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The cyclic-AMP response element-binding protein (CREB), a well-known nuclear transcription factor, has 
been shown to play an essential role in many cellular processes, including differentiation, cell survival, and cell 
proliferation, by regulating the expression of downstream genes. Recently, increased expression of CREB was 
frequently found in various tumors, indicating that CREB is implicated in the process of tumorigenesis. However, 
the effects of CREB on Hodgkin lymphoma (HL) remain unknown. To clarify the role of CREB in HL, we per-
formed knockdown experiments in HL. We found that downregulation of CREB by short hairpin RNA (shRNA) 
resulted in enhancement of cell proliferation and promotion of G1/S phase transition, and these effects can be 
rescued by expression of shRNA-resistant CREB. Meanwhile, the expression level of cell cycle-related proteins, 
such as cyclin D1, cyclin E1, cyclin-dependent kinase 2 (CDK2), and CDK4, was elevated in response to deple-
tion of CREB. Furthermore, we performed chromatin immunoprecipitation (ChIP) assay and confirmed that 
CREB directly bound to the promoter regions of these genes, which consequently contributed to the regulation 
of cell cycle. Consistent with our results, a clinical database showed that high expression of CREB correlates 
with favorable prognosis in B-cell lymphoma patients, which is totally different from the function of CREB in 
other cancers such as colorectal cancer, acute myeloid leukemia, and some endocrine cancers. Taken together, 
all of these features of CREB in HL strongly support its role as a tumor suppressor gene that can decelerate cell 
proliferation by inhibiting the expression of several cell cycle-related genes. Our results provide new evidence for 
prognosis prediction of HL and a promising therapeutic strategy for HL patients.
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INTRODUCTION

Hodgkin lymphoma (HL) is a malignant B-cell lym-
phoma characterized by the presence of the mononu-
clear Hodgkin and multinuclear Reed-Sternberg (HRS) 
cells (1). Recent studies have identified abnormal B-cell 
development as a major factor in the pathogenesis of HL 
(2,3). By multiagent chemotherapy, localized radiation, 
or hematopoietic stem cell transplantation therapy, HL is 
one of the most curable human cancers with high sur-
vival rates (4). However, because of the adverse effects of 
treatment that can lead to increased risk of cardiovascular 
events, secondary malignant conditions, and severe endo-
crine long-term effects specific for childhood cases, a lot 
of cured patients do not live up to their expected life span 
or are subjected to a poor quality of life. Accordingly, 

new targets for treatment and novel mechanisms of tum-
origenesis in HL still need to be explored in depth.

The cyclic-AMP response element-binding protein 
(CREB) is a leucine zipper (bZIP) transcription factor, 
which is involved in cell proliferation, survival, and dif-
ferentiation in a number of cell types (5). CREB has also 
been shown to be important in memory and hippocampal 
development (6–8). In neural stem cells, CREB plays a 
critical role in their proliferation (9). The activated CREB 
turns on the transcription of many genes, including proto-
oncogenes, cell cycle regulatory genes, and other genes 
related to cell growth, survival, differentiation, and neu-
ronal activities. Recently, overexpressed CREB has been 
found in various cancers and significantly associated 
with decreased event-free survival (10), which therefore 
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defined CREB as an oncogene for promoting cancers. 
However, in HL, the function of CREB is still unknown.

To understand the role of CREB in HL, we performed 
knockdown and rescue experiments in HL cell lines. 
Unlike previous reports in other cancers, our results 
showed that the downregulation of CREB in HL cell lines 
induced cell proliferation and promoted G1/S phase tran-
sition. These phenomena can be rescued by the overex-
pression of short hairpin RNA (shRNA)-resistant CREB. 
Furthermore, we found that CREB regulates the expres-
sion of several cell cycle-related proteins by directly 
binding to their promoters. The functions identified for 
CREB in cell proliferation and cell cycle regulation may 
suggest a link between NeuroD1 and the progression 
of HL. Therefore, we wondered whether the findings 
obtained were relevant to the clinical features of human 
HL. To this end, we checked the R2 genomics analysis 
and visualization platform (http://hgserver1.amc.nl/cgi-
bin/r2/main.cgi). Indeed, the clinical data show that high 
expression of CREB correlates with a good prognosis in 
B-cell lymphoma, indicating that CREB acts as a tumor 
suppressor gene in human HL, which is totally differ-
ent than its roles reported in other cancers. All in all, our 
results shed light on the special mechanism of CREB-
related tumorigenesis in HL and provide new evidence 
for the complicated roles of CREB in cancer.

MATERIAL AND METHODS

Plasmids

Lentivirus-based nontargeting shRNA and specific 
shRNA for human CREB were obtained from Sigma-
Aldrich (St. Louis, MO, USA). A human CREB comple-
mentary DNA (cDNA) was amplified from human brain 
cDNA and was inserted into CSII-CMV-IRES-VENUS 
(RIKEN BioResource Center, Tsukuba, Ibaraki, Japan), 
which is a lentivirus-based cDNA overexpression plasmid. 

The targeting sequence of CREB shRNA-1 localizes in 
the untranslated regions of CREB gene. Nevertheless, the 
CREB overexpression vector we constructed was amplified 
according to coding sequences of CREB gene, so we used 
our CREB overexpression vector as a shRNA-resistant 
CREB expression vector.

Cell Culture and Transfection

Human HL cell lines KMH2, L1236, L428, HDLM2, 
and L540 were obtained from the American Type Culture 
Collection (ATCC; Manassas, VA, USA). The cells were 
cultured with Dulbecco’s modified Eagle’s medium 
(DMEM) supplied with 10% heat-inactivated fetal bovine 
serum (FBS). Transfection experiment was performed 
with lentivirus packaged with HEK293T cells.

Cell Proliferation Assay

Cells were infected with lentivirus-based CREB 
shRNA with or without CREB-overexpressing lentivirus. 
The next day, cells (1 × 104) were reseeded in 96-well cell 
culture plates and allowed to adhere overnight. At day 
0, culture medium was changed to DMEM supplied with 
2% heat-inactivated FBS. Cell number was counted at 
day 4.

Real-Time Polymerase Chain Reaction

Total RNA extracted from cultured cells and real-time 
polymerase chain reaction (PCR) were carried out as pre-
viously described (11). Primer information is shown in 
Table 1.

Western Blot Analysis

For Western blot analysis, anti-CREB (1:1,000; Upstate, 
Darmstadt, Germany), anti-cyclin A (1:400; Abcam, 
Cambridge, MA, USA), anti-cyclin E (1:400; Santa Cruz 
Biotechnology, Dallas, TX, USA), anti-cyclin D1 (1:400; 
Santa Cruz Biotechnology), anti-cyclin-dependent kinase 

Table 1. Primer Sequences for PCR Experiments

Primer Name Forward Primer Sequence (5¢–3¢) Reverse Primer Sequence (5¢–3¢)

Human CREB GATGCAGCTGTAACAGAAGC ATGACTCCATGGACTTGAACT
Human CCNA1 GAGGTCCCGATGCTTGTCAG GTTAGCAGCCCTAGCACTGTC
Human CCNB1 AATAAGGCGAAGATCAACATGGC TTTGTTACCAATGTCCCCAAGAG
Human CCND1 GCTGCGAAGTGGAAACCATC CCTCCTTCTGCACACATTTGAA
Human CCNE1 GCCAGCCTTGGGACAATAATG CTTGCACGTTGAGTTTGGGT
Human CDK2 CCAGGAGTTACTTCTATGCCTGA TTCATCCAGGGGAGGTACAAC
Human CDK4 CTGGTGTTTGAGCATGTAGACC GATCCTTGATCGTTTCGGCTG
Human CDK6 TCTTCATTCACACCGAGTAGTGC TGAGGTTAGAGCCATCTGGAAA
Human GAPDH ATCATCCCTGCCTCTACTGG CCCTCCGACGCCTGCTTCAC
CCND1 for ChIP -1053 TCACGCTCACGAATTCAGTCC -1032 -927 ATTGCTGGAAATATTAGTCCC -948
CCNE1 for ChIP -1150 TACAAGTCTTGAGGGAGAAAG -1139 -1053 AAATCCACACTCCGTGTCCTA -1032
CDK2 for ChIP -65 AAGAACCAAACTTGCCTGGGG -44 69 TGAAACAATGTTGCCGCCTCC 48
CDK4 for ChIP -106 TGGAAGCAAGCACTCAGTAAA -85 -340 TACCAGAGGTGATGCTGTCAC -361
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2 (CDK2) (1:400; Santa Cruz Biotechnology), anti-CDK4 
(1:400; Santa Cruz Biotechnology), and anti-CDK6 (1:400; 
Santa Cruz Biotechnology) antibodies were used.

Flow Cytometric Analysis of Cell Cycle

Cell cycle analysis was performed as described by Eo et 
al. (12) and Zhou et al. (13). Briefly, KMH2 cells (1 × 106) 
were harvested and washed with cold phosphate-buffered 
saline (PBS). The cells were fixed with 70% ethanol and 
stored at −20°C overnight. The next day, cells were centri-
fuged and resuspended with PBS. The cells were treated 
with 100 mg/ml of RNase, and incubated at 37°C for  
30 min. The cells were then incubated with 50 mg/ml of 
propidium iodide (PI) at 4°C for 30 min. Results obtained 
from a flow cytometer (BD Biosciences, Franklin Lakes, 
NJ, USA) were analyzed with the CellQuest software 
(BD Biosciences, San Jose, CA, USA).

Chromatin Immunoprecipitation Assay

Chromatin Immunoprecipitation (ChIP) assay with 
KMH2 cells was carried out as previously described 
(11), using an anti-CREB antibody. Primer information 
is listed in Table 2.

Statistical Analysis

All experiments were performed in triplicates and 
found to be reproducible. The p value was calculated with 
Student’s t-test, and results are presented as mean ± stan-
dard deviation.

RESULTS

Knockdown of CREB Promotes Cell Proliferation 
in HL Cell Lines

CREB has been reported as an oncogene in several 
kinds of cancers, but there is almost no report in terms of 
CREB function in HL. In order to clarify the role of CREB 
in HL, we performed knockdown experiments with two 
different shRNA targeting CREB. The expression level of 
CREB was successfully knocked down by both shRNAs 
in five HL cell lines: KMH2, L1236, L428, HDLM2, and 
L540 cells (Fig. 1A). Compared to the control group, the 
cell number was significantly increased after infection with 
shRNA-expressing lentivirus (Fig. 1B, C). Furthermore, 
the rescued experiment was performed by using shRNA-
resistant CREB (Fig. 1B, C). As a consequence, the 
excessive growth of CREB shRNA-promoted cells was 

decelerated, suggesting that the proliferation of the cells 
was truly induced by knockdown of CREB expression in 
HL cell line (Fig. 1B, C).

CREB Regulates G1 /S Phase Transition in KMH2 and 
HDLM2 Cells

The role of CREB in cell cycle regulation has been 
reported in several researches. Therefore, we wondered 
whether the disturbance of cell proliferation described in 
Figure 1B and C was attributed to regulation of cell cycle 
by CREB in the HL cell line. We analyzed cell cycle with 
flow cytometry by staining cells with PI. Consequently, 
we found that knockdown of CREB by CREB shRNA 
affected the G1/S phase in KMH2 and HDLM2 cells. 
The cell number in the G1 phase decreased, but increased 
almost 10% in the S phase with downregulation of CREB 
(Fig. 2A–D), while the G2/M phase was not obviously 
changed. The results also show that the shRNA-resistant 
CREB expression can rescue the phenomena described 
above. In order to clarify the molecular mechanism under-
lying CREB-regulated cell cycle in HL, cell cycle-related 
genes involved in the G1 phase, G1/S phase transition, and 
S phase were investigated. The expression of cyclin D1, 
cyclin E1, CDK2, and CDK4 determined by real-time 
PCR was significantly elevated with downregulation of 
CREB. However, there was no effect on the expression of 
cyclin A and CDK6 (Fig. 3A). Real-time PCR results also 
showed that shRNA-resistant CREB-expressing lenti-
virus can successfully restore the expression of CREB. 
Similarly, the expression of these cell cycle-related genes 
was reversed by overexpression of shRNA-resistant 
CREB. Western blot analysis (Fig. 3B) confirmed the 
results in Figure 3A.

CREB Regulates Cell Cycle by Directly Binding to the 
Promoter Regions of Several Cell Cycle-Related Genes

It is already known that CREB is a transcription fac-
tor that binds to the cAMP response element (CRE) in 
the regulatory region of target genes. To investigate 
whether CREB directly regulates these cell cycle-related 
genes by binding to their promoter regions, we utilized 
the JASPAR database (http://jaspar.genereg.net/) to pre-
dict the putative CRE-like binding sites. According to the 
predicted sites, we designed primers and performed ChIP 
assay. The results showed that CREB can directly bind to 
the promoter region of cyclin D1, cyclin E1, CDK2, and 
CDK4 (Fig. 4).

Table 2. Sequences of shRNAs

shRNA Clone shRNA Sequence (5¢–3¢)

Human CREB shRNA-1 CCGGGCTCGATAAATCTAACAGTTACTCGAGTAACTGTTAGATTTAATCGAGCTTTTT
Human CREB shRNA-2 CCGGCGTCTAATGAAGAACAGGGAACTCGAGTTCCCTGTTCTTCATTAGACGTTTTT
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Figure 1. Downregulation of CREB promotes cell proliferation of KMH2, L1236, L428, HDLM2, and L540 cells. (A) A quantitative 
PCR showed significant decrease in CREB expression in KMH2, L1236, L428, HDLM2, and L540 cells after CREB shRNA treatment. 
(B) Phase-contrast images of cells at day 4 after infection of shRNA-expressing lentivirus with or without shRNA-resistant CREB-
expressing lentivirus. (C) Cell number was counted at day 4. *p < 0.001 versus control shRNA. #p < 0.001 versus CREB shRNA-1.

FACING PAGE
Figure 2. Knockdown of CREB promotes G1/S phase transition in KMH2 and HDLM2 cells. (A, C) Cell distribution was detected by 
flow cytometry. (B, D) Cell cycle distribution was calculated and shown as graphs. *p < 0.001 versus control shRNA. #p < 0.05 versus 
CREB shRNA-1.
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DISCUSSION

Aberrant expression of nuclear transcription factors has 
frequently been found in many cancers. As an important 
transcription factor, highly expressed CREB was also 
presented in several kinds of cancer and correlated with a 
high risk of tumorigenesis and a low survival rate. CREB 
regulates the expression of many downstream genes and 
subsequently controls cellular transformation, cell prolif-
eration, and cell survival in a variety of cancers, including 
breast cancer (14), colorectal cancer (15), acute lympho-
blastic leukemia (16–20), glioma (10), and some endocrine 
tumors (21). In previous articles, the results indicated that 
CREB serves as an oncogene to promote tumorigenesis 
through various cancer signaling pathways.

Unexpectedly, we discovered that CREB exhibits 
tumor inhibitory activity, which prevents tumorigenesis 
in HL. In HL cell lines, the proliferation of cells was pro-
moted by knockdown of CREB in low serum condition, 
and this shRNA-induced phenomena could be reversed by 
overexpression of shRNA-resistant CREB. Meanwhile, 
the G1/S phase transition was accelerated in response to 
depletion of CREB. We supposed that CREB may act 
as a tumor suppressor in HL disease. Additionally, to 
clarify whether our findings are consistent with the clini-
cal features of human HL, we utilized the R2 genom-
ics analysis and visualization platform. Nevertheless, 
there is no clinical database specific for HL. Since HL 
is also a type of B-cell lymphoma, we further checked 

Figure 3. CREB regulates expression of several cell cycle-related genes in KMH2 cells. (A) The mRNA levels of CREB and several 
cell cycle-related genes were examined by real-time PCR. *p < 0.01, **p < 0.001 versus control shRNA. #p < 0.001 versus CREB 
shRNA-1. (B) Protein levels were detected by Western blot.
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the dataset (Tumor B-cell Lymphoma - Xiao - 420 - 
MAS5.0 - u133p2), which includes specimens gained 
from B-cell lymphoma patients who had been diagnosed 
with diffuse large B-cell lymphoma. Analyzing the over-
all survival probabilities with regard to the expression 
level of CREB, the results show that the high expres-
sion level of CREB is associated with favorable survival, 
whereas the low expression level of CREB is related to 
poor prognosis, which are consistent with our findings 
in the HL cell line. Although no analytical results were 
achieved from HL, to some extent, we thought it could 
offer important clues that are able to benefit us in pursuit 
of discovering the cure for HL. Moreover, the report by 
Fang et al. found that loss of the CREB-regulated tran-
scription coactivator (CRTC2), as well as CREB and 
its coactivator CREB-binding protein (CBP), results 
in a deficiency in DNA mismatch repair (MMR) and a 
resultant increased mutation frequency, indicating that 
the CREB pathway could be involved in protecting cells 
from proceeding toward cancer (22). They described an 
unanticipated role for CREB as a tumor suppressor in 
lymphoma, which is similar to our standpoint.

Cell cycle is an essential event that leads to cell divi-
sion and duplication, and is crucial for cell survival and 
prevention of uncontrolled cell division (23,24). Increased 
expression of cell cycle-related genes, such as cyclin D1 
(25), cyclin E1 (26,27), and CDKs (28), has been found in 
a variety of tumor tissues. Therefore, targeting cell cycle 
has emerged as an attractive strategy for the treatment of 

cancer. In HL, high expression of cell cycle-related pro-
teins that account for accelerating cell cycle progression 
has been described (29–32). Ideally, cell cycle could be a 
potential target for HL treatment (33). In previous studies, 
one important mechanism of CREB was its ability to 
regulate cell proliferation through management of the 
cell cycle, either in cancer or in noncancer cell types. In 
several kinds of cancers, CREB could directly bind to 
the promoter region of cell cycle-related genes to regu-
late their expression (34). Our results demonstrated that 
CREB serves as a tumor suppressor gene, and downreg-
ulation of CREB expression promotes G1/S phase tran-
sition in the HL cell line, which is distinct from some 
reports in which CREB was described as an oncogene. 
This indicated that gene expression regulated by CREB 
closely depends on cell type, cell environment, or con-
dition of cofactors. Furthermore, our ChIP assay result 
showed that CREB directly binds to promoter regions 
of cyclin D1, cyclin E1, CDK2, and CDK4. The similar 
case reported by Melnikova et al. concludes that CREB 
is a major suppressor for AP-2a by directly binding to 
its promoter region in melanoma (35). Accordingly, we 
hypothesize that CREB would regulate cell cycle-related 
protein expression in HL via directly binding to their pro-
moter region and repressing their expression, as shown in 
Figures 3 and 4. Further work should be done to confirm 
this hypothesis in the future. Overall, our study indicates 
that CREB is a tumor suppression gene in HL by inhibit-
ing G1/S phase transition.

Figure 4. CREB directly binds to the promoter regions of several cell cycle-related genes. (A) The sequence of classic CRE is shown. 
(B) ChIP assay was performed by using anti-CREB antibody with KMH2 cells. Rabbit immunoglobulin G (IgG) was used as a control.
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