Lake Placid, NY) as
described by the manufacturer, with minor modifications. Human BL cells (3 X
10%/sample) were treated with 2% paraformaldehyde for 15 min to cross-link
proteins and then 1.25 M glycine to terminate the reaction. Cells were harvested
and resuspended in piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES)-NP-40
buffer (5 mM PIPES [pH 8.0], 85 mM KClI, 0.5% NP-40), incubated on ice for 10
min, and centrifuged at 5,000 rpm for 5 min. The pellet was resuspended in
sodium dodecyl sulfate lysis buffer and processed according to the manufactur-
er’s protocol. The DNA isolated by ChIP was then amplified with the PUMA
forward (5'AGTACATCCTCTGGGCTCTGC) and reverse (5'CGGACAAGT
CAGGACTTGCAGG) primers by 31 cycles of denaturation at 95°C for 30 s,
annealing at 57°C for 30 s, and extension at 72°C for 1 min.

Southern blot analysis. High-molecular-weight genomic DNA was purified
from mouse B-cell lymphoma samples and digested with AflIl and BamHI for
Arf and p53 analysis, respectively. DNA fragments were separated by agarose gel
electrophoresis, transferred to nitrocellulose membranes, and probed with ra-
diolabeled cDNAs coding for Arf (exon 1) and p53 (exons 2 to 10) as previously
described (12).

Western blot analysis. Mouse tumor tissue and BL cell lines were lysed in
NTNE buffer (1% NP-40, 0.01 M triethanolamine-HCI [pH 7.8], 0.15 M NaCl, 5
mM EDTA, protease inhibitor cocktail tablet [Roche], 1 mM phenylmethylsul-
fonyl fluoride). Lysates were cleared by centrifugation at 13,000 X g for 10 min,
and the protein concentration was determined with a bicinchoninic acid protein
assay kit (Pierce). Equal quantities of proteins were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis under reducing conditions, trans-
ferred to nitrocellulose or polyvinylidene difluoride membrane (Millipore), and
blocked in 5% nonfat skim milk in TBS-T (10 mM Tris, 150 mM NacCl, 0.01%
Tween 20). Blots were probed with antibodies to the following diluted in a 1%
milk TBS-T solution: Puma N terminus (Sigma), p53 (pAb122; Becton Dickinson
[BD]), AB7 (Calbiochem), B-actin (AC-15; Sigma), Bax (N20; Santa Cruz),
Bcl-X; (clone 44; BD), Bcl-2 (clone 7; BD), Bim-EL (22-40; Calbiochem), Mcl-1
(Rockland Labs), and p194t (SC32748; Santa Cruz). Membranes were washed
with TBS-T and hybridized with horseradish peroxidase-linked secondary anti-
bodies for 1 h at room temperature. The membranes were washed with TBS-T
and developed with Supersignal West Dura Extended Substrate according to the
manufacturer’s recommendations (Pierce).

RESULTS

Puma deficiency accelerates Ep-Myc lymphomagenesis. Pre-
vious studies established that the p53 tumor suppressor signal-
ing pathway is rate limiting for B-cell tumorigenesis in the
Ep-Myc transgenic mouse model of BL (2, 12, 19, 23, 42, 43).
Furthermore, an Ep-Myc transplant model suggested that p53-
mediated apoptosis serves as its principal tumor suppressor
activity, as the selection against p53 is abolished by coexpres-
sion of the Bcl-2 antiapoptotic protein (43). As shown here,
microarray analysis identified Puma as the most highly induced
Bcl-2 family member in premalignant Ep-Myc B cells com-
pared to normal B cells (Fig. 1). Conversely, several survival
factors, such as Bcl-2, Mcl-1, and Al, were concomitantly
downregulated in the premalignant transgenic B cells. Ele-
vated Puma mRNA levels in premalignant Ep-Myc B cells and
lymphomas were subsequently verified by quantitative real-
time PCR (qQRT-PCR; see Fig. 4B). We therefore interrogated
the contribution of Puma to B-lymphocyte tumor development
by crossing Puma~—'~ and Ew-Myc transgenic mice. As ex-
pected, Epn-Myc wild-type mice developed B-cell lymphomas at
a median age of 15 weeks (Fig. 2) (2, 12). Transgenic Puma ™'~
mice developed tumors at an intermediate rate (13 weeks; P =
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Gene WT Ep-Myc Fold Up/Down
Al 1853.68 842.92 0.45 Down
Bcl2 548.82 265.4 0.48 Down
Mcl1 3547.94 2203.4 0.62 Down
Mcl1 8004.42 4979.06 0.62 Down
Mcl1 10145.34 6430.6 0.63 Down
Bnip3 366.6 236.8 0.65 Down
Mcl1 4772.7 3228.44 0.68 Down
Bim 1183.8 912.9 0.77 Down
Bcl-w 277.74 215.4 0.78 Down
Bim 1341.12 1059.34 0.79 Down
Bim 332,68 297.9 0.90 Down
Bim 352.66 324.9 0.92 Down
Bax 1432.9 1367.4 0.95 Down
Mecl1 7563.52 7281.48 0.96 Down
Hrk 202.62 206.12 1.02 Up
Mcl1 3354.38 3483.28 1.04 Up
Bid 374.14 389.72 1.04 Up
Bid 1242.86 1311.4 1.06 Up
BclX 358.44 479.32 1.34 Up
Noxa 91.36 135.04 1.48 Up
BclX 102.78 155.7 151 Up
Bak 3143 527.08 1.68 Up
Puma 127.98 253.82 1.98 U p

FIG. 1. Expression profiles of Bcl-2 family members in normal and premalignant Eun-Myc B cells. Splenic B cells (B220*/IgM™") from
aged-matched wild-type (WT) and Ep-Myc transgenic mice were analyzed for the expression of Bcl-2-related genes by Affymetrix as described in
Materials and Methods. In some cases, multiple probe sets for a particular gene are represented. Puma is the most highly induced Bc/-2 family
member in premalignant En-Myc B cells compared to nontransgenic normal B lymphocytes.

0.08). Notably, loss of Puma accelerated lymphomagenesis, as
Ew-Myc; Puma~'~ littermates developed tumors with an aver-
age latency of 11 weeks (P = 0.002). Tumor onset in these mice
is similar to that previously reported for Ew-Myc; Bax™/~ mice
(11).

To assess the possible effects of Puma loss on the precan-
cerous phase of this malignancy, we analyzed spleen and bone
marrow specimens from 7-week-old Puma™'", Puma™'~, Ep-
Myc, and Ew-Myc; Puma~'~ littermates. Histopathological
analysis of B-lymphocyte markers Pax5 and B220 demon-
strated a significant increase in the numbers of B cells within
both the spleens and bone marrow of Ep.-Myc; Puma '~ mice
compared to those of Ew-Myc mice (Fig. 2B and data not
shown), consistent with the shortened survival of Puma-defi-
cient Myc transgenic mice (Fig. 2A). Therefore, Puma plays a
physiological role in suppressing Myc-induced murine B-cell
lymphomagenesis.

Puma deficiency alleviates c-Myc-induced apoptosis of B
lymphocytes. Activation of p53 by c-Myc induces the expres-
sion of genes involved in cell cycle arrest and cell death (12, 48,
53). To determine the consequence of Puma loss on the pro-
liferative capacity of premalignant En-Myc B cells, 7-week-old

littermate Ew-Myc control and Ep-Myc; Puma ™'~ mice were
injected with BrdU and 12 h later spleens were harvested for
the isolation of B220"/I[gM™ B lymphocytes. As expected (36),
Ep-Myc transgenic mouse B lymphocytes displayed a markedly
higher number of cells in S phase in comparison to those of
their nontransgenic counterparts (Fig. 2C, left panel). How-
ever, deletion of Puma had no overt effect on this process,
indicating that the cooperation between Puma loss and c-Myc
overexpression in B-cell lymphomagenesis is not associated
with alterations in cell proliferation.

Apoptosis is an early event that restricts the development of
B-cell lymphomas in response to c-Myc overexpression. We
previously demonstrated that Puma ™'~ mouse embryo fibro-
blasts are highly resistant to c-Myc-induced cell death (25). We
therefore reasoned that Puma loss would accelerate lym-
phomagenesis in Ep-Myc transgenic animals by reducing the
propensity of B cells to undergo apoptosis in response to on-
cogenic stress. To test this hypothesis, we measured the degree
of apoptosis in primary B cells freshly isolated from 7-week-old
Ew-Myc and Ew-Myc; Puma ™'~ littermate mice by annexin V
and propidium iodide staining, followed by FACS analysis
(Fig. 2C, right panel). The levels of apoptosis were similar
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FIG. 2. Puma deficiency accelerates Myc-induced lymphomagenesis. (A) Tumor-free survival of Ep-Myc; Puma™'~ (n = 17, blue),
Ep-Myc; Puma™'~ (n = 24, purple), and Ep-Myc; Puma™'* (n = 15, red) animals. (B) Early infiltration of premalignant B cells in the spleens
and bone marrow of Ew-Myc; Puma ™'~ mice. Histology of spleen tissue (upper) and bone marrow (lower) from Puma™'*, Puma™'~, Ep-Myc;
Puma™'", and Ep-Myc; Puma™'~ mice. Specimens were stained with the B-cell marker Pax-5 (data shown are representative of three
independent experiments). (C) Puma deficiency protects against En-Myc transgenic B-cell apoptosis without altering Myc-induced cell
proliferation. Splenic B220*/IgM™ B cells from 7-week-old mice were analyzed by FACS for cell proliferation (left) and apoptosis (right)
(n = 3 individual animals of each genotype).
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FIG. 3. The p53 tumor suppressor pathway is bypassed in Puma-deficient lymphomas. Ep-Myc transgenic lymphomas from Puma™™ (n = 5),
Puma™'~ (n = 9), and Puma ™'~ (n = 8) mice were analyzed for changes in p53 and p19*"" gene expression. (A) Southern blot analysis. (B) Western
blot analysis. Lymphoma samples with chromosomal alterations in Arf (no. 4, 12, 15, and 19) or mutations in p53 (no. 5, 8, and 22) are highlighted

by asterisks.

between wild-type and Puma knockout B lymphocytes, indicat-
ing that Puma does not contribute to lymphocyte death during
normal B-cell homeostasis. As expected, Epn-Myc B cells dis-
played a marked increase in apoptosis over nontransgenic con-
trols. By contrast, the level of apoptosis in Ew-Myc; Puma ™'~
B cells was significantly less than that of wild-type Epn-Myc B
cells (P < 0.0381) and indeed was roughly equivalent to that in
nontransgenic lymphocytes (Fig. 2C). Therefore, inactivation
of Puma impairs apoptosis in premalignant c-Myc transgenic B
cells, a scenario that intuitively would foster lymphomagenesis.

Selection against the p53 tumor suppressor pathway in Ep-
Myc/Puma-deficient lymphomas. The attenuation of c-Myc-in-
duced apoptosis in Puma knockout B cells would be predicted
to bypass events that inactivate the p53 tumor suppressor path-
way during lymphomagenesis. To test this hypothesis, the in-
tegrity of the pS3 tumor suppressor signaling pathway in Ep-
Myc transgenic Puma™*’*, Puma™'~, and Puma™'~ lymphomas
was examined by monitoring the status of p53, Arf, and Mdm?2
by Southern and Western blot analyses (Fig. 3A and B and
data not shown). Lymphomas expressing mutant p53 and con-
sequently high levels of p19°*f (12) or those harboring Arf
deletions were observed in each of the three Ep-Myc; Puma
genotypes, including the Puma knockouts, to various degrees.
Therefore, Puma deficiency is not sufficient to eliminate the
selective pressure against the p53 tumor suppressor pathway
during Myc-induced lymphoma development.

Myc suppresses the expression of Bcl-2 and Bcl-X; and
induces Puma mRNA and protein expression in premalignant
Ep-Myc B cells, resulting in cell death (Fig. 1, 2, and 4A and B)
(13, 32). It is also well established that the overexpression of
Bcl-2 or the targeted deletion of Bax or Bim accelerates Ep-
Myc lymphomagenesis (10, 11, 43, 44). Therefore, B cells must
overcome the apoptotic response elicited by c-Myc for lym-
phomagenesis to proceed. Remarkably, B-cell lymphomas aris-
ing in Ep-Myc; Puma™’* and Ep-Myc; Puma ™'~ mice naturally

select against Puma protein expression. Indeed, Puma levels
are significantly reduced in the majority of lymphomas com-
pared to premalignant Ew-Myc; Puma™'* B cells and non-
transgenic normal B cells (Fig. 4A and B). Loss of Puma
protein expression does not appear to be completely accounted
for by a reduction in mRNA levels, implying a posttranscrip-
tional mechanism of regulation (Fig. 4A and B). Analysis of an
extended panel of Ep-Myc lymphomas from Puma™* and
Puma™’~ mice demonstrates that approximately 75% (19/25)
of the B-cell lymphomas are deficient in Puma protein. In
contrast, the BH3-only family member Bim (both the Bim-EL
and Bim-L isoforms), which has also been shown to harness
lymphoma development in Ep-Myc transgenics (10), was ex-
pressed in nearly all Ep.-Myc lymphomas (26/30), regardless of
their Puma status (Fig. 4C). Puma deficiency also had little or
no effect on the expression of other Bcl-2 family members in
Ep-Myc lymphomas, indicating that there were no obvious
compensatory effects of Puma loss (Fig. 4C). Similarly, the few
Ep-Myc lymphomas that expressed high levels of Puma protein
showed no obvious differences in the expression of other Bcl-2
family members. Finally, there was no selection for loss of the
remaining wild-type allele in Ep-Myc; Puma ™'~ B-cell lympho-
mas, and most, if not all, tumors expressed Puma mRNA based
on genomic PCR, DNA sequencing, and qRT-PCR (data not
shown). Therefore, by these criteria, Puma functions as a tu-
mor modifier rather than a classic tumor suppressor gene and
loss of Puma protein expression is a selective event in Ep-Myc
lymphoma.

Frequent loss of PUMA expression in primary human BL.
To determine whether PUMA may also limit the development
of human BL, we screened a panel of primary tumors for
PUMA expression by qRT-PCR. All samples were from sub-
jects with extensive bone marrow involvement and are there-
fore associated with a less favorable prognosis. Analysis of
total cellular RNA isolated from BL samples revealed signifi-
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FIG. 4. Selection against Puma protein expression in Ep-Myc lymphomas. Normal splenic B lymphocytes (pooled B220" B cells isolated from
four wild-type mice, WT B cell), premalignant Ep-Myc B cells (pooled B220" B cells from four transgenic mice, Premalignant), and Ep-Myc
lymphomas (independent tumor samples) were analyzed for Puma expression by (A) Western blotting and (B) qRT-PCR. Samples in panel A are
identical to and arranged in the same order as those in panel B. The Puma mRNA level was normalized to the Ubiquitin mRNA level and compared
to that of WT B cells, which was arbitrarily set to a value of 1. (C) Expression of Bcl-2 family members in primary Ep-Myc lymphomas from
Puma™'* (n = 12), Puma™'~ (n = 13), and Puma™'~ (n = 5) mice was determined by Western blot analysis as described in Materials and Methods.

cantly diminished expression of PUMA in 12 of 17 primary
lymphomas compared to levels expressed in a pool of normal
B lymphocytes (70% reduction), and of these 12 samples,
seven tumors (41%) failed to express any detectable PUMA
mRNA (Fig. 5A). The integrity and quantification of each
RNA sample was validated by determining the level of Ubig-
uitin. mRNA by qRT-PCR, which was roughly equivalent
throughout all 17 BL samples and normal B-cell controls (data
not shown). Mutations in 7P53 were observed in only 3 of the
12 BL samples with decreased PUMA mRNA levels (and in 1
BL sample with normal PUMA expression) (Fig. SA), indicat-

ing that the loss of PUMA expression likely occurs via a p53-
independent mechanism(s) (21).

PUMA harbors an unusually high CpG dinucleotide content
(ranging from 55 to 76%) throughout its promoter and coding
regions. This observation led us to assess whether epigenetic
mechanisms, such as DNA methylation, might contribute to
the silencing of PUMA expression in human BL. Using estab-
lished algorithm programs (CpG Island Searcher at http://www
.uscnorris.com/cpgislands/cpg.cgi and the European Bioinfor-
matics Institute at http://www.ebi.ac.uk) that identify CpG
islands and potential sites of DNA methylation, we defined
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FIG. 5. Loss of PUMA expression in human BL correlates with DNA methylation. (A) Primary human BLs (n = 17) were analyzed by real-time
PCR for PUMA and Ubiquitin expression and normalized to nontransformed human B-cell transcript levels. 7P53 status was previously determined
and is boxed in green (21). Equal relative levels of Ubiquitin mRNA across all samples serve as an internal loading control and an indicator of RNA
integrity. Representative results of two independent assays performed in triplicate are shown. (B) Genomic structure of PUMA with exons (purple)
and predicted CpG islands (white). DNA was subjected to methylation and DNA sequence analysis as described in Materials and Methods. Primary
sequence analysis of normal B-cell DNA and DNA modified in vitro with SssI methylase served as negative and positive controls, respectively.
Modified sites within exon 2 observed in the primary tumor samples are highlighted by the filled circles. Lymphoma samples B1, B13, and B16 show
considerable overlap in methylated CpG sequences within exon 2, and all three tumors have undetectable PUMA mRNA transcripts.

multiple regions within PUMA that might be susceptible to this exon 2, which encodes the translation start codon; (iii) CpG3
modification (Fig. 5B). Both programs identified the same covers exon 3, which encodes the entire BH3 domain; and (iv)
domains, showing that (i) CpG1 spans the PUMA promoter CpG4 contains exon 4 and a portion of the 3’ downstream
through exon 1la into intron 1; (ii) CpG2 encompasses all of region. Intronic sequences were not recognized as potential
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DNA methylation sites, demonstrating specificity for particular
regions within the PUMA gene that may be modified.

To determine whether BL tumors with low or no PUMA
expression were associated with increased DNA methylation,
we analyzed the methylation status of the first three CpG
regions of PUMA by using a sodium bisulfite modification and
a PCR-based approach (17). Interestingly, three of the six
primary BL tumors that lack detectable PUMA expression
(samples B1, B13, and B16) exhibited significant DNA meth-
ylation within exon 2 (Fig. 5B). The other three tumors and the
remaining 11 BL samples, as well as the normal B-cell control,
which expressed low, normal, and high levels of PUMA,
showed no evidence of methylation in exon 2 or throughout
any other region examined. These findings identify discrete
sites of DNA methylation in PUMA in a subset of primary
human BL tumors that lack detectable levels of PUMA expres-
sion. Therefore, DNA methylation may negatively regulate
PUMA expression in human cancers.

Activation of PUMA expression by 5-Aza in human BL cell
lines. Since the primary human BL tumors are limiting in size
and not viable, we further explored the regulation of PUMA
expression in a matched set of established human BL cell lines,
Keml and KemlII, that were cloned from the same tumor. In
culture, Keml cells retain the phenotype of the parental tumor
and maintain an epigenetically silenced EBV genome charac-
teristic of EBV-positive BLs. By contrast, EBV latency gene
expression within KemIII cells has converted to the viral tran-
scriptional program maintained by EBV-immortalized B-lym-
phoblastoid cell lines that express the full complement of EBV
latent-infection genes. Reactivation of EBV gene expression in
KemlII cells, relative to their KemlI counterparts and other BL
cell lines that epigenetically restrict EBV gene expression, has
been attributed to lower levels of the chromatin boundary
protein CTCF (5) and may also be a consequence of reduced
expression of maintenance and de novo DNA methyltrans-
ferases (J. T. Sample, unpublished observation). When we
examined the methylation status of exon 2 of the PUMA gene
within Keml cells, we observed a pattern similar to that seen in
primary tumors that express low levels of PUMA mRNA (Fig.
6). No evidence of DNA methylation was detected in KemIII
cells, which express high levels of PUMA mRNA and protein
(Fig. 6). Thus, the PUMA gene, like the EBV genome, is
subject to DNA methylation in BL.

To test the functional significance of DNA methylation to
PUMA gene regulation, we treated KemI and KemlIII cells with
the DNA methyltransferase inhibitor 5-Aza, which derepresses
silenced, methylated genes (6). The steady-state levels of
PUMA mRNA in control and 5-Aza-treated KemlI and KemIII
cells were determined by qRT-PCR (Fig. 6B). Treatment of
KemlI BL cells with 5-Aza resulted in a marked induction of
PUMA mRNA, which reached maximal levels by 48 h (about
fivefold). By contrast, 5-Aza treatment of KemlII cells had
little effect on PUMA expression, as expected for a cell line that
displayed no evidence of methylation within PUMA (Fig. 6B).
Western blot analysis revealed a similar response for PUMA
protein expression, where 5-Aza induced PUMA levels in
Keml but not in KemlIII cells (Fig. 6C). The induction of
PUMA in Keml cells was associated with the acquisition of
hallmark features of apoptosis, such as membrane blebbing,
nuclear condensation, and annexin V staining (Fig. 7 and data
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not shown). This response, including the induction of PUMA
expression, is p53 independent, as the KemlI cells encode mu-
tant p53 (R282W [data not shown]). Collectively, these results
are consistent with the silencing of PUMA expression in BL
through DNA methylation, which can be relieved by the inhi-
bition of DNA methyltransferases.

Although DNA methylation of PUMA does not occur di-
rectly within the 5’ promoter regulatory region, previous stud-
ies have demonstrated that downstream DNA methylation can
serve to nucleate additional 5’ and 3’ epigenetic alterations,
including the methylation of chromatin-associated histone pro-
teins (7, 8, 22, 26, 33). Gene silencing also occurs through the
dimethylation of histone H3 at lysine 9 (me,-H3-Ly9), which
often accompanies DNA methylation (for a review, see refer-
ence 41). We therefore examined the PUMA promoter region
in KemI and KemlIII BL cells for patterns of histone methyl-
ation by using a ChIP assay (Fig. 6D). Notably, ChIP analyses
of chromatin from KemlI and KemlII cells with a me,-H3-Ly9
antibody, followed by PCR with oligonucleotide primers spe-
cific for the PUMA promoter region spanning the p53 consen-
sus site to exon la (—150 to +50), demonstrated that this
promoter fragment was only immunoprecipitated from the
KemI BL DNA samples. By contrast, no product was immu-
noprecipitated with an isotype-matched rabbit polyclonal an-
tibody negative control. Therefore, both DNA and histone H3
methylations occur within the PUMA locus, which correlates
with a marked suppression of PUMA gene expression in BL
cells.

DISCUSSION

The Puma knockout mouse provides compelling evidence
that this BH3-only protein contributes to nearly all of the
proapoptotic activity ascribed to the p5S3 tumor suppressor (25,
46). Puma™'~ thymocytes and neuronal cells throughout the
developing central nervous system are essentially as resistant
to DNA damage as p53-null cells. Puma knockout mice can
also withstand doses of ionizing radiation that are sufficient to
kill 100% of wild-type animals, which either rivals or exceeds
the short-term survival observed for young, p53-deficient mice
(J. R. Jeffers and G. P. Zambetti, unpublished results). More-
over, Puma knockout mouse embryo fibroblasts are as resistant
to oncogenic stress induced by c-Myc activation as are p53~/~
fibroblasts (25). In light of previous findings implicating the
apoptotic response as p53’s primary tumor suppressor func-
tion, one would logically expect that the Puma-deficient mice
would be inherently tumor prone. However, this is clearly not
the case, as Puma '~ mice do not spontaneously form tumors
(15, 25, 46). However, as shown here, Puma deficiency coop-
erates with c-Myc in accelerating tumor development in a
mouse model of BL.

The p53 signaling pathway functions to suppress Ep-Myc
lymphomagenesis. The majority of tumors arising in c-Myc-
transgenic mice express mutant pS3, lack Arf (required for p53
activation during oncogenic stress), and/or overexpress Mdm?2
(the negative regulator of p53) (12, 13). Consistent with these
observations, the loss of a single allele of Mdm?2 delays tumor
formation (2) whereas Arf deletion accelerates the onset of
lymphomagenesis (12, 42). Similarly, the loss of Bax or Bim in
the context of En-Myc mice shortens the latency of lym-
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Con, control. (C) PUMA protein levels are also induced by 5-Aza in KemlI but not KemlII cells. (D) ChIP assay with lysine 9-dimethylated histone
H3-specific antibody selectively pulls down the PUMA promoter region flanking the p53 binding site in Keml cells. The input was 1% of the
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shown.

phomagenesis to an extent that is similar to that manifested by
loss of Puma, indicating that cell death actively limits tumor
development (10, 11). However, Bax and Bim do not appear to
be naturally targeted in Epn-Myc lymphomas (Fig. 4) or most
types of human B-cell lymphoma (38) Therefore, other mech-
anisms for the inactivation of the p53 tumor suppressor path-
way likely occur. Our findings demonstrating that the loss of
Puma accelerates lymphomagenesis in the mouse, which is
consistent with previous work by Lowe and coworkers (20);
that Puma protein is not detectable in most Ep-Myc lympho-
mas; and that PUMA is silenced in a high percentage of human
BL highlight PUMA as one such cooperating factor.

The loss of Puma, Bim (10), or Bax (11) accelerates lym-
phoma onset, but the effect of this loss on tumorigenesis is not
as striking as the effects of Bcl-2 overexpression, where Ep.-

Myc; Ep~Bcl-2 double transgenic mice are often born with
lympholeukemia and die by 5 to 6 weeks of age (44; M. A. Hall
and J. L. Cleveland, unpublished data). Thus, although Puma,
Bim, and Bax play important roles in restricting lymphomagen-
esis, there also appears to be some redundancy in their regu-
lation of apoptosis, which is overcome by Bcl-2 overexpression.
Further, the effects of Puma loss on lymphomagenesis do not
match those manifested by Arf loss, where no Ew-Myc; Arf~/~
mice survive past 7 to 8 weeks (12). Interestingly, mutations in
p53 and loss of Arf were detected in a subset of Ep-Myc;
Puma™'~ lymphomas. These results suggest that although
Puma deficiency can enhance tumorigenesis, there remains a
selective pressure against other activities imparted by Arf or
p53, such as cell cycle arrest and senescence, which also con-
tribute to tumor suppression (16, 43, 51). Conversely, the in-
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FIG. 7. 5-Aza induces apoptosis in epigenetically altered human BL cells. (A) Human BL cells were treated with 5 pM 5-Aza for 48 h. Cell
viability was monitored by staining with 4’,6’-diamidino-2-phenylindole (DAPI) and terminal deoxynucleotidyltransferase-mediated dUTP-biotin
nick end labeling (TUNEL). (B) Apoptosis was quantitated by annexin V-7-amino-actinomycin D (7-AAD), followed by FACS analysis as
described in Materials and Methods. Treatment with 5-Aza induced substantial apoptosis in the PUMA DNA-methylated cell line (KemI) but not
the nonmethylated cells (KemlIII). The averages of three independent experiments are shown.

activation of the p53 pathway through the deletion of Arf
relieves the selection against Puma protein expression in Ep-
Myc; Arf~’~ lymphomas (see Fig. S1 in the supplemental ma-
terial). Based upon these findings, we speculate that in the
absence of Puma, p53 still becomes activated in response to

deregulated c-Myc expression and suppresses the development
of emerging lymphoma cells, no longer principally through the
regulation of apoptosis but by blocking cell proliferation
and/or inducing cell senescence (16, 45, 51). Therefore, for
lymphomas to become fully established, they must likely over-
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come not only p53-mediated apoptotic responses but also cell
cycle inhibition and cell senescence activities, which may ex-
plain why the Puma-null mice are not inherently prone to
spontaneous tumors (12, 25, 46). The coexistence of p53 mu-
tations in human BL tumors with no or low PUMA expression
(Fig. 5A) is also consistent with this hypothesis.

Only 5 of the 12 primary human BL tumors with decreased
levels of PUMA transcripts can be accounted for by p53 mu-
tations and/or DNA methylation, and the mechanism(s) con-
tributing to diminished PUMA expression in the remaining 7
tumors is currently unknown. The fact that all BL tumors were
sequenced and found to be wild type for PUMA within both the
promoter and coding regions (data not shown) eliminates the
likelihood of mutations as a cause of the loss of PUMA gene
expression. For those human lymphomas with elevated PUMA
mRNA levels (e.g., B7 and B8 [Fig. 5]), these tumors may lack
PUMA protein, a scenario that we have shown to occur in
~75% of Ep-Myc lymphomas, or they may have acquired
downstream alterations within the apoptotic pathway. Alter-
natively, these tumors may tolerate the overexpression of
PUMA by upregulating the expression of antiapoptotic factors,
in particular, BCL-2, BCL-X;, and/or MCL-1. However, at
least within the context of mouse Ep-Myc B-cell lymphomas,
compensation by Bcl-2 family members in response to dereg-
ulated Puma expression seems unlikely, as the 25% of tumors
that expressed Puma did not show obvious alterations in the
expression of other Bcl-2 family members (Fig. 4C). Regard-
less, the fact that PUMA is suppressed at the mRNA level in
~70% of human BLs by epigenetic or other means and in 75%
of murine Ep-Myc lymphomas at the protein level underscores
the importance of understanding pathways that control Puma
expression in tumorigenesis.

Our studies establish Puma as a tumor modifier gene that
limits lymphomagenesis, and presumably this property applies
to other tumor types as well. More importantly, PUMA is
undetectable in approximately 40% of primary human BLs and
here the loss of PUMA expression is often associated with
specific sites of DNA hypermethylation. Further, analyses of
BL cell lines confirmed and extended these findings by dem-
onstrating that the 5’ promoter region of PUMA harbors tran-
scriptionally inactive histone H3 marks (me,-H3-Ly9) and that
inhibition of DNA methyltransferases significantly induces
PUMA expression. These findings provide compelling evidence
that PUMA is inactivated in BL and that this may occur
through epigenetic mechanisms.

The application of DNA methyltransferase inhibitors such
as 5-Aza (decitabine) for the treatment of human hematopoi-
etic malignancies and dysplasias is currently being tested in
clinical trials with promising results (24, 27, 31). PUMA is one
such target of 5-Aza that limits tumorigenesis. We speculate
that the restoration of PUMA expression in high-grade BL may
hold therapeutic potential.
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