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BACKGROUND: The UHRF1 gene possesses an essential role in DNA methylation maintenance, but its contribution to

tumor suppressor gene hypermethylation in primary human cancers currently remains unclear. METHODS: mRNA

expression levels of UHRF1, DNMT1, DNMT3A, DNMT3B, and E2F1 were evaluated in 105 primary nonsmall cell lung

carcinomas by quantitative polymerase chain reaction. The methylation status of CDKN2A and RASSF1 promoters

was examined by pyrosequencing. UHRF1 was knocked down by short hairpin RNA in A549 lung adenocarcinoma

cells. RESULTS: All 4 genes were overexpressed in a coordinated manner in the lung tumor tissues, and their expres-

sion correlated with that of E2F1. Higher UHRF1 expression in tumor tissues correlated with the hypermethylation of

CDKN2A (P ¼ .005) and RASSF1 promoters (P ¼ .034), and the relationship with a combined epigenotype was even

stronger (P ¼ 2.3 � 10�4). When UHRF1 was knocked down in A549 lung adenocarcinoma cells, lower methylation

levels of RASSF1, CYGB, and CDH13 promoters were observed. Also, UHRF1 knockdown clones demonstrated reduced

proliferation and decreased cell migration properties. CONCLUSIONS: Our data demonstrate that UHRF1 is a key epi-

genetic switch, which controls cell cycle in nonsmall cell lung carcinoma through its ability to sustain the transcrip-

tional silencing of tumor suppressor genes by maintaining their promoters in a hypermethylated status. Thus, UHRF1

should be considered, along with DNMTs, among the potential targets for cancer treatment and/or therapeutic strati-

fication. Cancer 2011;117:1027–37. VC 2010 American Cancer Society.
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Epigenetic silencing of tumor suppressor genes (TSGs) is a hallmark in human cancers affecting multiple cellular
pathways, such as cell signaling, adhesion and invasion, cell cycle, angiogenesis, DNA repair and apoptosis.1,2 Nonsmall
cell lung carcinomas (NSCLCs) are no exception to this, with a plethora of TSG promoters affected, including RASSF1,3

CDKN2A,4 CYGB,5, EDNRB,6 RARbeta,7,8MGMT,8 and CDH13.9

DNMTs (DNA methyltransferases) are the key enzymes responsible for the establishment and maintenance of
DNA methylation profiles.10-12 Until recently, DNMT1 was considered to be the maintenance enzyme after DNA repli-
cation, whereas DNMT3A andDNMT3Bwere characterized as de novomethyltransferases.13 The revised model suggests
that DNMT1 carries out the bulk of the DNA methylation maintenance, whereas DNMT3A and DNMT3B, being
compartmentalized to particular chromosome regions, can complete the methylation process and correct errors.14 In addi-
tion, there is increasing evidence suggesting the involvement of histone modifications and nucleosome positioning in both
de novo and maintenance methylation processes.15,16 Numerous studies have demonstrated frequent overexpression
of the DNMTs in many cancer types,17-19 which in some cases correlated with the hypermethylation of particular
TSGs.20-22 However, other reports suggest that DNMT overexpression does not by itself seem to sufficiently account for
the hypermethylation of TSG promoters.19,21,23,24

UHRF1 (also known as ICBP90) has recently been shown to play an important role in methylation maintenance.25

It has the ability to bind hemimethylated DNA through its SET- and RING-associated domain,26,27 triggering the
recruitment of DNMT125,28 and histone deacetylace-1.29 UHRF1-knockout mouse embryonic stem cells exhibit signifi-
cant loss of genomic methylation.25 The UHRF1 gene is a target for the transcriptional activator E2F1,29 and its
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expression is associated with increased cell prolifera-
tion.30,31 Accumulating evidence suggests that UHRF1
has a putative oncogene function.32 Despite the impor-
tance of UHRF1 function in DNA methylation, the cur-
rent data regarding its contribution to the epigenetic
silencing of TSGs in primary human tumors are limited
to a single report associating UHRF1 overexpression with
BRCA1 promoter methylation in sporadic breast
cancer.33

In this study, we examined the mRNA expression
profile of UHRF1 as well as DNMT1, DNMT3A, and
DNMT3B in NSCLC and examined their relationship to
the methylation status of CDKN2A and RASSF1 gene
promoters. In addition, we further investigated the role of
UHRF1 in regional hypermethylation by knocking its
expression down in a lung cancer cell line.

MATERIALS AND METHODS

Human Tissues and Cell Lines

Frozen tissue from 105 NSCLCs (55 adenocarcinomas
and 50 squamous cell carcinomas), as well as 50 adja-
cent normal lung tissues were obtained from Liverpool
Heart and Chest Hospital (Liverpool, UK). Fifty-seven
patients were male, and 48 were female. Specimens
comprised the following pathological stages (pT): 10
T1, 81 T2, 10 T3, and 4 T4. Ethical approval was
obtained from the Liverpool Ethics Committee for
this study, and informed consent was obtained from
each individual. The A549 adenocarcinoma cell line
and its transfectant derivatives used in this study were
grown in Dulbecco modified Eagle medium:F12 with
L-glutamine and 10% fetal bovine serum, at 37�C
supplemented with 5% CO2.

DNA, RNA, and cDNA Synthesis

DNA and RNA extraction from tissues used 20 �
40 lm frozen sections from each patient sample.
The first and last sections underwent pathological
review to ensure �80% tumor cell content. DNA
and RNA extraction from tissues and cell lines were
performed using the DNeasy and RNeasy kits (Qia-
gen, Crawley, UK), respectively, after the manufac-
turer’s protocol. Five hundred nanograms total RNA
was reverse transcribed in a 20 lL reaction using the
Quantitect kit (Qiagen) following the supplier’s
protocol.

Quantitative Polymerase Chain Reaction
Expression Assays

TaqMan Gene Expression Assays for DNMT1
(Hs00945898_g1), DNMT3A (Hs01027167_g1),
DNMT3B (Hs01003404_g1), UHRF1 (Hs00273589_
m1), and E2F1 (HS01566605_g1) (FAM-labeled) as well
as ACTB (4326315E) as endogenous control (VIC-labeled)
were purchased from Applied Biosystems, Warrington,
UK. Assays were performed in 15 lL containing 7.5 lL
Taqman expression master mix (Applied Biosystems), 0.75
lL of the target primer/probe mix, 0.75 lL endogenous
control, and 2 lL of cDNA per the universal conditions (2
minutes at 50�C, 95�C for 10 minutes, 50 cycles of 94�C
for 30 seconds, 60�C for 45 seconds) on an Applied Biosys-
tems 7500 real-time polymerase chain reaction (PCR)
machine. mRNA levels were expressed as relative quantifi-
cation values, which were calculated as relative quantifica-
tion ¼ 2(�DDCt), where the mRNA expression of IMR-90
cells was used as a calibrator in each run. All assays were run
in triplicate, and the mean value was used for the analysis.

DNA Methylation Analysis

Pyrosequencing assays (Qiagen) were developed to mea-
sure the DNA methylation levels of CDKN2A, RASSF1,
CYGB, CDH13, DNMT1, DNMT3A, DNMT3B, and
UHRF1 promoters. The locations of the interrogated CG
dinucleotides (CpGs) and relevant primers in each pro-
moter are shown in Figure 1. The primer sequences used
are the following:

(CDKN2A) F: 50-AGGGGTTGGTTGGTTAT-
TAG-30, R: 50-biotin-CTACCTACTCTCCCCCTCT
C-30, S: 50-GGTTGGTTATTAGAGGGT-30; (RASSF1)
F: 50-AGTATAGTAAAGTTGGTTTTTAGAAA-30, R:
50-biotin-CCCTTCCTTCCCTCCTT-30, S: 50-AAGTT
GGTTTTTAGAAATA-30; (CDH13) F: 50-biotin-TTA
GGGAAAATATGTTTAGTGTAGT-30, R: 50-ACCCC
TCTTCCCTACCTA-30, S: 50-ACCCCTCTTCCCTA
CCT-30; (CYGB) F: 50-biotin-GGGAATTGATTTAA
AGTTTA-30, R: 50-AAAAAACCCAACTAAATCCAC-
30, S: 50-ACCCAACTAAATCCAC-30; (UHRF1) F: 50-
GGTTAATTAGGAGGTAGG-30, R: 50-biotin-ACTC
CACATTTAAAAATTAC-30, S: 50-GGTTAATTAGGA
GGTAG-30; (DNMT1) F: 50-GATATTTTGTGTA
GAAGGATGGAA-30, R: 50-biotin-ACCCACCTCC
CAACAAAC-30, S: 50-ATTTTGTGTAGAAGGATG-
30; (DNMT3A) F: 50-GATTTTGGTTTTGTAGAG
TAGAG-30, R: 50-biotin-TCTACCTACCTCAACAC
TAAAACT-30, S: 50-ATTCACCTCCCAACAAAC-30;
(DNMT3B) F: 50-GAGTTAGGTTTATTTGGGTT
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AT-30, R: 50-biotin-CTTCCTCCCAACAACTACT-30,
S: 50-TTATTTGGGTTATTTAA-30.

One microgram of genomic DNA was treated with
sodium bisulphite (EZ DNA methylation Kit, Zymo
Research, Orange, Calif) following the manufacturer’s
protocol. All primers were designed using Pyromark Assay
Design 2.0 software (Qiagen) and supplied by Eurofins
MWG Operon (Ebersberg, Germany). PCR amplifica-
tions were performed in a final volume of 25 lL using
Qiagen HotStarTaq Master Mix, 200 nM biotinylated
primer, 400 nM nonbiotinylated primer, and approxi-
mately 60 ng of bisulfite-treated genomic DNA. The ther-
mal profile was: 95�C for 5 minutes followed by 40 cycles
consisting of 94�C for 30 seconds, 51 to 57�C for 30 sec-
onds, 72�C for 30 seconds. The annealing temperature
for each gene was: CDKN2A, 55�C; RASSF1, 50�C;
CYGB, 50�C; CDH13, 52�C; UHRF1, 51�C; DNMT1,
57�C; DNMT3A, 54�C; DNMT3B, 57�C. For pyrose-
quencing analysis, the PyroMark Gold Q96 SQA
Reagents and the PyroMark Q96 ID instrument (Qiagen)
were used following the supplier’s protocol. The methyla-

tion index for each promoter was calculated as the mean
value of mC/(mC þ C), where C is unmethylated cyto-
sine and mC is 50 methyl-cytosine, for all examined CpGs
in the target sequence.34

Construction of a Short Hairpin RNA UHRF1
Knockdown Stable Cell Line

The short hairpin RNA (shRNA) oligonucleotides
used were (bold characters indicate the target
sequence): UHRF1-sense, 50GATCCC GGACGGCG
CGGGAACTCTATTCAAGAGATAGAGTTCCCGCG
CCGTCCTTTTTGGAAA 30; UHRF1-antisense, 50AGC
TTTTCCAAAAAGGACGGCGCGGGAACTCTATCT
CTTGAATAGAGTTCCCGCGCCGTCCGG 30; scrambled-
sense, 50GATCCCATGAAGTCG CATGGTGCAGTT
CAAGAGACTGCACCATGCGACTTCATTTTTTGG
AAA 30; scrambled-antisense, 50AGCTTTTCCAAAAA
ATGAAGTCGCATGGTGCAGTCTCTTGAACTGCA
CCATGCGACTTCATGG 30.

Oligonucleotides were annealed and ligated into the
pGEM-T-easy shuttle vector (Promega, Madison, Wis)
containing the H1 promoter. Constructs were verified by
sequencing analysis on a 3130 capillary sequencer using
the BigDye 1.1 kit (Applied Biosystems). The shRNA
module was then excised and ligated into the vector
backbone of the pN1pbactin-rtTA2S-M2-IRESEGFP
plasmid35 containing the tetracycline repressor and a neo-
mycin resistance gene. The final pN1pbactin-rtTA2S-
M2-IRESEGFP-UHRF1 and pN1pbactin-rtTA2S-M2-
IRESEGFP-scrambled constructs were transfected into
the A549 cell line using the Attractene reagent (Invitro-
gen, Carlsbad, Calif). Stable cell lines were selected after 2
weeks using 600 ng/lL G418 antibiotics. Twenty differ-
ent clones were checked for UHRF1 down-regulation at
both RNA (quantitative PCR) and protein (Western blot)
level in the presence/absence of 1 lg/mL doxycycline. The
clones demonstrating inducible knockdown of UHRF1
did not produce>45% reduction of the UHRF1 mRNA.
In contrast, 2 clones (named clone 1 and 2 thereafter)
demonstrated constitutive, noninducible >80% knock-
down of UHRF1 mRNA. Thus, it was decided to proceed
to the subsequent experiments with these 2 clones.

MTT Proliferation Assay

The viability of A549 parental and UHRF1 knockdown
clones was measured using the MTT proliferation assay; 5
� 103 of A549 parental, mock, A549 PAXUHRF1 clone
1 and clone 2 cells were seeded in 12-well plates. The next
day, cells were washed with phosphate-buffered saline
(PBS) and incubated with fresh medium containing 0.5

Figure 1. Diagrammatic map of the promoter regions exam-
ined is shown. CG dinucleotides are represented by vertical
lines and primers as arrows. Numbering refers to the tran-
scriptions start site depicted by the gamma-shaped arrow.
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mg/mL of MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide) (Sigma-Aldrich, St Louis,
Mo) for 2.5 hours at 37�C supplemented with 5% CO2.
The medium was subsequently removed, and cells were
washed with PBS. The converted formazan was solubi-
lized by adding 1 mL of isopropyl alcohol-0.04 M HCl.
After 5 minutes, viability of the cells was determined by
measuring the difference in absorbance at 570 nm with
reference at 630 nm. Time point measurements were per-
formed every 24 hours for 5 days in total. The average
proliferation rate was deduced from 3 biological
replicates.

Western Blot

A549 cells were lysed at 80% confluence using RIPA
buffer supplemented with protease inhibitors (1 mM
phenylmethylsulfonyl fluoride [Sigma Aldrich], 10 lg/
mL leupeptin [Sigma Aldrich], 10 mMNaF [Fluka, Neu-
Ulm, Germany], 1 mM Na3VO4 [Sigma Aldrich]). Total
protein concentration was measured with the DC Biorad
Assay [Biorad, Hercules, Calif]. Twenty micrograms of
total protein were denatured, separated on a 3%-8%
NuPAGE Novex Tris-Acetate Mini gel (Invitrogen), and
blotted onto a polyvinylidene difluoride membrane using
an iBLOT platform (Invitrogen). Membranes were
blocked in 5% Protoblock Reagent A (National Diagnos-
tics) for 1 hour, incubated overnight with 2 lg/mL of the
primary anti-UHRF1 mouse antibody (ab57083, Abcam,
Cambridge, UK) at 4�C, and probed with horseradish
peroxidase-rabbit antimouse secondary antibody
(ab6741, Abcam). Antitubulin primary antibody
(SC31779, Santa Cruz Biotechnology, Santa Cruz, Calif)
was used as an internal control of total protein concentra-
tion. The bands were observed with the ECL western blot-
ting detection kit (Amersham, Piscataway, NJ).

Wound Healing Assay

Wound-healing capacity of the A549 parental, mock, and
A549 UHRF1 knockdown colonies was measured using
scratch assays. Approximately 3 to 5� 103 of A549 paren-
tal, mock, A549 PAXUHRF1 clone 1 and clone 2 cells
were seeded in 24-well plates. The next day, when cells
had reached confluence, monolayers were scratched using
a tip. Time-lapsed images were digitally captured with a
charge-coupled device camera over a period of 24 hours.
The area that was covered by the migrating cells was calcu-
lated using TScratch software.36

Statistical Analysis

The fitness of continuous data into a normal distribution
was tested by the one-sample Kolmogorov-Smirnov test.
As none of the variable data fitted into normal distribu-
tion, nonparametric tests such as Mann-Whitney and
Wilcoxon were used to analyze expression values among
different groups. Spearman correlation was used to assess
the relationship between continuous values. All statistical
tests were performed by SPSS version 16.0 (SPSS Inc.
Chicago, Ill).

RESULTS

UHRF1, DNMT1, DNMT3A, and DNMT3B Are
Overexpressed in Primary NSCLCs

We measured by quantitative PCR the mRNA expression
levels of UHRF1, DNMT1, DNMT3A, DNMT3B, and
E2F1 in 105 primary NSCLC tumors, 50 of which had
available paired adjacent nontumor tissue. Analysis of
normal/tumor paired tissue sets demonstrated higher
mRNA levels for all these genes in the tumors (Table 1).
Bivariate analysis of the expression of the above genes in
the set of 105 tumors demonstrated significant correla-
tions between all of them (Table 2). In addition, expres-
sion of UHRF1, DNMTs, and E2F1 was comparatively
analyzed with the clinicopathological data. UHRF1 was
found to be expressed at higher levels in squamous carci-
nomas (mean relative quantification, 3.8 � 0.4) than
adenocarcinomas (mean relative quantification, 2.8 �
0.4, Mann-Whitney, P ¼ .019). No further associations
were observed between other clinical parameters (age, sex,
T stage, nodal metastasis and differentiation) and any of
the examined genes with the exception of the correlation
between DNMT3B mRNA overexpression and poor
prognosis. In particular, patients with lower than median
DNMT3B expression (relative quantification �24.4) had
a mean estimated survival of 70.2 � 10.4 months,

Table 1. mRNA Expression of Examined Genes in Lung Tumor
and Paired Normal Lung Tissue (n¼50)

Gene mRNA Expression
(RQ Values, Mean6SE)

P (Wilcoxon
Test)

Tumor Normal Lung

UHRF1 3.9 � 0.4 0.5 � 0.1 1.7 � 10�9

DNMT1 9.8 � 0.8 5.8 � 0.4 2.0 � 10�5

DNMT3A 47.9 � 7.4 32.9 � 4.5 3.9 � 10�4

DNMT3B 89.0 � 16.7 31.8 � 5.8 4.4 � 10�6

E2F1 25.3 � 3.8 9.5 � 1.5 1.9 � 10�6

RQ indicates relative quantification value ¼ 2�DDCt; SE, standard error.

The expression of IMR90 lung fibroblasts has been used as calibrator in all

genes. The mean value was deduced by 2 repeats.
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whereas the corresponding figure for those with higher
DNMT3B expression was 29.3 � 5.7 months (log-rank
test, P¼ .013, Fig. 2).

The presence of CpG islands in the promoters of
UHRF1 and all DNMTs led us to examine their DNA
methylation status in this NSCLC set. All 4 promoters
were found to be unmethylated in both normal and tumor
tissues examined.

UHRF1 and DNMT Overexpression Correlates
With Hypermethylation of TSGs

The methylation levels of CDKN2A and RASSF1 pro-
moters were measured by pyrosequencing in this set of
105 NSCLC tissues. Representative pyrograms are given
in Figure 3. The threshold for scoring hypermethylated
samples was conservatively set to 10%, which is higher
than previously established thresholds,37,38 to increase the
prospect of the detected methylation for biologically rele-
vance. DNA hypermethylation was observed in 32.4% of
the tumors for RASSF1 and 26% of the tumors for
CDKN2A. The expression of the UHRF1 and DNMTs
genes was analyzed in relation to the hypermethylation
status of the TSGs (Table 3). Tumors with hypermethy-
lated CDKN2A demonstrated higher levels of DNMT1
(Mann-Whitney, P ¼ .018) and UHRF1 (P ¼ .005)
expression compared with the CDKN2A-unmethylated
tumors. Also, tumors with hypermethylated RASSF1
demonstrated higher levels of DNMT3B (Mann-
Whitney, P ¼ .043) and UHRF1 (P ¼ .034) expression.
DNMT3A expression did not demonstrate a correlation
with any of the 2 examined promoters. Interestingly,
when combining the methylation status of both CDKN2A
and RASSF1 (positive ¼ at least 1 methylated), the corre-
lation between UHRF1 expression and hypermethylation
becomes more significant (P¼ 2.3� 10�4, Table 3).

UHRF1 Down-Regulation Leads to
Hypomethylation of TSGs in A549 Cells

After the observations regarding the relationship between
UHRF1 expression and TSG hypermethylation in pri-
mary NSCLCs, we further investigated the role of
UHRF1 in a cell line model by knocking down UHRF1

Table 2. Coordinated Expression of UHRF1, DNMTs, and E2F1 in Nonsmall Cell Lung Carcinoma
(N¼105)

Gene DNMT1 DNMT3A DNMT3B E2F1

UHRF1
Spearman correlation coefficient 0.633 0.583 0.514 0.754

P 4.5 � 10�13 6.6 � 10�11 2.4 � 10�8 1.5 � 10�20

DNMT1
Spearman correlation coefficient 0.737 0.558 0.659

P 3.2 � 10�19 7.3 � 10�10 2.3 � 10�14

DNMT3A
Spearman correlation coefficient 0.688 0.744

P 6.9 � 10�16 1.1 � 10�19

DNMT3B
Spearman correlation coefficient 0.732

P 1.1 � 10�18

Figure 2. Kaplan-Meier survival analysis of nonsmall cell lung
carcinoma patients in relation to DNMT3B mRNA expression
is shown. X axis represents follow-up (FU) time; cumulative
(Cum) survival is represented on the Y axis. Tumors with
DNMT3B relative quantification value >24.4 (median) demon-
strate a lower survival rate than those with lower than the
median DNMT3B expression. It must be noted that none of
the patients received postoperative chemo- or radiotherapy.
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in A549 lung adenocarcinoma cell line and acquiring sta-
ble transfectants. Both derived clones demonstrated 80%
knockdown at the RNA level (Fig. 4A), whereas the
protein was almost undetectable in Western blotting

(Fig. 4B). The mRNA expression levels of DNMT1 and
DNMT3A demonstrated no significant changes between
A459, the mock, and the UHRF1 knockdown clones. In
contrast,DNMT3B was consistently up-regulated in both
UHRF1 knockdown clones (Table 4). UHRF1 and
DNMT promoters were unmethylated in the A549 cells,
and no change was observed in the UHRF1 knockdown
clones (Table 4). To examine the UHRF1 knockdown
effect on regional hypermethylation, we examined by
pyrosequencing the promoters of RASSF1, CYGB, and
CDH13, which were known from previous unpublished
work to be methylated in the A549 parental line
(CDKN2A promoter was found to be unmethylated in
A549 cells). Although no difference was observed in the
mock cell line, the methylation status of all 3 promoters
was consistently, although variably, reduced in both
UHRF1 knockdown clones (Fig. 5).

Phenotypic Effects of UHRF1
Down-Regulation

The phenotypic characteristics of the UHRF1 knock-
down clones were significantly different from those of
A549 and mock cell lines. Both UHRF1 knockdown
clones had reduced proliferation rates (Fig. 6). In addi-
tion, scratch assays (Fig. 7) demonstrated lower migration
efficiency of the UHRF1 knockdown clones. In particu-
lar, TScratch software analysis demonstrated that after 24
hours, the open wound area was 10.5% � 1.3% in the
parental A549, 14.1% � 1.1% in mock cells, 71.9% �
1.8% in UHRF1 clone 1, and 56.1% � 1.8% in clone
2 (Fig. 8).

DISCUSSION
Inactivation of TSGs by promoter hypermethylation is
among the most frequent abnormalities in human can-
cers.1 Our understanding of epigenetic deregulation is
advancing as the list of genes and mechanisms mediating
the DNAmethylation process grows.39-43

UHRF1 performs a critical function in DNA meth-
ylation maintenance25; however, its involvement in TSG
promoter hypermethylation in cancer is not yet clear. In
the present study, we investigated in NSCLCs the rela-
tionship of UHRF1 expression with the hypermethylation
status of CDKN2A and RASSF1 promoters, which are
among the most frequently hypermethylated genes in this
tumor type. UHRF1 mRNA was overexpressed in
NSCLC tumor tissues in comparison to their normal
adjacent tissue, confirming in a large sample set a

Figure 3. Representative pyrograms from the DNA methyla-
tion analysis are shown. X axis shows the dispensation order;
the examined sequence is shown at the top of each pyro-
gram. Gray lanes are indicative of individual CG dinucleotides;
yellow lanes indicate the bisulfite conversion controls.
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preliminary observation.44 UHRF1 overexpression was
more profound in squamous carcinomas than adenocarci-
nomas, further underlying the differences in the molecular
evolution of these tumor types. Further research is
required to provide evidence on whether this difference
could be used in the clinical management of these 2 histo-
logical types. Although UHRF1 promoter bears a CpG
island, no DNA methylation was found in normal or tu-
mor tissue, excluding the possibility of an epigenetic
expression feedback loop. As UHRF1 is a known E2F1
target,29,45 we also examined E2F1 mRNA expression lev-

els in this sample set. Indeed, a strong relationship was
observed between the expression levels of the 2 genes, sup-
porting the concept that UHRF1 regulation is under the
control of the pRb/E2F1pathway.46

It is of note that UHRF1 overexpression in the
NSCLC tissue set was correlated with increased DNA
methylation of both CDKN2A and RASSF1 promoters,
and moreover that a much stronger association was
observed when analyzing UHRF1 expression against a
combined CDKN2A/RASSF1 methylation epigenotype.
Thus, UHRF1 activity is important in maintaining
the hypermethylation of certain TSGs. This is also
supported by findings in breast tumors, where UHRF1
overexpression was correlated with BRCA1 promoter
hypermethylation.33

To provide additional support to our ex vivo obser-
vations, we knocked down the expression of UHRF1 in
A549 lung adenocarcinoma cell line. Both UHRF1
knockdown derived clones demonstrated reduced methyl-
ation of RASSF1, CYGB, and CDH13 promoters, which
are hypermethylated in A549. The UHRF1 knockdown
clones presented with reduced proliferation rates and
migration efficiency in comparison to those of the parent
and the mock cell lines. This is consistent with the
reported association between UHRF1, proliferation,30

and tumor cell growth.44 E2F1 levels did not change upon
UHRF1 knockdown, indicating a lack of a feedback loop.
Both our ex vivo and in vitro data suggest that UHRF1
can influence the cell cycle control mainly through the epi-
genetic silencing of relevant tumor suppressors.

To gain a wider view of the DNA methylation
machinery status, we also measured the mRNA expression
of DNMT1, DNMT3A, and DNMT3B. All these
genes were overexpressed in NSCLC tissues, in concord-
ance with previous reports in other human cancer
types.17-19,21,47,48 A strong correlation between the

Table 3. mRNA Expression Levels of UHRF1, DNMT1, DNMT3A, and DNMT3B in Groups of NSCLCs With Different Methylation
Status of CDKN2A and RASSF1

Gene CDKN2A
Methylation

P RASSF1
Methylation

P CDKN2A and/or
RASSF1

P

2 1 2 1 2 1

UHRF1 2.9 � 0.4 3.9 � 0.4 .005a 2.8 � 0.3 4.1 � 0.7 .034a 2.4 � 0.3 4.1 � 0.5 2.3 � 10�4a

DNMT1 6.5 � 0.8 8.8 � 1.2 .018a 6.8 � 0.7 8.1 � 1.3 .301 6.0 � 0.7 8.2 � 1.0 .058

DNMT3A 26.4 � 3.2 35.3 � 9.6 .604 31.7 � 5.3 31.4 � 4.9 .314 23.7 � 3.6 33.3 � 5.9 .151

DNMT3B 59.5 � 10.0 73.1 � 20.0 .200 54.8 � 9.7 90.8 � 19.8 .043a 41.9 � 6.1 84.6 � 16.8 .037a

Values are presented as mean relative quantification�standard error. P values originate from Mann-Whitney tests.
a Statistically significant.

Figure 4. (A) Quantitative polymerase chain reaction and (B)
Western blotting demonstrate UHRF1 mRNA and protein
expression, respectively, of the A549-derived UHRF1 knock-
down clones. A >80% reduction of mRNA levels is observed
in both clones; UHRF1 protein is hardly detectable in the
Western blot in comparison to the strong UHRF1 expression
in A549 and mock cells. RQ indicates relative quantification.
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expression levels of all the DNMTs was observed, in ac-
cordance with a reported coordinated expression of
DNMTs.22,47 Furthermore, the expression levels of all
DNMTs examined in this set was correlated with the
expression of E2F1. Although the E2F1 dependence of
DNMT1 transcription is well established,49 our data sug-
gest that DNMT3A and DNMT3B may also be regulated
by E2F1. Recent evidence of the participation of
DNMT3A and DNMT3B in DNA methylation mainte-
nance after DNA replication14,50 provides a biological
reason behind the E2F1 dependence. However, this
requires further confirmation with functional studies. The
overexpression of DNMT3B correlated with poor survival
in our NSCLC set, and this is in agreement with a previ-
ous study demonstrating prognostic significance of
DNMT3B expression but only in younger patients aged
<65 years.51 The potential clinical implementation of
these observations should be further investigated.

Statistical analysis in primary tumors demonstrated
that DNMT1 overexpression was correlated with hyper-
methylation of CDKN2A promoter, in accordance with
previous reports.21,22 In addition, DNMT3B overexpres-
sion was correlated with hypermethylation of RASSF1
but not CDKN2A promoter. Interestingly, the same find-

ing was reported for DDNMT3B in NSCLC.20 The
amplicon detected in our study includes all different
DNMT3B transcripts, and because DDNMT3B is the
predominant form of DNMT3B in NSCLCs,52 it is likely
that our results reflect the observed correlation between

Figure 5. Effect of UHRF1 expression knockdown on the DNA methylation levels of RASSF1, CYGB, and CHD13 is shown. A con-
sistent reduction of the DNA methylation of all 3 promoters is observed across biological replicates in both UHRF1 knockdown
clones. The Y axis represents the mean methylation index detected by triplicate pyrosequencing experiments. Error bars repre-
sent standard error of the mean.

Table 4. mRNA Expression and DNA Methylation of DNMTs in UHRF1 Knockdown Clones

Cells mRNA Expression (Mean RQ6SE) Promoter Methylation Index

DNMT1 DNMT3A DNMT3B UHRF1 DNMT1 DNMT3A DNMT3B

A549 1.00 � 0.21 1.02 � 0.08 1.02 � 0.08 2% 1% 0% 1%

Mock 1.07 � 0.19 0.96 � 0.04 1.2 � 0.13 3% 2% 1% 0%

Clone 1 0.78 � 0.15 1.16 � 0.06 6.03 � 0.39 2% 0% 2% 1%

Clone 2 0.94 � 0.18 1.27 � 0.06 4.15 � 0.19 2% 1% 1% 1%

RQ indicates relative quantification; SE, standard error.

Means and SE have been calculated from 6 replicates (2 biological � 3 technical). The average value of the A549 cells was used as calibrator for calculating

RQ.

Figure 6. Proliferation rates over 5 days, measured by MTT
experiments, are shown. Proliferation is significantly reduced
in both UHRF1 knockdown clones in comparison to A549
cells and mock (scrambled short hairpin RNA) cell lines.
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DDNMT3B and RASSF1. The importance of both
DNMT1 and DNMT3B expression in the maintenance
of aberrant CpG island methylation of TSGs in mamma-
lian cell models20,53-55 has been demonstrated. Our data
together with previous reports20-22 suggest that DNMT1
and DNMT3B can regulate DNA methylation in a pro-
moter-specific manner. In concordance with this sugges-
tion is the classification of common and distinct promoter
groups identified after RNA interference-mediated sup-
pression of DNMT1 and DNMT3B.56

Interestingly, whereas the expression levels of
DNMT1 and DNMT3A remained unchanged in the
UHRF1 knockdown clones, there was a significant
increase of DNMT3B expression in the absence of any
methylation change of its promoter. The reasons behind
the increase of DNMT3B expression upon UHRF1
knockdown are not currently clear. It is not known

whether this is a directly UHRF1-related effect or whether
unprompted high-DNMT3B expression provides a selec-
tive advantage that eventually takes over the cell popula-
tion in the culture environment. Nevertheless, the
incomplete RASSF1, CYGB, and CDH13 promoter
hypomethylation observed in the UHRF1 knockdown
clones suggests that DNMTs can maintain a degree of
methylation in the presence of low abundance of UHRF1
protein.

This study provides compelling new evidence to
suggest that the overexpression of UHRF1 in NSCLC is
critical, alongside the overexpression of DNMTs, for
the maintenance of hypermethylated TSG promoters.
UHRF1 is thus emerging as key epigenetic switch for cell
cycle control and can be used as a new target for epigenetic
therapies.
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