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Abstract
Disturbances of circadian rhythms and mammalian clock genes have been implicated in the
etiologies of many chronic illnesses, including cancer. We show that transcription factor CCAAT/
enhancer-binding protein alpha (C/EBPalpha)-regulated PER2 activation is a potential tumor
suppressor pathway in diffuse large B-cell lymphoma (DLBCL), one of the commonest types of
mature B-cell lymphoma. Expression analysis of human B-cell lymphoma samples including
DLBCL (n = 50), mantle cell (n = 21), follicular (n = 25) and Burkitt (n = 18) lymphoma revealed
markedly down-regulated CEBPA and PER2 mRNA levels exclusively in DLBCL samples
compared to control lymphatic tissue. We demonstrated direct regulation of the circadian core
clock gene PER2 by C/EBPalpha in the pro-B cell line Ba/F3, and forced expression of PER2
resulted in decreased proliferation, GO/G1 cell cycle arrest and increased rates of apoptosis.
Interestingly, treatment of human DLBCL cell lines with the histone deacetylase-inhibitor
suberoylanilide hydroxamic acid (SAHA) significantly increased the expression of C/EBPalpha
and Per2, accompanied by cell growth inhibition; in contrast, siRNA knockdown of CEBPA
reduced the anti-proliferative effect of SAHA treatment. Our results show for the first time that C/
EBPalpha with its associated direct core clock gene target, PER2, are highly deregulated in
DLBCL, suggesting an important tumor suppressive pathway in the pathogenesis of this
lymphoma entity.
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Introduction
Mature B-cell neoplasm represents a heterogeneous group of lymphomas according to the
2008 World Health Organization (WHO) classification, with a male predominance and
worldwide steadily increasing incidence [1–3]. Certain endemic geographical factors appear
to influence the development of B-cell neoplasms in specific areas; for example, in Africa,
endemic Burkitt lymphoma (BL) accounts for a substantial proportion, whereas follicular
lymphoma (FL) is more common in North America and Europe [3,4]. Diffuse large B-cell
lymphoma (DLBCL) is one of the most common among adult lymphomas, and, despite
increasing understanding of lymphoma pathogenesis in recent years, with an unknown
etiology in most cases [4]. Nonetheless, progress has been made in improving survival for
patients with DLBCL, with novel combinations of chemotherapy and immunotherapy,
including addition of the monoclonal antibody, rituximab [4].

Circadian rhythms are recurring fluctuations with a period of about 24 h that can be
observed in the mammalian physiology and behavior [5–7]. Circadian oscillation of clock
controlled gene expression is mainly regulated at the transcriptional level. Heterodimers of
Clock and Bmal1 act as activators of target gene transcription; however, interactions of Per
and Cry proteins with the heterodimer abolish its transcriptional activation capacity. Per and
Cry are, therefore, referred to as negative regulators of the circadian clock [8,9]. Overall, the
universal circadian rhythm influences many fundamental and cancer-related biological
processes, and alterations of circadian rhythm may cause abnormal immune cell trafficking
and cell proliferation cycles [10–12]. We have previously shown that PER2 is a downstream
CCAAT-enhancer-binding protein (C/EBP)-target gene, and its disruption might be
involved in the initiation and progression of acute myelogenous leukemia (AML) [13]. In
addition, recent findings provide molecular and epidemiologic evidence supporting a role of
an aberrant circadian rhythm in lymphomagenesis [14– 16]. Therefore, exploration of core
clock genes might further add important insights into the role of the circadian rhythm in
mature B-cell lymphoma and facilitate the development of novel therapeutic biomarkers.

In the present study, we examined the transcription factor C/EBPalpha and circadian core
clock gene PER2 in B-cell lymphoma. We show for the first time that C/EBPalpha-regulated
PER2 activation is a potential tumor suppressor pathway in DLBCL that might be beneficial
for therapeutic manipulation.

Materials and methods
Human samples

Fresh biopsy-derived lymphoma samples from patients at first diagnosis with: (a) Epstein -
Barr virus (EBV)-negative DLBCL (n = 50) composed of cells resembling germinal center
centroblasts; (b) mantle cell lymphoma (MCL, n = 21); (c) follicular lymphoma grade 3 (n =
25); and (d) Burkitt lymphoma (n = 18); as well as (e) normal, non-inflammatory lymphoid
tissue (tonsils, n = 8) were gained from the Department of Pathology and Laboratory
Medicine, UCLA Medical Center, Los Angeles, CA, after approval from the Cedars-Sinai
Medical Center Institutional Review Board and written patient consent according to the
Declaration of Helsinki. Pathological specimens were classified according to the WHO
classification [1]. Genetic analysis for MYC, BCL1, BCL2 or BCL6 rearrangements was not
performed.

Cell lines, culture conditions and compounds
The following cell lines were selected for this study: human DLBCL cell lines (SUDHL-4,
−6, −16, and OCI-Ly1, -Ly4, -Ly7, -Ly10); MCL cell lines (SP-49, Jeko-1, NCEB-1); FL
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cell line (FLK-1); BL cell line (Daudi); as well as Ba/F3 (pro-B cells) and the adherent cell
line 293T (obtained from the American Type Culture Collection [ATCC, Rockville, MD]
and the German Collection of Microorganisms and Cell Cultures [DSMZ, Braunschweig,
Germany]). All cells were cultured in RPMI-1640 medium (Sigma, St. Louis, MO) and 10%
heat-inactivated fetal bovine serum (FBS; Gemini Bio-Products, Calabasas, CA), except
OCI-Ly1, -Ly4, -Ly7, -Ly10, which were cultured in Iscove’s modified Dulbecco’s medium
(IMDM; Fisher Scientific Co., LLC, Santa Clara, CA) and 20% heat-inactivated FBS. The
murine interleukin-3 (IL-3) dependent Ba/F3 cells were cultured in 10% heat-inactivated
FBS and 10% conditioned medium of the WEHI-3B cell line. 293T cells were cultured as a
monolayer in Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen, Carlsbad, CA).

All cell lines were maintained at 37° C in a humidified chamber of 95% air and 5% CO 2,
and cells growing as a monolayer were detached from the flask surface using 2.5% trypsin-
ethylenediaminetetraacetic acid (EDTA) solution. Cell counts were determined using a
hemocytometer (Allegiance Healthcare, Waukegan, IL), and only cells in the logarithmic
phase of growth were used for all studies.

The histone deacetylase inhibitor (HDACi) suberoylanilide hydroxamic acid (SAHA/
vorinostat), generously provided by Dr. V. M. Richen (previously from Merck
Pharmaceuticals, Whitehouse Stataion, NJ), was dissolved in dimethylsulfoxide (DMSO) at
a stock concentration of 100 mg/mL and stored at −20° C. Fresh dilutions in cell culture
medium were made for each experiment.

Vectors, transient transfection and viability assays
Lymphoid cells (4 ×106) were transfected (Amaxa Nucleofector; Lonza, Köln, Germany)
either with pcDNA3.1 V5-tagged Per2 expression vector (generous gift from S. Lei,
University of Massachusetts Medical School, Worcester, MA) or with pcDNA3.1 empty
vector, and selected with G418 (neomycin, 0.8 µg/mL) for 5 days. Equal numbers of
transfected cells (5 × 104 /mL) were plated in fresh medium.

The zinc-inducible C/EBPalpha expression vector, pMT_C/alpha, was constructed by
cloning human C/EBPalpha into the pMTCB6 + vector as previously described [13]. For the
induction of C/EBPalpha, cells were incubated with ZnSO 4 (100 µM) for 16 h The trypan
blue exclusion assay was used (0.4% of trypan blue [Gibco, Invitrogen, Carlsbad, CA]) and
viability of cells was determined in triplicate using a hemacytometer with Neubauer grids.

For siRNA experiments, cells were transiently transfected with the customized siRNA
plasmid psiRNA-h7SKGFPze (InvivoGen, San Diego, CA) containing either CEBPA DNA
(target sequence: 5’-GGAGCTGACCAGTGACAATGA-3’) or control (scrambled DNA;
target sequence: 5’-GGACAGCGATG CATAGGATCA-3’). We used 150–200 µg/mL
phleomycin (InvivoGen, Toulouse, France) for antibiotic selection.

Cell proliferation, cell cycle and apoptosis assays
Proliferation of Ba/F3 cells transduced either with pcDNA3.1 human PER2 expression
vector or with empty vector was determined by methyl-thiazol tetrazolium (MTT) assay as
recommended by the manufacturer (Roche Diagnostics, Mannheim, Germany), and as
previously described [17]. Transfected cells were examined by trypan blue exclusion
method to test for viability. For cell cycle measurements, cells were fixed in cold ethanol,
stained with propidium iodide and analyzed by flow cytometry (FACS CyAn ™ ADP;
Dako, Carpinteria, CA) using ModFitLT V2.0 software (Verity Inc., Topsham, ME).
Apoptosis analysis was performed with an annexin V–fluorescein isothiocyanate (FITC)
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Apoptosis Detection Kit I (BD PharMingen, San Diego, CA) according to the
manufacturer’s instructions.

Quantitative real-time RT-PCR analysis
Quantitative real-time reverse transcriptase-polymerase chain reaction (qRT-PCR) analyses
were performed in triplicate as previously described [18]. Glyceraldehyde-3-phosphate
dehydrogenase gene (GAPDH) was used as an internal control. The results of qRT-PCR are
presented as the mean ± standard deviation (SD) out of three independently performed
experiments. Primer sequences have been reported previously [13].

Detection of CpG methylation by bisulfite sequencing
Genomic DNA of SUDHL-16, SUDHL-6 and Ly1 was extracted using DNAzol
(Invitrogen), and modifed by sodium bisulfate using an EZ DNA Methylation Kit according
to the manufacturer’s instructions (Zymo Research, Orange, CA). The CpG island in the
promoter region of the PER2 gene (−1379 to + 330, ATG codon considered as + 1) was
amplified from the bisulfate-modified genomic DNA with specific primers (sense primer:
5’-AAGTGGATGAGATTATTAGG-3’, anti-sense primer: 5’-
TCCAACAACCCAAAAAACTTC-3’). For PCR amplification, a total volume of 10 mL
was used containing modified genomic DNA, 0.5 mM of each primer, 5.0 mL of FailSafe
PCR 2_PreMixe E (Epicentre Biotechnologies, Madison, WI) and platinum Taq
(Invitrogen). Polymerase chain reaction products were subcloned into the pCR 2.1 vector
(Invitrogen) and sequenced. A total of 20 CpG sites of the CpG islands of the PER2
promoter were analyzed.

Western blotting
Lymphoid cells were harvested for Western blotting, and proteins were extracted with
radioimmunoprecipitation assay buffer (1% NP-40, 0.5% sodium deoxycholate, 0.1%
sodium dodecylsulfate [SDS] and 50 mmol/L Tris-HCl pH 7.5) containing protease inhibitor
cocktail (Roche Molecular Biochemicals, Mannheim, Germany). Western blotting was
performed as previously described [18]. Immunoblots were incubated with either the Per2
antibody H-90 (sc-25363; Santa Cruz Biotechnology, Santa Cruz, CA) or C/EBPalpha
antibody (sc-61; Santa Cruz Biotechnology), and anti-GAPDH (sc-51906; Santa Cruz
Biotechnology). Each Western blot shown is representative of three independently
performed experiments. Densitometry of gels was performed using Quantity One software
4.6.3 (Bio-Rad Laboratories, Hercules, CA).

Chromatin immunoprecipitation
A chromatin immunoprecipitation (ChlP) assay kit (Upstate Biotechnology, Lake Placid,
NY) was used, and chromatin was prepared for IP as instructed by the manufacturer. The
sonicated chromatin was immunoprecipitated with 5 µg of either anti-acetylated histone H3
antibody (Upstate Biotechnology), anti-C/EBPalpha antibody (sc-61; Santa Cruz) or normal
rabbit immunoglobulin G (IgG) antibody (Upstate Biotechnology) as a negative control.
Immuno-precipitated DNA was subsequently analyzed by PCR using primers specific for
the CEBPA or PER2 promoter region, respectively; input chromatin was analyzed for
GAPDH mRNA as a positive control. Primer sequences (available upon request) were
denatured at 95°C for 1 min and annealed at 60°C for 1 min, followed by elongation at 72°C
for 1 min; each product was amplified in 35 cycles. PCR products were analyzed by 2.5%
agarose/ethidium bromide gel electrophoresis. Densitometry of all agarose gels was
performed using Quantity One software 4.6.3 (Bio-Rad Laboratories). Experiments were
performed three times in order to validate the results.
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Reporter gene assay
The promoter region of murine PER2 was isolated and cloned in a pGL3 Basic Vector
(Promega, Madison, WI) as described previously [13]. Ba/F3 cells were co-transfected with
the respective vectors: (a) pGL3_Per2; (b) pGL3_ Per2 + pMT_C/alpha; (c) pGL3; or (d)
pGL3 + pMT_C/alpha, as described previously [13]. Experiments were performed three
times.

Statistical analysis
Unless stated otherwise, data were statistically analyzed using the two-tailed Student’s t-test.
The method of estimation included ± SD of the sample distribution; p-values < 0.05 were
considered statistically significant. Asterisks shown in the figures indicate significant
differences between the experimental and control conditions (*p < 0.05, **p < 0.01; ***p <
0.001).

Results
Expression levels of CEBPA and PER2 are highly reduced in DLBCL

In order to analyze the expression levels of CEBPA and PER2 in human mature B-cell
lymphoma, we isolated mRNA from freshly frozen human samples diagnosed with DLBCL
(n = 50), MCL (n = 21), FL (n = 25) and BL (n = 18), as well as from normal tonsil samples
(n = 8). Analysis by qRT-PCR revealed a markedly down-regulated expression of both
CEBPA [Figures 1(A) and 1(C)] and PER2 [Figures 1(B) and 1(D)] specifically in DLBCL
compared to normal tonsil samples (both p < 0.001). Also, the mRNA and protein
expression of these two genes were significantly decreased in seven human DLBCL cell
lines (SUDHL-4, −6, −16 and OCI-Lyl, -Ly4, -Ly7, - Ly10), as well as in the pro-B
lymphoma cell line Ba/F3 [data for CEBPA not shown; and representative data for
expression levels of PER2 are indicated in Supplementary Figure 1(A)]. In clear contrast,
mRNA expression levels of CEBPA showed no significant change in patient samples of
either MCL (p = 0.46), FL (p = 0.61) or BL (p = 0.8) compared to normal tonsils [Figure
1(C); mean expression levels of CEBPA vs. GAPDH are indicated in Supplementary Figure
2(A)]. Likewise, PER2 mRNA expression levels were not significantly different in the MCL
(p = 0.42), FL (p = 0.28) or BL (p = 0.74) samples compared to normal tonsils [Figure 1(D);
mean expression levels of PER2 vs. GAPDH are indicated in Supplementary Figure 2(B)].
Similar findings at the mRNA and protein levels were noted for MCL (SP-49, Jeko-1,
NCEB-1), FL (FLK-1) and BL (Daudi) cell lines (data not shown). PER1, another important
circadian rhythm gene of the Period family, showed no significant differences of expression
in any of the lymphoma samples, including DLBCL, compared to tonsil controls
[Supplementary Figure 1(B)].

Status of methylation in PER2 promoter region in DLBCL cell lines
We have previously shown that cancer cells can silence the PER genes by methylation of
their promoter region [19]. Here, we investigated the methylation status of the PER2
promoter region in human DLBCL cell lines, such as SUDHL-16, SUDHL-6 and Lyl. After
analyzing a total of 20 CpG sites of a CpG island of the PER2 promoter, only a minority of
the sites (≤ 6%) were methylated in up to six clones from each cell line (Supplementary
Figure 3). Therefore, transcriptional gene silencing of PER2 by promoter methylation did
not appear to be the underlying cause for its significantly diminished mRNA expression in
DLBCL.
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C/EBPalpha directly binds to PER2 promoter and induces its expression in pro-B
lymphoma cell line

Recently, using an expression based profile, we found several C/EBP transcriptional binding
motifs in the promoter region of PER2 [13]. Therefore, in the context of our present study,
we analyzed the binding capacity of C/EBPalpha protein to the promoter region of PER2 in
the pro-B cell line Ba/F3. These cells constitutively express low levels of C/EBPalpha
(Supplementary Figure 4). As indicated by ChIP assay, C/EBPalpha protein clearly bound to
the promoter region of PER2 in Ba/F3 cells [Figure 2(A)]. Moreover, reporter gene assays
were performed in Ba/F3 cells with a luciferase reporter construct of the PER2 promoter
sequence containing the putative C/EBP-binding site (pGL3_Per2). Transcriptional activity
of pGL3_Per2 was greater than 3.5-fold in Ba/F3 cells co-transfected with pMT_C/alpha
vector as compared to pGL3_Per2 alone [p = 0.01; Figure 2(B)]. Ba/F3 cells transfected
with pGL3_empty vector either with or without pMT_C/alpha showed no difference
regarding their luciferase activity [Figure 2(B)]. Finally, we showed that forced expression
of C/EBPalpha increased the expression of Per2 in Ba/F3 cells [Figure 2(C)]. These results
are in line with our previous results using a murine fibroblast cell line [13]. Taken together,
C/EBPalpha appeared to enhance expression of PER2 in lymphoid cells.

PER2 has significant influence on proliferation, apoptosis and cell cycle in Ba/F3 cells
Since circadian core clock regulator PER2 is suggested to have tumor suppressor properties
[11,13], we transfected Ba/F3 cells with pcDNA3.1_empty vector or pcDNA3.1 containing
PER2, and selected with G418 for 5 days. As indicated by MTT assay, forced expression of
the transcription factor PER2 resulted in significantly decreased growth of Ba/F3 cells in
comparison to empty vector (p = 0.004) over 5 days of G418 selection [Figure 3(A)]. These
findings were confirmed by counting viable cells on day 1 and day 5 using the trypan blue
exclusion assay [Figure 3(B)]. In addition, using the annexin V–FITC apoptosis assay, we
detected significantly increased levels of apoptotic Ba/F3 cells on day 5 of forced expression
of PER2 (74 ± 18%) in comparison to vector control (35 ± 10%; p = 0.008). Representative
results of one of three independent experiments are shown in Figure 3(C).

Moreover, forced expression of PER2 altered the protein levels of apoptosis-related genes.
The anti-apoptotic protein Bcl-X(L) was down-regulated in Ba/F3 cells transfected with
PER2, whereas levels of the pro-apoptotic Bax and poly(ADP-ribose) polymerase (PARP)
cleavage activity were up-regulated in comparison to control [Figure 3(D)]. Also,
overexpression of PER2 in Ba/F3 led to a decreased S-phase (22 ±3%) compared to control
(39 ±5%; p = 0.033), and arrest of cells in the G0/G1 phase of the cell cycle (68 ± 9%) in
comparison with empty vector (45 ± 7%; p = 0.03). Figure 3(E) indicates one representative
result out of three independent cell cycle experiments.

SAHA treatment causes C/EBPalpha-dependent increase of PER2 expression and
inhibition of growth in DLBCL

HDACi are a new class of antineoplastic agents with demonstrable preclinical anti-tumor
activity in both in vitro and in vivo studies in a wide range of malignancies [20,21].
Application of increasing concentrations of SAHA for 4 days significantly inhibited growth
of DLBCL cells (Ly4, SUDHL-6) and Ba/F3 as demonstrated by MTT assay [50% effective
dose, ED50:1.5–2.0 µM; Figure 4(A)]. Interestingly, treatment of DLBCL cell lines (Ly4,
SUDHL-4, SUDHL-6) with SAHA (2.0 µM) was associated with increased H3 acetylation
in the CEBPA promoter region [Figure 4(B) shows representative results for Ly4] and,
consecutively, with increased CEBPA mRNA expression [Figure 4(C)], as well as C/
EBPalpha and Per2 protein expression levels [Figure 4(D)]. In contrast, plasmid-derived
siRNA knock-down of CEBPA in both Ba/F3 and SUDHL-6 cells reduced the anti-tumor
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effect of SAHA treatment [Figures 4(E) and 4(F)] with a Per2 level almost similar to control
[representative data for SUDHL-6 in Figure 4(G)].

Discussion
Mature B-cell lymphoma is a heterogeneous clinicopathologic entity characterized by
distinct cells of origin and specific cytogenetic and molecular aberrations [1–4]. The
etiology of mature B-cell lymphoma is largely unknown, but disruption of the circadian
rhythm is one of the factors suggested to predispose to this disease [14–16]. Recent studies
have revealed that a large number of genes are controlled by the circadian clock in a tissue-
specific manner [5,6,22,23]. The circadian clock shares common features with the cell cycle,
and disturbance of the circadian rhythms can lead to failure in control of the cell cycle
causing not only sleep disorders or depressive disorders, but also cancers [11–14,19,24–27].
For instance, Per2 and Perl modulate beta-catenin and cell proliferation in colon and non-
colon cancer cells [28]. Also, the knockdown of NPAS2, the largest known circadian gene,
affects the expression of cancer-related genes, such as FANCG, MSH2 or MAPK12,
reflecting its potential role as a tumor suppressor [29]. Interestingly, a large Finnish study
revealed that night-time shift workers have a significantly increased risk of non-Hodgkin
lymphoma than the population on average [15], but one limitation of this cohort study is that
the lymphoma sub-entities were not defined.

Previously, we discovered with the aid of cDNA microarray analysis a link between C/EBP
transcription factors and the circadian clock pathway, showing that PER2 expression is up-
regulated by C/EBPalpha in leukemic cancer cell lines [13]. The purpose of the present
study was to investigate the role of PER2 and its correlation to CEBPA in human mature B-
cell lymphoma. In contrast to lymphoma samples of MCL, FL or BL, the expression of both
CEBPA and PER2 was low in DLBCL samples, and associated with increased cellular
proliferation. However, using a relatively small number (n = 8) of normal tonsils as external
control limits the validity of this finding.

Fu et al. showed that mice deficient in the PER2 gene exhibited a neoplastic phenotype, with
15% dying due to lymphoma [11]. Another group found that the expression levels of both
PER1 and PER2 and other circadian regulators were significantly impaired in samples of
both the chronic phase and blast crisis of human chronic myeloid leukemia (CML) [30].
Additionally, the CpG islands of PER2 were also highly methylated in 40% of these CML
cases. In line with previously published data indicating a tumor suppressive role for PER2,
we noted that forced expression of this core clock gene in a pro-B lymphoma cell line was
associated with inhibition of tumor growth, increased rates of apoptosis and cell cycle arrest.
However, DNA methylation did not appear to represent a mechanism leading to de novo
repression of PER2 according to the finding that CpG sites in the promoter of PER2 were
not significantly methylated in DLBCL cells. Therefore, we suggest a disease-specific
relationship of C/EBPalpha and Per2. Indeed, in congruence with our previously published
data in myeloid leukemia [13], overexpression of this transcription factor directly stimulated
the expression of Per2 in DLBCL, which was associated with decreased tumor cell
proliferation.

Epigenetic active drugs such as HDACi are emerging as an exciting new class of potential
anti-cancer agents in hematologic malignancies [20,21]. They act via reactivation of a large
panel of genes, including tumor suppressor genes responsible for cell cycle arrest,
differentiation and apoptosis. Deacetylation of histones results in a condensed chromatin
structure and repression of gene transcription, whereas acetylated histones are associated
with the activation of gene transcription [21]. SAHA (vorinostat) is a potent inhibitor of
HDAC activity and is capable of inducing differentiation and/or apoptosis in several tumor
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cell lines [21]. This compound has been approved for use in cutaneous T-cell lymphoma by
the US Food and Drug Administration [31]. In a phase II study of patients with relapsed
mature B-cell lymphoma, eight (40%) of 20 patients with FL demonstrated a response to
SAHA [32]. In the present study, we showed that C/EBPalpha is silenced in DLBCL, and
forced expression of this transcription factor activates the circadian family member Per2. By
means of functional experiments, we provided data that HDACi can slow the growth of
DLBCL associated with stimulation of C/EBPalpha and Per2. Moreover, under the same
experimental conditions, C/EBPalpa was silenced and, subsequently, Per2 expression
decreased and DLBCL growth increased. Consequently, it appears that, at least in part, the
anti-tumor effect of SAHA is caused by changing the expression of CEBPA with
transcriptional control of PER2. The regulatory effect of SAHA on the acetylation levels of
histones surrounding the promoter of PER2 has still to be investigated. In contrast to DNA
hypermethylation, which was absent in the investigated lymphoma cell lines, histone
deacetylation may be a further mechanism of PER2 gene silencing. Other molecular targets
that could be influenced by the diminished expression of CEBPA in lymphoma are cyclin-
dependent kinases (cdk). It has been suggested that the proline-histidine rich region of C/
EBPalpha may play a role in the regulation of cell proliferation through the inhibition of
both cdk2 and cdk4 that drive cell cycle progression [33]; but in vivo experiments did not
support this observation [34]. Further potential mechanisms of C/EBPalpha-mediated
growth arrest include up-regulation of p21cipl/wafl and the SWI/SNF chromatin-remodeling
complex [35,36], as well as direct inhibition of the E2F complex [20,34,37].

In summary, we suggest that the circadian core clock gene PER2 is an essential downstream
target of the transcription factor C/EBPalpha, with tumor suppressor characteristics. To our
knowledge, this is the first study implicating an association of abnormalities of C/EBPalpha
and its downstream target PER2 with the pathogenesis of DLBCL. Further elucidating the
anti-tumor effect of HDACi could also benefit the development of new therapeutic strategies
for patients with B-cell lymphoma.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
PER2 and CEBPA mRNA expression in B-cell lymphoma samples. (A) Expression of
CEBPA was significantly down-regulated in B-cell lymphoma (DLBCL, n = 50) samples in
comparison to normal tonsils (control; mean of n = 8) as analyzed by qRT-PCR. (B)
Expression of PER2 was significantly down-regulated in DLBCL (n = 50) samples as
analyzed by qRT-PCR. (C, D) Expression of CEBPA (C) and PER2 (D) was significantly
down-regulated in DLBCL (n = 50) samples in comparison to follicular lymphoma (FL, n =
25), mantle cell lymphoma (MCL, n = 21) and Burkitt lymphoma (BL; n = 18) samples as
analyzed by qRT-PCR. Normal tonsils (n = 8) were used as external controls, GAPDH as
internal control. Results represent mean ± SD (indicated by bars); ***p < 0.001.
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Figure 2.
C/EBPalpha directly regulates the PER2 promoter and induces its expression in a murine
pro-B cell line. (A) Chromatin immunoprecipitation was performed from Ba/F3 cells using
rabbit C/EBPalpha antibody. IgG was used as negative control, input as positive control.
Samples were analyzed by PCR using primers specific for the C/EBP site in the murine
PER2 promoter, showing that C/EBPalpha protein bound to the promoter region of PER2.
Chromatin was analyzed for GAPDH mRNA as an internal control. (B) Reporter gene assay:
Ba/F3 cells were co-transfected with the murine Per2 reporter vector (pGL3_Per2) and
pMT_C/alpha vector, and showed a mean of 3.5-fold higher transcriptional activity of
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pGL3_Per2 in comparison to pGL3_Per2 alone (p = 0.01), as well as in comparison to Ba/
F3 cells transfected with empty vector pGL3 either with or without pMT_C/alpha. Results
represent mean + SD of triplicate transfection; **p < 0.01. (C) Western blot indicates the
expression of Per2 in Ba/F3 cells either with empty vector (pMT_ empty) or with pMT_C/
alpha. 293T cells transfected with pMT_C/alpha were used as external positive control,
GAPDH as internal control.
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Figure 3.
Influence of PER2 forced expression on proliferation and apoptosis of Ba/F3 cells. (A, B)
PER2 forced expression leads to decreased levels of cell proliferation and viability: after
transfection of either pcDNA3.1_empty vector or human pcDNA3.1_PER2 into Ba/F3 cells
and G418 selection for 5 days, cell proliferation was determined by (A) MTT-assay (day 1
to day 5; results represent mean ± SD; ***p < 0.001; two-way ANOVA; and (B) trypan blue
cell counting on day 1 and day 5; untreated Ba/F3 cells (WT) were used as further control;
results represent mean + SD; **p < 0.01. (C) PER2 forced expression leads to increased
levels of apoptosis in Ba/F3 cells: Ba/F3 cell line was transfected with either
pcDNA3.1_empty vector (left panel) or human pcDNA3.1_PER2 (right panel). After
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selection with G418 (neomycin) for 5 days, annexin V apoptosis assay with FITC/PI
labeling was performed by flow cytometry. Lower left quadrant: FITC/PI negative cells;
lower right quadrant: FITC positive and PI negative cells, representing early apoptotic cells;
upper right quadrant: FITC/PI positive cells, representing late apoptotic and necrotic cells.
(D, E) After transfection of either pcDNA3.1_empty vector or human pcDNA3.1_PER2 into
Ba/F3 cells, and selection with G418, (D) Western blot was performed using antibodies
against indicated proteins on days 0, 3 and 5 of selection; (E) cell cycle was determined by
flow cytometry after 5 days of selection. Analysis represents one of three independent
experiments, each with comparable results.
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Figure 4.
Histone deacetylase inhibitor, SAHA, increases mRNAlevels of CEBPA and PER2 inhuman
DLBCLcell lines. (A) Proliferation of DLBCL cell lines and Ba/F3 exposed to
suberoylanilide hydroxamic acid (SAHA; 0.5,1.25,2.5 and 5 µM) for 4 days was tested via
MTT assay, ED50:1.5–2.0 µM (p < 0.01). Exposing respective cells to DMSO as control for
4 days resulted in no significant change of proliferation as measured by MTT assay (data not
shown). (B) The DLBCL cell line, Ly4, was cultured in medium ± SAHA (2.0 µM) and cells
were harvested after 0,12 and 24 h. Chromatin immunoprecipitation was performed using
Ac-H3 antibody to measure H3 acetylation in the CEBPA promoter region by PCR. IgG was
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used as negative control, input as positive control; chromatin was analyzed for GAPDH
mRNA as internal control. (C, D) mRNA and protein were prepared and expression of
CEBPA and PER2 was analyzed by qRT-PCR. Results represent mean ± SD; **p < 0.01; for
Western blot analysis, antibodies against either C/EBPalpha or Per2 and GAPDH were
applied. (E–G) For siRNA experiments, Ba/F3 and SUDHL-6 cells were transfected with
plasmid-derived siRNA against CEBPA, siRNA_C/EBPalpha or control (scrambled DNA),
and cultured in medium ± SAHA (2.0 µM). (E, F) Trypan blue cell counting was performed
on days 1–5 under phleomycin selection. Results represent mean ± SD; **p < 0.01; **p <
0.001 (two-way ANOVA). (G) SUDHL-6 cells were harvested on day 5 of phleomycin
selection and Western blot analysis was performed either with anti-C/EBPalpha, anti-Per2 or
anti-GAPDH antibody. Western blot analysis shown is representative for one out of three
independently performed experiments. Number ± SD indicates fold change of either C/
EBPalpha or Per2 as measured by densitometry out of three independent experiments;
vehicle-treated SUDHL6 cells transfected with vector control were set as 1. SAHA-treated
cells transfected with control showed significantly increased expression of both C/EBPalpha
(p = 0.02) and Per2 (p = 0.018), whereas SAHA-treated cells transfected with siRNA_C/
EBPalpha showed no significant change in protein expression (both p > 0.05).
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