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The activity of DNA methyltransferase 1 (DNMT1) is associated with diverse biological activities, including cell proliferation,
senescence, and cancer development. In this study, we demonstrated that the HMG box-containing protein 1 (HBP1) transcrip-
tion factor is a new repressor of DNMT1 in a complex mechanism during senescence. The DNMT1 gene contains an HBP1-bind-
ing site at bp �115 to �134 from the transcriptional start site. HBP1 repressed the endogenous DNMT1 gene through sequence-
specific binding, resulting in both gene-specific (e.g., p16INK4) and global DNA hypomethylation changes. The HBP1-mediated
repression by DNMT1 contributed to replicative and premature senescence, the latter of which could be induced by Ras and
HBP1 itself. A detailed investigation unexpectedly revealed that HBP1 has dual and complex transcriptional functions, both of
which contribute to premature senescence. HBP1 both repressed the DNMT1 gene and activated the p16 gene in premature se-
nescence. The opposite transcriptional functions proceeded through different DNA sequences and differential protein acetyla-
tion. While intricate, the reciprocal partnership between HBP1 and DNMT1 has exceptional importance, since its abrogation
compromises senescence and promotes tumorigenesis. Together, our results suggest that the HBP1 transcription factor orches-
trates a complex regulation of key genes during cellular senescence, with an impact on overall DNA methylation state.

Epigenetic alterations have essential roles in determining gene
expression patterns and in setting the environment for activa-

tors or repressors to function appropriately. DNA methylation has
been associated with cancer and senescence (1–4). Cellular senes-
cence is characterized by a permanent cell cycle arrest and the
acquisition of distinct morphological, physiological, and epige-
netic changes in response to events such as telomere attrition,
aberrant oncogene activation, or abrogation of tumor suppressor
gene functions. Senescence is a tumor-suppressive process the ab-
rogation of which enables the path to tumorigenesis (5–8). Al-
though seemingly two distinct phenomena, cellular senescence
and cancer share similarly altered global epigenetic profiles com-
prising complex changes in DNA methylation, involving both hy-
pomethylation and hypermethylation of certain genes and se-
quences. The establishment of DNA methylation during DNA
replication and DNA repair is catalyzed by a family of DNA meth-
yltransferases (e.g., DNMT1, DNMT3A, and DNMT3B). In par-
ticular, DNMT1 mRNA expression is significantly elevated in dif-
ferent cancers and is regarded as a maintenance methylase (9–11).
In senescence, the levels of DNA methylation and DNMT1 pro-
tein decline in concert with aging (12–15). Yet, the mechanism of
age-dependent DNA methylation changes remains unknown. In
this study, we found an unexpected connection to the HBP1 tran-
scription factor, which our previous studies had linked to prema-
ture senescence (16).

HBP1 is a member of the sequence-specific high-mobility-
group (HMG) family of transcription factors (17–19), and in
most, but not all, cases, HBP1 acts as a transcriptional inhibitor
(16, 17, 20, 21). HBP1 was first identified in a screen that comple-
mented a potassium channel defect (22), but we and others redis-
covered HBP1 as a binding partner of pRB (21, 23), which itself
has integral functions for premature senescence (24, 25). We have
reported that the interactions of HBP1 and RB are critical for
premature senescence (16). As a transcriptional inhibitor, HBP1
has three mechanisms: direct repression through sequence-spe-

cific DNA binding, inhibition of transcriptional activators, or in-
duction of heterochromatic regions. HBP1 directly represses
through a high-affinity element on target genes, including the
p47phox, N-MYC, and MIF genes (17, 20, 21). Or, HBP1 binds
and inhibits transcriptional activators. HBP1 inhibits Lef/TCF
transcription factors and prevents binding to its Wnt pathway
target genes, including c-MYC and cyclin D1, thereby blocking
Wnt signaling (26). In addition, Escamilla-Powers and colleagues
have shown that HBP1 can directly bind and inhibit c-MYC tran-
scriptional functions (27). In addition, HBP1 and its high-affinity
element are associated with heterochromatic regions in position
effect variegation (19, 28). Confoundingly, we and others have
reported that HBP1 can transcriptionally activate genes such as
those for p16, p21 (29), MPO (30, 31), and histone H1 (32), but
the mechanism was unclear. Our previous work shows that pro-
tein acetylation is critical for p16 regulation (33, 34), consistent
with many reports of acetylation on other factors (e.g., MTA1,
p63, CtBP, and NuRD [35–37]). Given its regulation of important
cell cycle regulators, it is not surprising that overexpression of
HBP1 induces cell cycle arrest and premature senescence in nu-
merous cells and in organs (16, 21, 38, 39). For example, HBP1
participates in Ras-induced premature senescence through up-
regulation of p16 expression (33). Finally, other studies have im-
plicated HBP1 in breast cancer progression that is associated with
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a poor prognosis (40), including as a target of a microRNA
(miRNA) implicated in invasive breast cancer (41).

In the present study, we investigated the relationship of HBP1
and DNMT1 and found an intricate transcriptional mechanism
necessary for regulating overall DNA methylation and premature
senescence. We noticed a reciprocal regulation of HBP1 and
DNMT1 in cellular senescence and found that HBP1 repressed the
DNMT1 promoter in a sequence-specific manner through a high-
affinity site. The net result of HBP1 repression on DNMT1 was a
global DNA hypomethylation, including certain senescence-asso-
ciated genes, such as those for p16 and p21. These studies unex-
pectedly led us to investigate the duality of the regulation of gene
expression by HBP1. While HBP1 repressed the DNMT1 pro-
moter, HBP1 also activated the p16 promoter. The dual transcrip-
tional repression and activation functions by HBP1 on different
genes were dictated by binding to different DNA elements, by
differential acetylation, and by promoter DNA methylation. To-
gether, our work is consistent with a model in which HBP1 regu-
lates the DNA methylation of the p16 gene and overall DNA
methylation by repression of the DNMT1 gene. In turn, the hy-
pomethylation of the p16 gene augments HBP1-mediated tran-
scriptional activation to enact premature senescence. Both the
transcriptional repression and activation functions of HBP1 are
needed during senescence for appropriate regulation of DNMT1
and DNA methylation status and for the activation of the p16
gene. The HBP1-DNMT1-p16 axis is critical for regulating cellu-
lar senescence, as its abrogation disrupts senescence and promotes
tumorigenesis.

MATERIALS AND METHODS
Cell proliferation. Human embryonic lung diploid fibroblasts (2BS cells)
and human embryonic kidney cells (HEK293T cells) were purchased from
the National Institute of Biological Products, Beijing, China. Human lung
fibroblasts (WI-38 cells) and Phoenix packaging cells were purchased
from the American Type Culture Collection. All of the cells were cultured
in Dulbecco’s modified Eagle medium (DMEM; Gibco) supplemented
with 10% fetal bovine serum (FBS; HyClone, UT), 20 mM glutamine
(Gibco), and 1% penicillin G-streptomycin sulfate (Sigma).

For growth curves, cells were seeded at 1 � 104 per well in six-well
plates. Every 3 days, cells were trypsinized from plates and cells were
counted. Population doubling (PD) levels were calculated with the for-
mula PD � log (n2/n1) log 2, where n1 is the number of cells seeded and n2

is the number of cells recovered. The day when drug selection was com-
pleted (day 14 after infection) was defined as day 0.

For bromodeoxyuridine (BrdU) incorporation in situ, cells were
grown on coverslips and synchronized in 0.2% fetal bovine serum-
DMEM for 24 h. The subconfluent cultures were incubated for 2 h in the
presence of 10 �g of BrdU and fixed, and nuclei incorporating BrdU were
visualized by immunostaining using a commercially available kit (BrdU
labeling and detection kit; Roche). For visualization of all nuclei in a field,
the coverslips were stained with Hoechst dye for 1 min at 37°C. All cov-
erslips were examined using fluorescence microscopy with the appropri-
ate filters. At least 300 cells were counted in randomly chosen fields from
each culture well.

Retroviral gene expression. pBabePuro-HBP1 and pBabePuro-
delEx7 were constructed by cloning the respective human HBP1 fragment
into pBabePuro(EcoRI). pBabePuro-pmHMG was generated by overlap-
ping PCR based on pBabePuro-HBP1. Point mutations were introduced
at the positions 434, 435, and 437, changing lysine-434 to glutamic acid
(AAA to GAA), arginine-435 to glutamic acid (AGA to GAA), and methi-
onine-437 to threonine (ATG to ACG). pBabeHygro-DNMT1 was con-
structed by inserting the human DNMT1 cDNA into a pBabeHygro
vector.

Knockdown plasmids. The following short hairpin RNA (shRNA)
plasmids were constructed in the pSuper-retro background (Oligoen-
gine): HBP1shRNA1, GATCCCCACTGTGAGTGCCACTTCTCTTCAA
GAGAGAGAAGTGGCACTCACAGTTTTTTGGAAA, targeting 19 resi-
dues from nucleotide 942 for humans; HBP1shRNA2, GATCCCCCACA
TGGAGCTTGATGACC TTCAAGAGAGGTCATCAAGCTCCATGTGT
TTTTGGAAA, targeting 19 residues from nucleotide 343 for humans;
and DNMT1shRNA, GATCCCCCACTGGTTCTGCGCTGGGATTCAA
GAGATCCCAGCGCAGAACCAGTGTTTTTGGAAA, targeting 19 resi-
dues for humans. Underlined sequences represent the hairpins. Retroviral
gene transduction was carried out as previously described (16, 42), using
Phoenix packaging cells. Cells were infected with retroviruses and then
selected in 0.5 �g/ml of puromycin and 100 �g/ml of hygromycin, start-
ing 1 day after infection. We typically achieved stable cell lines after 10
days of selection.

Immunoblots and antibodies. Cells were lysed in radioimmunopre-
cipitation assay (RIPA) buffer. A total of 20 to 50 �g of protein was sep-
arated by 10% SDS-PAGE and transferred to nitrocellulose membranes
(Bio-Rad). The primary antibodies used were for HBP1 (11746-1-AP;
Proteintech), DNMT1 (C-17; Santa Cruz), DNMT3A and -3B (3116-1
and 2601-1; Epitomics), p16 (C-20; Santa Cruz), p21 (K0081-3; MBL),
p53 (sc-126; Santa Cruz), glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (KM9002; Sungene), HA.11 antibody (Covance), and EZH2
(5246; Cell Signaling).

Senescence-associated (SA) �-galactosidase (�-Gal) staining. The
experiment was performed as described previously (16, 34). At least 300
cells were counted in randomly chosen fields.

Soft-agar growth and tumorigenesis assay. Soft-agar growth and tu-
morigenesis assay were conducted essentially as described previously (33).
About 500,000 cells were implanted subcutaneously in NOD-SCID mice,
which were then monitored for 6 weeks for tumor growth. All mouse
procedures were approved and conducted in accordance with the IACUC
and Department of Laboratory Medicine at Tufts University.

Electrophoretic mobility shift assay (EMSA). The nuclear extract (10
�g of protein) was mixed with biotin-labeled DNA probe or cold com-
petitor (if needed) in binding buffer [1 �g/�l of poly(dI-dC), 10 mM
Tris-Cl (pH 8.0), 150 mM KCl, 0.5 mM EDTA, 0.1% Triton X-100, 12.5%
(vol/vol) glycerol, 0.2 mM dithiothreitol (DTT)]. The reaction mixture
was incubated for 30 min at room temperature. Hemagglutinin (HA)
antibody was included for supershift. Then, the reaction mixture was
incubated for additional 30 min at room temperature. Samples were run
on an acrylamide gel at 150 V for 2 h. The gel was transferred to a nylon
membrane. The biotin-labeled DNA was detected using the streptavidin-
horseradish peroxidase conjugate and LightShift chemiluminescent sub-
strate.

ChIP. The chromatin immunoprecipitation (ChIP) assay was per-
formed as described previously (17). For the DNMT1 promoter, the se-
quence to be amplified resides at positions � 37 to �222. The PCR primer
sequences were 5=-AGATGGAGGTTGGATTGGA-3= and 5=-AGAGGCG
ATACCCTGTGC-3=. For the p16 promoter, the sequence to be amplified
resides at positions �272 to �699, �1817 to �1577, and �437 to �225.
The PCR primer sequences were (i) 5=-CCTTCCAATGACTCCCTC-3=
and 5=-AACCTTCCTAACTGCCAAA-3=, (ii) 5=-GGCATCAGCAAAGT
CTGAGC-3= and 5=-CTGGGAGACAAGAGCGAAAC-3=, and (iii) 5=-A
GGGGAAGGAGAGAGCAGTC-3= and 5=-GGGTGTTTGGTGTCATAG
GG-3=. The HBP1-binding site is located in the region from positions
�272 to �699, and the EZH2-binding site is located in the region from
positions �1817 to �1577 and �437 to �225.

RT-PCR. RNA was isolated using the TRIzol reagent (Gibco-BRL).
One microgram of RNA was analyzed by reverse transcription (RT)-PCR
with an Access RT-PCR kit (Promega). The DNA sequences of the human
HBP1 primers were 5=-ATCATCTCCTGTACACATCATAGC-3= and 5=-
CATAGAAAGGGTGGTCCAGCTTAC-3=; these primers resulted in an
RT-PCR product of 523 bp. The DNA sequences of the human DNMT1
primers were 5=-GTGAAGGAGAAATTGAATCTCTT-3= and 5=-GCCTC
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TCCATCGGACTTG-3=; these primers resulted in an RT-PCR product of
317 bp. To normalize the RT-PCR results, GAPDH primers were used at a
1:10 ratio.

Methylated DNA immunoprecipitation. Genomic DNA was ex-
tracted and sonicated into random fragments of 300 to 1,000 bp. These
DNA fragments were denatured in Tris-EDTA (TE) buffer for 10 min at
95°C and immediately chilled on ice for 10 min. After heat denaturation,
individual DNA samples were immunoprecipitated with 5 �g of rabbit
anti-5-methylcytosine (anti-m5C) monoclonal antibody in IP buffer with
gentle rotation at 4°C overnight. Subsequently, the mixture of DNA and
anti-5-methylcytosine antibody was then incubated with sheep anti-rab-
bit IgG-conjugated magnetic beads at 4°C for 2 h. After a washing, the
beads were resuspended and the bound proteins were digested with pro-
teinase K in digestion buffer (50 mM Tris [pH 8.0], 10 mM EDTA, 0.5%
SDS) at 45°C for 3 h. The remaining DNA was extracted with phenol-
chloroform and precipitated with ethanol. The precipitated DNA was
resuspended in 40 �l of 10 mM Tris-HCl (pH 8.0) and used in single-gene
PCR (43–45).

Methylation-specific PCR. Genomic DNA was isolated using the
DNeasy kit (Qiagen). One microgram of DNA was bisulfate treated using
EZ DNA methylation Gold (Zymo Research). Methylation-specific PCR
(MSP) using primer sets were designed as follows: p16, 5=-TTATTAGAG
GGTGGGGCGGATCGC-3= and 5=-GACCCCGAACCGCGACCGTAA-
3=, and p21, 5=-TTGTAGTACTCGAGGTTTCG-3= and 5=-CAACTCAA
CGCGACCCTAAT-3=. Non-methylation-specific primers were as
follows: p16, 5=-TTATTAGAGGGTGGGGTGGATTGT-3= and 5=-CAAC
CCCAAACCACAACCATAA-3=, and p21, 5=-TTTTGGGATTGGTTGG
TTTG-3= and 5=-ACACCCAACTCCAACTCCAC-3=. The PCR was car-
ried out using the SYBR green master mix (Bio-Rad). Universal
unmethylated and methylated DNA control samples (Zymo Research)
were likewise bisulfate treated and used as negative and positive controls,
respectively.

Bisulfite sequencing. DNA was treated with bisulfate and purified for
PCR as described above. The primers for sequencing p16 and p21 pro-
moters were as follows: p16, 5=-TAGGGGGATATTTTTTAG-3= and 5=-T
ATCTTTCCAAACAA-3= (bp �321 to ��112, 28 CG), and p21, 5=-GG
GAGGAGGGAAGTGTTTT-3= and 5=-ACAACTACTCACACCTCAAC
T-3= (bp �233 to ��1, 24 CG). The PCR products were gel extracted
(Qiagen) and ligated into a pGEM-T vector by using the TA cloning sys-
tem (Promega). At least 10 separate clones were chosen for sequencing
analysis.

Reporter gene assay. Cells were transfected with the above-men-
tioned plasmids using Lipofectamine 2000 (Invitrogen). Cell lysates were
prepared with the dual luciferase reporter assay kit (Promega) per the
manufacturer’s instructions at 36 h to 48 h posttransfection. The normal
promoter plasmid pGL3-Luc-DNMT1 was constructed by inserting part
of the normal DNMT1 promoter (length of 790 bp from bp �180 to
�610) into pGL3-basic, and the mutant promoter plasmid pGL3-Luc-
mDNMT1 was constructed by inserting part of the mutated DNMT1
promoter. Firefly luciferase activity measurements were normalized to
Renilla luciferase activity for the same sample. The luciferase assay was
performed on three biological replicates, and each replicate was measured
at least three times.

Immunocytochemistry (5-methylcytosine). Cells were seeded on a
sterile coverslip in a 12-well plate. After 72 h, cells were fixed for 15 min
with 4% paraformaldehyde and permeabilized with 0.2% Triton X-100 in
phosphate-buffered saline (PBS) for 15 min at room temperature. For
detection of 5-methylcytosine, cells were treated with 2 M HCl at room
temperature for 30 min and subsequently neutralized for 10 min with 100
mM Tris-HCl buffer, pH 8. After extensive washing with PBS, cells were
blocked for 1 h at room temperature in 1% bovine serum albumin– 0.05%
Tween 20 in PBS. Mouse anti-HA antibody and rabbit anti-5-methylcy-
tosine antibody were added in blocking buffer for overnight at 4°C and
detected concurrently by secondary antibodies coupled with DyLight488-
conjugated anti-mouse IgG or tetramethyl rhodamine isocyanate

(TRITC)-conjugated anti-rabbit IgG, respectively. DNA was stained with
1 �g/ml of 4,6-diamidino-2-phenylindole (DAPI) and mounted in 10%
glycerin in PBS. Images were recorded digitally on an Olympus confocal
microscope (46).

HPLC-MS. Genomic DNA was isolated using the DNeasy kit (Qia-
gen). A DNA solution containing 1.0 �g of DNA in a glass vial was dried
by nitrogen. The residue was mixed with 0.2 ml of 88% aqueous formic
acid and then hydrolyzed at 140°C for 90 min. The solution was then
evaporated under nitrogen. The residue was dissolved in methanol and
centrifuged at 15,000 � g for 5 min, and the supernatant was extracted for
analysis by high-pressure liquid chromatography tandem mass spectrom-
etry (HPLC-MS) (18).

RESULTS
HBP1 represses the DNMT1 gene through binding a high-affin-
ity site in the DNMT1 promoter. We had previously reported that
the HBP1 level was increased in Ras-induced premature senes-
cence and in replicative senescence in WI-38 fibroblasts. The
HBP1 level was stabilized by p38 mitogen-activated protein kinase
(MAPK) through stabilizing the HBP1 protein half-life by phos-
phorylation (16, 47, 48). Other work suggested that DNMT1 de-
creases were associated with cellular senescence (49), suggesting a
reciprocal relationship. Intriguingly, we observed a statistically
significant inverse correlation between HBP1 and DNMT1 ex-
pression in public databases for cervical and ovarian cancers (Fig.
1D and E). Lastly, we noticed a high-affinity HBP1 site by bioin-
formatics in the DNMT1 promoter (see Fig. 2A). Thus, we hy-
pothesized that HBP1 was a repressor of the DNMT1 gene.

We examined the relative expression of HBP1 and DNMT1 in
both the 2BS and WI-38 human fibroblasts at different times in
the progression to senescence (Fig. 1A). While the level of HBP1
protein increased with replicative senescence, the level of DNMT1
protein declined with PD. Two other members of DNMT family,
DNMT3A and DNMT3B, were unchanged (compare young ver-
sus senescent: PD15 versus PD55 for 2BS cells and PD20 versus
PD45 for WI-38 cells [Fig. 1A]).

To determine whether HBP1 had a causative role in repressing
DNMT1, we expressed HBP1 into both cell lines through retrovi-
ral infection. As shown in Fig. 1B, exogenous HBP1 expression
reduced DNMT1 protein (left) and mRNA (right) levels in both
2BS and WI-38 human fibroblasts. There was no effect on
DNMT3A and DNMT3B. To address the endogenous HBP1 and
DNMT1 genes, we used short hairpin RNA (shRNA) to knock
down the HBP1 gene. An HBP1 knockdown increased DNMT1
protein and mRNA levels but had no effect on the DNMT3A and
DNMT3B family members (Fig. 1C). Similar results were ob-
served with a second HBP1 shRNA (designated shRNA2) directed
at a different region of the HBP1 mRNA. Thus, HBP1 clearly
regulated the DNMT1 gene.

We next asked if HBP1 transcriptionally repressed the DNMT1
promoter through sequence-specific DNA binding. Using Trans-
fac, we found that the DNMT1 promoter contained an HBP1
high-affinity site (TTCATTCATTCATTCTTTCA) at positions bp
�115 to �134 from the transcriptional start site (Fig. 2A, top),
previously reported as a repression site on the p47phox gene and
for position effect variegation (17, 19, 28). Thus, we investigated
whether HBP1 bound and repressed the DNMT1 promoter
through a putative high-affinity HBP1 element. HBP1 is a mem-
ber of the sequence-specific HMG box family of transcriptional
factors with a central repression domain (amino acids 191 to 400)
and a C-terminal HMG box DNA binding domain (amino acids
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431 to 509), as well as retinoblastoma and p38 MAPK binding
regulatory regions (40, 47, 50). A DNA-binding-defective mutant
(pmHMG) was used to investigate sequence-specific repression of
the DNMT1 promoter and has a triple-point mutation in the
HMG box that abolishes DNA binding. Wild-type HBP1 overex-
pression decreased DNMT1 protein level, but the DNA-binding-
defective mutant (pmHMG) had no effect on DNMT1 protein
relative to control cells (Fig. 2C).

We designed two DNMT1 promoter-luciferase reporters with
the native DNMT1 segment (790 bp, from bp �180 to �610;

Luc-DNMT1) or with a deletion that abolishes the HBP1 affinity
site (length of 770 bp from bp �180 to �610; Luc-�DNMT1) (as
shown in Fig. 2A). We also constructed a mutant DNMT1 pro-
moter (designated Luc-mDNMT1) (Fig. 2F) with point mutations
at bp �123; change of TT to GG). HEK293T cells were cotrans-
fected with either HA-tagged wild-type HBP1 or HBP1 mutants
and the DNMT1 promoters with or without the putative HBP1
high-affinity site. Wild-type HBP1 expression suppressed the
DNMT1 promoter (Fig. 2D, E, and F). In contrast, HBP1 had no
effect on the DNMT1 promoter that lacked the high-affinity site

FIG 1 HBP1 regulates DNMT1 expression. (A) HBP1 and DNMT1 protein levels during replicative senescence. Shown is an immunoblot of 2BS and WI-38 cells
in different stages. The expression of the endogenous HBP1, DNMT1, DNMT3A, and DNMT3B is shown. GAPDH was used as loading control. (B) Exogenous
HBP1 regulates DNMT1 expression. The protein levels of HBP1, DNMT1, DNMT3A, and DNMT3B were measured by immunoblotting in 2BS cells (PD15) or
WI-38 cells (PD20) infected with pBabe-HBP1 or pBabe (as a control) (left). The mRNA levels of HBP1 and DNMT1 were measured by RT-PCR in 2BS cells
(PD15) or WI-38 cells (PD20) infected with pBabe-HBP1 or pBabe (as a control) (right). (C) Endogenous HBP1 regulates DNMT1 expression. The protein levels
of HBP1, DNMT1, DNMT3A, and DNMT3B were measured by immunoblotting in 2BS cells (PD30) or WI-38 cells (PD30) infected with pSR-HBP1shRNA1,
pSR-HBP1shRNA2, or pSR (as a control) (left). The mRNA levels of HBP1 and DNMT1 were measured by RT-PCR in 2BS cells (PD30) or WI-38 cells (PD30)
infected with pSR-HBP1shRNA1, pSR-HBP1shRNA2, or pSR (as a control) (right). (D) HBP1 expression inversely correlates with DNMT1 expression in cervical
tumors. The mRNA levels of HBP1 (top) and DNMT1 (bottom) in cervical cancer cell lines (9 samples), normal cervix epithelium (24 samples), and cervical
squamous cell carcinoma (28 samples) are shown. The data are derived from NCBI GEO database GSE9750. (E) HBP1 expression inversely correlates with
DNMT1 expression in ovarian tumors. The mRNA levels of HBP1 (top) and DNMT1 (bottom) in ovarian adenocarcinoma (12 samples) and normal ovarian
epithelia cells (12 samples) are shown. The data are derived from NCBI GEO database GSE14407.

Pan et al.

890 mcb.asm.org Molecular and Cellular Biology

http://mcb.asm.org


FIG 2 HBP1 suppresses DNMT1 promoter activity in a DNA-binding-dependent manner. (A) Schematic diagram of the DNMT1 promoter. Shown is the HBP1
affinity site within the DNMT1 promoter at positions �115 to �134 from the transcriptional start site (Luc-DNMT1 [top]). Luc-�DNMT1 is a mutant DNMT1
promoter with a deletion in the HBP1 affinity site (bottom). (B) Schematic diagram of wild-type HBP1 and associated mutants. (C) Expression of exogenous
HBP1 decreases DNMT1 protein level. HEK293T cells were transfected with HA-HBP1 or HA-pmHMG. Western blotting was performed on protein lysates
using anti-HA antisera, anti-DNMT1, or anti-GAPDH. (D) Relative activities of HBP1 and associated mutant on the native DNMT1 promoter (Luc-DNMT1)
or the mutant DNMT1 promoter (Luc-�DNMT1). HEK293T cells were cotransfected with 0.1 �g of the indicated reporters and 0.6 �g of HBP1 or mutant
expression plasmids. The luciferase activities were expressed as the means � standard errors of the means from four experiments. Statistical differences were
analyzed using the t test; P 	 0.01. (E) HBP1 suppresses DNMT1 promoter activity in a dose-dependent manner. HEK293T cells were cotransfected with 0.1 �g
of Luc-DNMT1 and different doses (0 to 2.0 �g) of HBP1. The luciferase activities were expressed as the means � standard errors of the means from four
experiments. Statistical differences were analyzed using the t test; P 	 0.01. (F) The integrity of affinity site is indispensable for HBP1 suppressing DNMT1
promoter in vivo. Shown is a schematic diagram of the native DNMT1 promoter and its mutant promoter. The mutant promoter of Luc-mDNMT1 contains two
point mutations in HBP1 affinity site (TT to GG) in the background of native Luc-DNMT1 promoter (left). The relative activities of HBP1 on the native
(Luc-DNMT1) and mutant (Luc-mDNMT1) DNMT1 promoters are shown (right).
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by deletion or targeted point mutation (Luc-�DNMT1 or Luc-
mDNMT1, Fig. 2D and F). As expected, the HBP1 mutant defec-
tive in sequence-specific DNA binding (pmHMG) had no effect
on either native or mutant DNMT1 promoters (Fig. 2D). These
results indicated that the HBP1 DNA binding domain and integ-
rity of high-affinity HBP1 promoter element are indispensable for
DNMT1 gene repression.

We next tested whether HBP1 bound to the DNMT1 gene
promoter. Using nuclear extracts from control and HBP1-ex-
pressing cells, the EMSA experiments in Fig. 3A showed that the
endogenous HBP1 could bind to the specific oligonucleotide
probe (containing the affinity site and biotin labeled: GCATTCA
TTCATTCATTCTTTCAGGT-biotin), and the transfected wild-
type HBP1 resulted in increased HBP1 binding. A mutant HBP1
defective in DNA binding (pmHMG) did not bind the probe.
Another mutant, delEx7, of abrogating DNA binding domain (de-
letion of HMG box) confirmed the result. The HBP1 EMSA signal
was specific, as determined by competition with a 100-fold excess
of unlabeled probe (wild-type [WT] probe), but not by a mutant
probe bearing point mutations in the high-affinity site (Fig. 3A).
In addition, the stronger band in the lanes with the transfected
HA-HBP1 could be supershifted with anti-HA, confirming that
HBP1 does specifically bind the high-affinity site probe. We next
asked whether HBP1 could bind the endogenous DNMT1 pro-

moter in senescent cells. Our studies demonstrated that the level
of HBP1 protein increases during replicative senescence (Fig. 1A).
First, wild-type HA-HBP1 bound to the endogenous DNMT1
promoter near the high-affinity site (Fig. 3B) in ChIP assays. As a
control, HA-pmHMG or delEx7, which is defective in DNA
binding or abrogating DNA binding domain, did not bind the
endogenous DNMT1 promoter. Wild-type and mutant HBP1
constructs were equivalently expressed. ChIP assays with control
anti-GAPDH gave no signal. Next, in 2BS cell nuclear extracts, the
endogenous HBP1 bound to the DNMT1 promoter in both young
and senescent cells (Fig. 3C). Both HBP1 protein expression and
binding to the DNMT1 promoter increased in senescent cells (Fig.
1A and 3C). Similarly, endogenous HBP1 binding to the DNMT1
promoter was increased in senescent cells relative to presenescent
cells (Fig. 3D). Together, Fig. 1 to 3 showed that HBP1 specifically
bound and repressed the endogenous DNMT1 promoter, result-
ing in the observed decrease in DNMT1 expression during senes-
cence.

HBP1 induces global DNA hypomethylation and specific p16
and p21 hypomethylation. We next asked whether the HBP1-
mediated repression of the DNMT1 gene triggered widespread
decreases in DNA methylation. Here, we measured 5-methylcyto-
sine (m5C) and overall methylated DNA levels as a function of
HBP1 expression (Fig. 4A, left). We expressed HBP1 in 2BS cells

FIG 3 HBP1 occupies its affinity site in the DNMT1 promoter. (A) EMSAs were performed by using a biotin-labeled probe N (containing the HBP1 affinity site).
Ten-microgram amounts of nuclear extracts from HEK293T cells expressing HA-HBP1, HA-pmHMG, or HA-delEx7 were used. The probe (GCATTCATTC
ATTCATTCTTTCAGGT) and the mutant probe (GCATTCATTCAGGCATTCTTTCAGGT) were used as unlabeled competitors at a 100-fold excess. The
presence of specific complexes, including supershifted HA-HBP1 in the complexes, is indicated. (B) HBP1 binding to the endogenous DNMT1 promoter
requires the HMG domain. ChIPs were used to test the binding of exogenous HBP1 to the endogenous DNMT1 gene. HEK293T cells were transfected with
HA-HBP1 or HA-pmHMG or HA-delEx7. The region from position �37 to position �222 contains the HBP1 element and was analyzed by specific PCR.
Anti-HA antiserum was used in the indicated lanes. Anti-HA immunoblots for HBP1 and mutant protein expression are shown. (C) EMSAs in senescent cells.
Ten-microgram amounts of nuclear extracts from young (PD15) or senescent (PD55) 2BS cells were analyzed by EMSA with the biotin-labeled probe N
(containing the HBP1 affinity site), as described for panel A. (D) Endogenous HBP1 binding to the DNMT1 promoter increases with senescence. HBP1 ChIPs
were used to detect endogenous HBP1 binding to the DNMT1 gene in young (PD15) and senescent (PD55) 2BS cells. Anti-HBP1 antibody was used in the
indicated lanes.

Pan et al.

892 mcb.asm.org Molecular and Cellular Biology

http://mcb.asm.org


with HA-tagged HBP1 through retroviral infection. After selec-
tion, we costained for the m5C and the HA epitopes. Vector-
infected cells showed strong staining for m5C, indicating global
hypermethylation. HA-HBP1-infected cells showed decreased
staining for m5C in the HA-positive cells, indicating hypomethy-
lation. Second, using HPLC-MS, the percentage of DNA methyl-
ation was also found to be decreased significantly in HBP1-over-
expressing cells compared with control cells (Fig. 4A, middle and
right). Moreover, the HBP1-transfected cells had an enlarged and
flattened morphology that resembled senescent cells (49). Thus,
HBP1 overexpression induced an overall decreased DNA methyl-
ation (or hypomethylation) with a premature senescence-like
morphology.

We next asked whether the status of p16 hypomethylation cor-
related with HBP1 and DNMT1 action. We have reported that
HBP1 regulated premature senescence by upregulating p16 pro-
tein expression in primary cells (16, 34). Others have reported that
p16 is hypomethylated in senescent cells (51, 52). In our work,
methylated DNA immunoprecipitation (MeDIP) and methyla-
tion-specific PCR (MSP) showed that methylation levels of p16
and p21 promoters were decreased in senescent cells, consistent
with previous reports (Fig. 4B and references 51 and 52). In con-
trast, methylation of the control p53 promoter was unchanged in
both senescent and young cells, consistent with previous report
that the p21 gene is hypomethylated during senescence, while p53
is regulated primarily at the posttranscriptional level (53). Fur-
thermore, an shRNA knockdown of HBP1 (expected to derepress
DNMT1) showed increased methylation of p16 and p21 promot-
ers (Fig. 4C), indicating that the HBP1 level regulated the specific
p16 and p21 methylation state.

We next investigated the reciprocal relationship of HBP1 and
DNMT1 to the observed hypomethylation on the p16 and p21
genes. This opposite expression suggested that exogenous
DNMT1 expression might rescue HBP1-induced specific p16 and
p21 hypomethylation. We expressed HBP1 or HBP1 plus DNMT1
in young 2BS cells (PD15) by retroviral infection and then used
MeDIP (Fig. 4D, left) and MSP (Fig. 4D, right) to measure the
methylation status of the p16, p53, and p21 promoters. The meth-
ylation levels of the p16 and p21 promoters were decreased in
HBP1-transfected cells relative to the vector control. Expression
of HBP1 decreased the expression of the DNMT1 gene and pro-
tein (Fig. 1 to 3). We then coexpressed HBP1 and DNMT1 (Fig.
4D, HBP1�DNMT1 lanes) and asked if the effect of HBP1 could
be rescued by DNMT1 coexpression. In the presence of DNMT1,
the levels of p16 and p21 gene methylation were restored to con-
trol levels, eliminating the HBP1-induced hypomethylation (Fig.
4D). There were no methylation changes in the control p53 pro-
moter, illustrating gene specificity for p16 and p21. A similar re-
sult was obtained by bisulfite sequencing analysis of promoters of
the p16 and p21 genes in 2BS cells (Fig. 4E). 2BS cells at PD15 were
infected with pBabe (as control), HBP1, or HBP1 plus DNMT1
and analyzed by bisulfite genomic sequencing (12 separate sub-
clones per condition; 28 CGs for p16 and 24 CGs for p21). Overall,
8.33% of CGs for p16 or 13.19% of CGs for p21 was methylated in
this fragment of control cells. Upon HBP1 overexpression, the p16
and p21 promoter methylation levels decreased to 2.38% and
3.13% of CGs, respectively, suggesting hypomethylation. Again,
in cells doubly expressing HBP1 and DNMT1, the p16 and p21
promoter methylation levels were restored to 8.93% and 11.81%
of CGs, and near control levels of 8.33% and 13.19%, respectively.

Thus, by two assays of DNA methylation, DNMT1 expression
rescued the HBP1-induced hypomethylation of the p16 and p21
promoters.

HBP1-mediated repression of DNMT1 contributes to HBP1-
induced p16 expression. We previously reported that HBP1 in-
duces premature senescence through transcriptional activation of
the p16 gene (33, 34). We next asked if varying DNMT1 levels and
DNA methylation might influence the interaction of HBP1 with
the p16 promoter. Using ChIP assays, excess DNMT1 decreased
HBP1 binding to the p16 promoter, whereas decreased DNMT1
(through shRNA knockdown) enhanced HBP1 binding to the p16
promoter (Fig. 5A). Furthermore, while HBP1 expression in-
creased p16 and p21 expression (Fig. 5C, middle lanes), coexpres-
sion of DNMT1 rescued the HBP1-mediated increases in p16 and
p21 expression (Fig. 5C, right lanes). Finally, shRNA knockdown
of DNMT1 increased p16 and p21 expression but had no effect if
HBP1 was also knocked down (Fig. 5D). These results indicate
that HBP1 and DNMT1 have a functional and reciprocal partner-
ship in regulating the p16 and p21 promoters and that the actions
of HBP1 require DNMT1. As determined by the methylation sta-
tus of p16 analyzed by MeDIP, MSP, and bisulfite sequencing in
Fig. 4, DNMT1 likely regulates the binding of HBP1 by altering
methylation status of p16 promoter.

We next asked if relative DNMT1 expression might influence
the recruiting of other factors to the p16 gene. Polycomb repres-
sive complex 2 (PRC2) was reported to have a key role in regulat-
ing p16 expression (2, 54–56). PRC2 and its histone methyltrans-
ferase EZH2 methylate histone H3 at lysine 27 as a prelude to DNA
methylation and gene silencing (57). EZH2 was reported to bind
and silence the p16 promoter to inhibit cell senescence (58, 59). As
a contrast to HBP1, we performed ChIP to detect whether
DNMT1 might regulate EZH2 binding to the p16 promoter (Fig.
5B). DNMT1 overexpression enhanced the binding of EZH2 to
the p16 promoter, whereas DNMT1 knockdown reduced the
binding, in exactly the opposite fashion to the HBP1 interactions
in Fig. 5A. Together, the actions of DNMT1 and DNA methylation
differentially regulate interaction of HBP1 and EZH2 on the p16
promoter.

HBP1-mediated repression of DNMT1 contributes to HBP1-
induced premature senescence and replicative senescence. We
used retroviral expression to overexpress the HBP1 and/or
DNMT1 proteins in 2BS cells. Consistent with previous studies,
HBP1 played a role in growth suppression, as shown by BrdU
incorporation assay and growth curve (Fig. 6A and C). HBP1 also
induced premature senescence, as demonstrated by an increase of
SA 
-Gal staining (Fig. 6E). Both the HBP1-induced S-phase in-
hibition and prolonged population doubling time were reversed
by DNMT1 expression (Fig. 6A and C). Consequently, DNMT1
also rescued HBP1-induced premature senescence (Fig. 6E). Sim-
ilar mechanisms are used for the Ras-induced model of premature
senescence. Ras overexpression induced expected increases in
HBP1 and p16 protein levels and a decrease in DNMT1 level.
Exogenous DNMT1 prevented Ras-induced increases in p16 ex-
pression, resulting in the loss of Ras-induced premature senes-
cence, as assessed by SA 
-Gal staining (Fig. 6G). Next, DNMT1
knockdown cells decreased BrdU incorporation and growth rate
and induced premature senescence (Fig. 6B, D, and F). HBP1
knockdown by shRNA increased growth rate (Fig. 6D) and by-
passed replicative senescence (Fig. 6F). We reported that HBP1
knockdown activates telomerase activity (33). What is the result of
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the double HBP1-DNMT1 knockdown? An interesting result oc-
curred. The simultaneous knockdown of both DNMT1 and HBP1
decreased growth suppression and senescence (Fig. 6B, D, and F).
But with extended passage, the shHBP1-shDNMT1 cells grew
in soft agar and showed full tumorigenicity in xenografts on
NOD-SCID mice (Fig. 6G). Thus, a precise balance of HBP1
and DNMT1 is necessary to enforce premature senescence, and
any abrogation has deleterious consequences for tumorigenesis.

Differential acetylation and DNA binding sequences deter-
mine whether HBP1 functions as a transcriptional activator or
repressor in cellular senescence. Figures 1 to 6 created a paradox-

ical scenario in which HBP1 functions as both a repressor and an
activator to regulate the DNMT1 and p16 genes, respectively, dur-
ing premature senescence. In this section, we provide evidence
that relative acetylation patterns and specific DNA sequences de-
termine whether HBP1 functions as a repressor of the DNMT1
promoter or as an activator of the p16 promoter in cellular senes-
cence.

Initially, we sought to compare the different HBP1 acetylation
sites for DNMT1 repression and for p16 activation, but we discov-
ered that the collection of acetylation mutants allowed us to de-
lineate the two opposite transcriptional functions of HBP1. There

FIG 4 HBP1 induces global DNA hypomethylation and specific p16 and p21 promoter hypomethylation. (A) HBP1 induces global DNA hypomethylation. 2BS
cells infected with pBabe (as a control) or pBabe-HBP1 were costained with antibodies specific for the HA epitope (green) and m5C (red) (left). DNA methylation
was analyzed by HPLC-MS in 2BS cells infected with pBabe or pBabe-HBP1 (middle and right). Statistical differences were analyzed using the t test; P 	 0.05. (B)
Methylation of p16 and p21 decreases during replicative senescence. Methylation levels of p16 and p21 promoters were measured by MeDIP (left) or MSP (right)
in young (PD15) and senescent (PD55) 2BS cells. (C) HBP1 knockdown with shRNA increases the methylation of p16 and p21 promoters. Methylation levels of
p16 and p21 promoters were measured by MeDIP (left) or MSP (right) in 2BS cells (PD30) infected with pSR (as a control) or pSR-HBP1shRNA. (D) DNMT1
rescues HBP1-induced specific p16 and p21 promoter hypomethylation. Methylation levels of the p16, p53, and p21 promoters were measured by MeDIP (left)
or MSP (right) in 2BS cells (PD15) infected with pBabe (as control), HBP1, or HBP1 and DNMT1. (E) Bisulfite sequencing analysis was performed in the CpG
islands in the promoters of the p16 and p21 genes in 2BS cells (PD15) infected with pBabe (as a control), HBP1, or HBP1 and DNMT1. For each sample, 12
separate clones were chosen for sequencing. Symbols: ▫, unmethylated cytosine; �, methylated cytosine.

FIG 5 DNMT1 promotes HBP1 interaction with the p16 gene. (A) DNMT1 alters the binding of HBP1 to p16 promoter. ChIPs were used to test the binding of
endogenous HBP1 to the endogenous p16 gene. 2BS cells were transfected with control vector, DNMT1 (left), or DNMT1shRNA (right). The region from
position �272 to �699 was analyzed by specific PCR. Anti-HBP1 antibody was used in the indicated lanes. (B) DNMT1 alters the binding of EZH2 to the p16
promoter. ChIPs were used to test the binding of endogenous EZH2 to the endogenous p16 gene. 2BS cells were transfected with control vector, DNMT1 (left),
or DNMT1shRNA (right). The regions from position �1817 to position �1577 and from position �437 to �225 contain the EZH2 element and were analyzed
by specific PCR. Anti-EZH2 antibody was used in the indicated lanes. (C) DNMT1 prevents HBP1 activation of the p16 and p21 genes. Levels of p16, p53, p21,
and GAPDH (as control) were determined by Western blotting of 2BS cells at PD15 infected with pBabe, HBP1, or HBP1 and DNMT1. (D) DNMT1 suppression
is not sufficient to induce p16 and p21 if HBP1 is absent. Levels of HBP1, DNMT1, p16, p21, and GAPDH (as a control) were determined by Western blotting
of 2BS cells at PD30 infected with pSR, HBP1shRNA, DNMT1shRNA, or HBP1shRNA and DNMT1shRNA.

HBP1 Suppresses DNMT1 Expression in Senescence

March 2013 Volume 33 Number 5 mcb.asm.org 895

http://mcb.asm.org


FIG 6 The repression of DNMT1 contributes to HBP1-induced premature senescence and replicative senescence. (A) DNMT1 rescues HBP1-induced S-phase
inhibition. 2BS cells (PD15) infected with pBabe, HBP1, or HBP1 and DNMT1 were labeled with BrdU and stained at day 14 after infection. The percentages of
BrdU-positive nuclei (means � standard errors of the means) were determined in three independent experiments (�300 cells counted per experiment).
Statistical differences were analyzed using the t test; P 	 0.05. (B) HBP1 is necessary for DNMT1 knockdown-induced S-phase inhibition. 2BS cells (PD30)
infected with pSR, HBP1shRNA, DNMT1shRNA, or HBP1shRNA and DNMT1shRNA were labeled with BrdU and stained at day 14 after infection. The
percentages of BrdU-positive nuclei (means � standard errors of the means) were determined in three independent experiments (�300 cells counted per
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are 5 possible acetylation sites: K171, K419, K297, K305, and
K307, depicted in Fig. 7A with the mutational combinations used
in this study. We previously showed that HBP1 is acetylated by
p300/CBP in the repression domain (K297/305/307) and in the P
domain (K171/419). We cotransfected DNMT1 luciferase re-
porter (Luc-DNMT1) with either wild-type HBP1 or our collec-
tion of HBP1 acetylation mutants into HEK293T cells. The ex-
pression of wild-type HBP1 repressed the DNMT1 promoter,
whereas the three acetylation mutants (K171/419R, K297/305/
307R, and K171/419/297/305/307R) were defective in repression
of the DNMT1 gene and protein (Fig. 7B and C). Finally, each of
the above-mentioned HBP1 acetylation mutants that were defec-
tive in DNMT1 repression consistently resulted in control levels of
global DNA methylation (represented by m5C staining [Fig. 7D])
and on the p16 and p21 genes (Fig. 7E). In contrast, wild-type
HBP1 expression resulted in no detectable global methylation or
in hypomethylation (by m5C staining [Fig. 4A]) on the p16 or p21
promoter (Fig. 7E). Our data suggest that acetylation of HBP1 at
any of the above-listed sites is required for DNMT1 repression,
since disruption of one or more of the sites abrogated DNMT1
repression and the observed HBP1-mediated hypomethylation on
p21, p16, and other promoters.

We next investigated the role of HBP1 acetylation in growth
suppression and induction of premature senescence. As shown in
Fig. 8A to C, the K171/419R, K297/305/307R, and K171/419/297/
305/307R mutants were defective for HBP1-mediated inhibition
of S phase, increased population doubling time, and induction of
premature senescence. In addition, the percentages of SA 
-Gal
staining cells in K171/419R- and K171/419/297/305/307R-ex-
pressing cells were not increased relative to control cells, indicat-
ing that mutation of these sites abolished the induction of prema-
ture senescence by HBP1. Thus, the K171/419R, K297/305/307R,
and K171/419/297/305/307R mutants were also defective in re-
pressing DNMT1 and increasing p16 (Fig. 7).

Yet, the functional impact of the HBP1 acetylation mutants
differed for activation of the p16 gene. Wild-type HBP1 led to p16
activation, as we had reported (33, 34). The expression of two of
the three acetylation mutants (K171/419R and K171/419/297/
305/307R) abolished the HBP1-mediated increase in p16 expres-
sion to near control levels (Fig. 7C, lanes 1, 2, 3, and 5). Notably,
one HBP1 mutant (K297/305/307R) still retained partial HBP1-

mediated induction of the p16 protein (Fig. 7C, lane 4) and induc-
tion of senescence (Fig. 8C). The partial p16 activation by this
acetylation mutant occurred in the presence of p16 DNA methyl-
ation, whereas p16 activation by wild-type HBP1 proceeded in the
absence of DNA methylation (Fig. 4 and 5). This observation
argues that complete hypomethylation and HBP1 are both neces-
sary for full p16 activation and senescence.

The mutational analysis suggested that the K419 acetylation
was critical for activation of p16 and for senescence. The clue is
that the K297/305/307R HBP1 mutant retained an intact K419
and had partial activation of the p16 gene, despite some p16 DNA
methylation. A single mutation at K419 abrogated activation of
the p16 gene by HBP1 (Fig. 8D). These data suggest that the acet-
ylation at K419 and the HBP1-mediated activation of p16 tran-
scription partially contribute to senescence.

Figure 8 illustrates a differential and complex requirement for
HBP1 repression and activation. We next addressed the central
question of how HBP1 can do both activation and repression. We
hypothesized that different sequences might direct repression and
activation. We tested minimal promoter constructs with either the
DNMT1/p47phox repression sites (TTCATTCATTCA)n or the
p16 putative activation sites (GGGTAGGG)n (shown in Fig. 9A).
The expression of wild-type HBP1 activated through the p16 sites
but repressed through the DNMT1 sites (Fig. 9B and C). This
single finding establishes that different DNA sequences direct
HBP1-mediated repression and activation.

Furthermore, the two HBP1 activation- and repression-spe-
cific reporters reflected the differential acetylation requirements
for senescence. Similar to the data in Fig. 7 and 8, the acetylation at
one of several sites was required (K419, K171, K297, K307, and
K305) for repression through the DNMT1 repression-specific re-
porter (Fig. 9B). A mutation in any or several of the above sites was
defective in repression on the native DNMT1 or p16 synthetic
promoters (Fig. 7B and 9B). In contrast, an intact K419 residue
was required for activation through the p16 activation-specific
reporter or repression through native DNMT1 promoter-report-
ers (see the wild type and K297/305/307R mutant [Fig. 8D and
9C]). Any HBP1 mutant with a K419R mutation was defective in
transcriptional activation (e.g., K419R, K171/419R, and K297/
K305/K307/171/419R [Fig. 9C]).

The take-home messages of Fig. 7 to 9 are that (i) HBP1 has

experiment). Statistical differences were analyzed using the t test; P 	 0.05. (B) HBP1 is necessary for DNMT1 knockdown-induced S-phase inhibition. 2BS cells
(PD30) infected with pSR, HBP1shRNA, DNMT1shRNA, or HBP1shRNA and DNMT1shRNA were labeled with BrdU and stained at day 14 after infection. The
percentages of BrdU-positive nuclei (means � standard errors of the means) were determined in three independent experiments (�300 cells counted per
experiment). Statistical differences were analyzed using the t test; P 	 0.05. (C) DNMT1 attenuates HBP1 increase in population doubling time. 2BS cells (PD15)
were infected with pBabe, pHBP1, or pDNMT1 and PD measured in a time course experiment. Day 0 represents the 14th day postinfection. The means �
standard errors of the means for three independent experiments are shown. Statistical differences were analyzed using the t test; P 	 0.05. (D) HBP1 and DNMT1
knockdown-induced increase in population doubling time. 2BS cells (PD30) were infected with pSR, pHBP1shRNA, pDNMT1shRNA, or pHBP1shRNA and
pDNMT1shRNA. The experiment was performed as described for panel A. (E) DNMT1 prevents HBP1-induced SA 
-Gal expression. 2BS cells (PD15) were
infected with pBabe (as a control), HBP1, or HBP1 and DNMT1. Cells were then stained for SA 
-Gal at day 14 after infection (top). The percentage of cells
positive for SA 
-Gal in 2BS cells infected with pBabe, HBP1, or HBP1 and DNMT1 was determined in three independent experiments and expressed as mean �
standard error of the mean, with �300 cells per experiment (bottom). Statistical differences were analyzed using the t test; P 	 0.01. (F) HBP1 is required for
DNMT1 knockdown-induced senescence. 2BS cells (PD30) were infected with pSR, HBP1shRNA, DNMT1shRNA, or HBP1shRNA and DNMT1shRNA. SA

-Gal expression was measured as described for panel C. (G) Abrogation of both HBP1 and DNMT1 abolishes senescence and promotes tumorigenesis. WI-38
cells were doubly infected with shRNAs to DNMT1 and to HBP1 and then selected for simultaneous decreases in both genes. The resulting cells were analyzed
for transformation (growth in soft agar). About 500,000 HBP1KD-DNMT1KD cells were implanted subcutaneously in NOD-SCID mice, which were monitored
for �6 weeks for tumor growth. (H) Suppression of DNMT1 by HBP1 participates in Ras-induced premature senescence. Left, DNMT1 eliminates the capability
of Ras upregulating p16 expression. Levels of p16 and GAPDH (as a control) were determined by Western blotting of 2BS cells at PD15 infected with pBabe, Ras,
or Ras and DNMT1. Right, DNMT1 prevents Ras-induced SA 
-Gal expression. 2BS cells (PD15) were infected with pBabe, Ras, or Ras and DNMT1. Cells were
then stained for SA 
-Gal at day 14 after infection. The percentage of cells positive for SA 
-Gal is shown. Statistical differences were analyzed using the t test;
P 	 0.01.
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opposite transcriptional functions through different and specific
DNA sequences and (ii) these opposite functions have different
acetylation requirements. Specifically, acetylation at K419 was
both necessary and sufficient for HBP1-mediated transcriptional
activation of the p16 gene through a GGGTAGGG element. In
contrast, acetylation at least one of five sites (K419, K171, K297,
K307, and K305) was necessary for HBP1-mediated repression
through a TTCATTCATTCA element. HBP1 orchestrates a com-
plex process with DNMT1 repression and p16 activation through
different DNA sequences and differential protein acetylation to
enact cellular senescence (see model in Fig. 10).

DISCUSSION

DNMT1 plays an important role in maintaining established meth-
ylation patterns during DNA replication. Changes in methylation
are also associated with aging, cellular senescence, and tumorigen-
esis (9, 60–63). Therefore, proper regulation of DNMT1 levels and

activity is critical for maintaining cells in a differentiated state and
preventing tumorigenesis. Here, we identify HBP1 as an intrigu-
ing and important factor in regulating the DNA methylation state
in senescence.

HBP1 is a dual transcription factor that regulates overall
DNA methylation state and cellular senescence. The present
work began as a straightforward investigation of how the HBP1
transcriptional repressor could regulate the DNMT1 gene (Fig. 1
to 3) and then elaborated an intriguing and complex partnership
between HBP1, DNMT1 repression, and p16 activation in cellular
senescence (see model in Fig. 10). Together, our work is consistent
with a model in which HBP1 regulates the DNA methylation of
p16 and overall DNA methylation by repression of the DNMT1
gene. Essentially, the HBP1-mediated repression of DNMT1 sets
the epigenetic threshold upon which further activation or repres-
sion can occur in senescence. In turn, the hypomethylation of the
p16 gene augments HBP1-mediated transcriptional activation to

FIG 7 HBP1 acetylation is indispensable for its suppression of DNMT1 transcription. (A) Schematic diagram of wild-type HBP1 and associated mutants. (B)
HBP1 acetylation is indispensable for its suppression of the DNMT1 promoter. Shown are relative activities of HBP1 and associated mutants on the native
DNMT1 promoter (Luc-DNMT1), respectively. The luciferase activities were expressed as the means � standard errors of the means from four experiments.
Statistical differences were analyzed using the t test; P 	 0.01. (C) HBP1 acetylation is indispensable for its suppression of DNMT1 expression. 2BS cells were
infected at PD15 with pBabe, HBP1, or associated mutant vectors. Levels of DNMT1, p16, p21, and GAPDH (as control) were determined by Western blotting.
(D) HBP1 acetylation is indispensable for induction of global DNA hypomethylation. 2BS cells infected with pBabe (as a control) or associated mutant vectors
were costained with anti-HA epitope (green) and anti-m5C (red). (E) HBP1 acetylation is indispensable for induced hypomethylation of the p16 and p21
promoters. Methylation levels of p16 and p21 promoters were measured by MeDIP in 2BS cells (PD15) infected with pBabe (as a control), HBP1, or associated
mutant vectors.
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enact premature senescence. Both the transcriptional repression
and activation functions of HBP1 are needed during senescence
for appropriate regulation of DNMT1 and DNA methylation sta-
tus and for the activation of the p16 gene. The opposite functions
of HBP1 are regulated by different DNA elements and by differ-
ential protein acetylation.

The model in Fig. 10 is supported by the following experimen-
tal results. (i) HBP1 represses the DNMT1 gene through se-
quence-specific binding to the promoter and is itself regulated by

protein acetylation at K419 and other sites (Fig. 1 to 3, 8, and 9).
(ii) The HBP1-mediated repression of DNMT1 decreases overall
DNA methylation (Fig. 4 and 5). (iii) Full hypomethylation and
HBP1 were necessary for complete activation of the p16 promoter
in senescence. The interaction of HBP1 with the p16 promoter was
influenced by DNMT1 and DNA methylation of the p16 gene in
premature senescence (Fig. 5 to 9). When hypomethylation and
DNMT1 repression were compromised, the HBP1-mediated ac-
tivation of p16 was partial (Fig. 7). (iv) Surprisingly, differential

FIG 8 Effect of HBP1 acetylation mutants on cellular senescence phenotype. (A) Acetylation at K171/419 is indispensable for HBP1-induced S-phase inhibition.
2BS cells (PD15) infected with pBabe, HBP1, or an acetylation mutant vector were pulsed with BrdU. The percentages of BrdU-positive nuclei (means � standard
errors of the means) were determined in three independent experiments. Statistical differences were analyzed using the t test; P 	 0.01. (B) Acetylation at
K171/419 contributes to HBP1-induced increase in population doubling time. 2BS cells (PD15) were infected with pBabe, pHBP1, or an acetylation mutant
vector, and PD was measured in a time course experiment, as described for Fig. 6C. (C) Acetylation at K171/419 contributes to HBP1-induced SA 
-Gal
expression. 2BS cells (PD15) were infected with pBabe, HBP1, or an acetylation mutant vector. Cells were then stained for SA 
-Gal at day 14 after infection (left),
and the percentage of cells positive for SA 
-Gal was determined as described for Fig. 6E (right). Statistical differences were analyzed using the t test; P 	 0.05.
(D) Mutation of K419 abrogates DNMT1 repression and p16 and p21 activation. Wild-type HBP1 and a K419R mutant were tested on the DNMT1 promoter and
for expression in 2BS cells. Immunoblotting for DNMT, p16, p21, and GAPDH was performed as described for Fig. 7C.
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acetylation of HBP1 dictates whether it is a sequence-specific re-
pressor or an activator for enacting premature senescence. K419 is
necessary and sufficient for the transcriptional activation func-
tions of HBP1 (Fig. 9). In contrast, HBP1-mediated repression of
DNMT1 requires a subset of acetylations at K171, K419, K297,
K305, and/or K307. The last three residues reside in the HBP1
repression domain. Thus, HBP1 acetylation is indispensable for
the complex transcriptional regulation of DNMT1 and p16 (min-
imally) in senescence. Finally, any abrogation of the HBP1-
DNMT1-p16 partnership affects senescence and/or triggers tu-
morigenesis.

The observation that HBP1 can function as a repressor or as an
activator, depending on acetylation state and promoter sequences,
resolves diverse reports in the literature, including our own work.
From the repressor standpoint, we have clearly described the
DNMT1 (this work), p47phox (17), and N-MYC (23) genes as
genes that are repressed by HBP1 in a sequence-specific manner.
From the activator standpoint, the p16 (33), p21 (29), MPO (30),
Mif (20), and histone H1 (32) genes are genes that are transcrip-
tionally activated by HBP1. In the present work, we provide evi-
dence that different promoter sequences are used for activation

(e.g., GGGTAGGG) and repression (e.g., TTCATTCATTCA) and
that the function of HBP1 is also regulated by differential acetyla-
tion. While the DNMT1 and p16 genes already showed significant
complexity, more studies are necessary to understand HBP1-me-
diated transcriptional activation, since p21, MPO, and histone
genes do not contain the p16 activation sequence.

Relevance to senescence and cancer. The complex mecha-
nisms of HBP1-mediated repression, activation, DNA methyl-
ation, and protein acetylation are all required to orchestrate senes-
cence and prevent of tumorigenesis. The likely consequence is that
the HBP1-mediated repression of DNMT1 triggers a global hy-
pomethylation. When we investigated the p16 gene, we found that
the hypomethylated state of the p16 promoter enhanced HBP1
binding and transcriptional activation. Thus, both functions of
HBP1 were required for enacting senescence. Our work under-
scores the importance of HBP1-DNMT1-p16 axis for regulating
cellular senescence, as its abrogation disrupts senescence and pro-
motes tumorigenesis.

In the context of cancer, several lines of evidence underscore
the importance of the HBP1 transcription factor. We had previ-
ously reported that HBP1 was decreased in invasive breast cancer

FIG 9 HBP1 functions as a dual transcriptional activator and repressor, dependent on DNA element and acetylation state. (A) Promoter reporters based on the
p16 and DNMT1 HBP1 sites. The 4�J reporter was previously published (17) and represents the repression sites from the p47phox promoter (TTCATTCAT
TCA)4. The 4�W reporter contains the putative HBP1 activation sites from the p16 gene (GGGTAGGG)4. (B) HBP1 and DNMT1 repression. The indicated
wild-type and mutant HBP1 constructs were transfected with the 4�J repression construct into 2BS cells and assayed for luciferase activity as described for Fig.
7B. Statistical differences were analyzed using the t test; P 	 0.05. (C) HBP1 and p16 activation. The indicated wild-type and mutant HBP1 constructs were
transfected with the 4�W activation construct into 2BS cells and assayed for luciferase activity as described for Fig. 7B. Statistical differences were analyzed using
the t test; P 	 0.05.
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and correlated with a poor prognosis (40). Other reports suggest a
similar role for decrease in HBP1 in prostate cancer (20). Sears and
colleagues also showed that HBP1 inhibits the activity of Myc, a
gene often overexpressed in breast cancer (27). For this study, the
decreases in HBP1 associated with breast and other cancers give a
framework for the reports that DNMT1 levels increase in breast
cancer (64–66). Our own inspection of the public databases fur-
ther added the observation that reduced HBP1 levels were statis-
tically associated with elevated DNMT1 levels (Fig. 1D and E).
From the cancer standpoint, we predict that tumors with low
HBP1 levels may have increased DNA methylation, perhaps de-
tectable by elevated m5C staining and other methods mentioned
in this article. Because overall DNA methylation is changed in
response to HBP1 in senescence, we predict that strategies to reset
the DNA methylation state in a tumor cell with reduced HBP1
may reenact senescence.
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