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Early cellular events associated with tumorigenesis often include loss of cell cycle checkpoints or alteration in growth
signaling pathways. Identification of novel genes involved in cellular proliferation may lead to new classes of cancer
therapeutics. By screening a tetracycline-inducible cDNA library in A549 cells for genes that interfere with proliferation,
we have identified a fragment of UHRF1 (ubiquitin-like protein containing PHD and RING domains 1), a nuclear RING
finger protein, that acts as a dominant negative effector of cell growth. Reduction of UHRF1 levels using an UHRF1-
specific ShRNA decreased growth rates in several tumor cell lines. In addition, treatment of A549 cells with agents that
activated different cell cycle checkpoints resulted in down-regulation of UHRF1. The primary sequence of UHRF1
contains a PHD and a RING motif, both of which are structural hallmarks of ubiquitin E3 ligases. We have confirmed
using an in vitro autoubiquitination assay that UHRF1 displays RING-dependent E3 ligase activity. Overexpression of a
GFP-fused UHRF1 RING mutant that lacks ligase activity sensitizes cells to treatment with various chemotherapeutics.
Taken together, our results suggest a general requirement for UHRF1 in tumor cell proliferation and implicate the RING

domain of UHRF1 as a functional determinant of growth regulation.

INTRODUCTION

The uncontrolled proliferation that is a hallmark of tumor-
igenesis is often a result of cellular events such as loss of cell
cycle checkpoints or changes in growth signaling pathways.
Such cellular processes are tightly regulated through the
activation and inactivation of protein function, events that
are mediated by protein-protein interactions, various post-
translational modifications, and regulation of protein stabil-
ity. Deciphering the complexity of these regulatory systems
should lead to a better understanding of protein function.
These unique functions can be perturbed by overexpression
of wild-type proteins, dominant negative mutants, isolated
protein domains, or small peptides. Identification of such
genetic effectors involved in cellular proliferation can pro-
vide significant insight into protein function, and conse-
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quently cellular physiology. This information can poten-
tially provide novel avenues for new therapeutic classes in
the treatment of cancer.

Retroviral-mediated functional screening is a powerful
approach for revealing physiologically relevant gene func-
tion. The unique properties of retroviruses make them ideal
tools for the introduction of large and diverse libraries of
potential genetic effectors to a variety of cell types. Recently,
we reported the successful development of a functional
approach to identify cell proliferation regulators in human
cells utilizing inducible retroviral expression libraries (Hi-
toshi ef al., 2003). Using this strategy, we screened a GFP-
fused ¢cDNA library to identify genes that cause cell cycle
arrest in A549 lung tumor cells. This screen identified a
fragment of UHRF1 (ubiquitin-like protein containing PHD
and RING finger domains 1, also known as ICBP90 in hu-
mans), a nuclear ring finger protein, which serves as a
dominant negative effector of cell growth.

UHRF1 was previously isolated in a screen for proteins
that bound to a CCAAT box in the promoter region of the
topoisomerase Ila gene. Its overexpression resulted in en-
hanced expression of topoisomerase Ila protein (Hopfner et
al., 2000, 2002). It is a gene whose expression has been
positively correlated with cellular proliferation. A murine
homolog of UHRF1 (mUHRF1), previously referred to as
NP95, has been identified and appears to be subject to
similar regulatory mechanisms (Fujimori et al., 1998; Mori et
al., 2002). Expression of either UHRF1 or mUHRF1 mRNA
and protein is low in quiescent cells and high in proliferating
cells and tissues (Fujimori et al., 1998; Hopfner et al., 2000)
including breast carcinomas (Mousli et al., 2003), suggesting
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a role for this family of proteins in proliferation. Indeed,
mUHRF1 was isolated in a genetic screen designed to find
genes that are induced when terminally differentiated cells
are forced into S phase by adenovirus E1A protein (Bona-
pace et al., 2002).

The primary sequence of UHRF1 contains a PHD and a
RING finger motif, domains that have both been linked to E3
ubiquitin ligase activity (Jackson et al., 2000; Coscoy and
Ganem, 2003). Recently it was reported that mUHRF1 dis-
played RING-finger dependent ubiquitination of histones in
vitro (Citterio et al., 2004; Mori et al., 2004), although the
functional significance of this biochemical activity is still
unclear. Because a fragment of UHRF1 was isolated from
our proliferation-based functional screen, we decided to fur-
ther characterize the role of human UHRF1 and its RING
finger domain in tumor cell growth.

Here we identify and characterize UHRF1 as a key cellular
growth regulator whose E3 ubiquitin ligase activity is criti-
cal for cellular recovery from various environmental insults.
Abrogation of UHRFI1 expression using an UHRF1-specific
shRNA resulted in markedly enhanced growth defects in
Ab549, HeLa, and H1299 cells. Using an in vitro autoubiqui-
tination assay, we have confirmed that UHRF1 possesses
RING-dependent E3 ubiquitin ligase activity. A549 cells ex-
pressing a GFP-tagged UHRF1 RING finger mutant lacking
ligase activity display enhanced sensitivity to a wide variety
of chemotherapeutics. Our results suggest that the RING
finger domain of UHRF1 plays an important role in cellular
proliferation through mediating ubiquitination.

MATERIALS AND METHODS

Reagents

The full-length human UHRF1 cDNA was cloned into a tetracycline-regulat-
able retroviral vector in frame with the upstream GFP to create the expression
construct, GFP-UHRF1, used in the chemosensitization experiments. Con-
structs used for the in vitro autoubiquitination assays contained a myc
epitope tag upstream of the GFP. UHRF1 point and deletion mutants were
created using PCR-directed mutagenesis (Stratagene QuikChange site-di-
rected mutagenesis kit and Stratagene Ex-site mutagenesis kit, La Jolla, CA).
All constructs were verified by sequencing. A rabbit polyclonal antibody was
raised against full-length human His,-UHRF1 protein expressed in insect cells
(Zymed, South San Francisco, CA) and affinity-purified. Other antibodies
used include mouse a-Myc (Covance, Princeton, NJ), mouse a-flag (Sigma, St.
Louis, MO), mouse a-glyceraldehyde-3-phosphate dehydrogenase (GAPDH;
US Biologicals, Swampscott, MA), rabbit a-actin (Cytoskeleton, Denver, CO)
and sheep a-lactate dehydrogenase-1 (LDH; Cortex Biochem, San Leandro,
CA)

GFP Fusion Protein Library

A retroviral cDNA library in which ¢cDNA is expressed as a protein with a
linker (EEAAKAGGSGGSVVES/R) fused at the C-terminus of GFP, was
constructed in a tetracycline (tet)-regulatable (tet-off system) retroviral vector,
TRA (Lorens et al., 2000). cDNA encoding GFP and the linker followed by a
BstXI cloning site and three stop codons in all three open reading frames was
inserted into the TRA vector. Poly A RNA was isolated from A549 lung cancer
cells. Double-stranded cDNA was generated from the poly A RNA using the
Invitrogen Superscript kit (Carlsbad, CA) with the reverse-transcription
primer. The cDNA was sonicated, blunted by exonucleases, ligated to the
BstXI adaptor, and cloned into the vector.

Isolation of cDNAs That Encode Antiproliferative
Effectors

A549 lung tumor cells expressing the tetracycline regulatable transactivator
(tTA; A549.tTA cells) were infected with a tet-inducible (tet-off) retroviral GFP
fusion protein library (TRA_GFP-cDNA containing 2.0 X 107 independent
inserts) and selected according to both high fluorescent intensity of the
lipophilic cell membrane staining dye, Dil (D-282, Molecular Probes, Eugene,
OR) with a fluorescence-activated cell sorter, MoFlo (Dako-Cytomation, Fort
Collins, CO) and resistance to infection with retrovirally encoded diphtheria
toxin alpha chain (DT-« virus) as described previously (Hitoshi et al., 2003).
After two rounds of DT-a virus selection and Dil-based cell sorting, cells were
plated for single-cell cloning in the presence of the tetracycline analog, doxy-
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cycline (Dox) to suppress GFP-cDNA expression. After careful observation,
134 colonies were picked and analyzed for their effect on growth in both
Dox-containing (expression off) and Dox-free media (expression on). The
cDNA inserts from these clones were amplified by PCR, sequenced, recloned,
and transduced into naive A549.tTA cells to evaluate their effect on cell
proliferation with the Dil staining intensity assay.

Cell Tracker Assay

A549.tTA cells were stained with the cell tracker dye, Dil, 1 d before infection,
infected with tet-regulatable retroviruses expressing GFP fusion proteins, and
incubated at 37°C for 5 d. After the incubation, fluorescent intensity of GFP
and Dil was analyzed with MoFlo. The effect of GFP fusion proteins on
proliferation was assessed with comparison of the Dil intensity distribution
between the GFP-positive population (gating on subpopulations consisting of
the high expressers) and the GFP-negative population in the same sample.
Nondividing cells or slow growing cells remain Dil bright as a result of the
decreased rate of cell division.

Quantitative Analysis of UHRF1 Transcripts

The real-time PCR method was used for quantification of UHRF1 mRNA.
Expression of UHRF1 mRNA was normalized to that of 185 rRNA. The
primer sets and the probe for UHRF1 are as follows: the UHRF1 forward
primer 5'-CCAGCAGAGCAGCCTCATC-3', the UHRF1 reverse primer 5'-
TCCTTGAGTGACGCCAGGA-3" and the UHRF1 probe 5-FAM-CAAGAG-
CAACGCCAAGCTGTGGAAT-TAMRA-3'. Primers for quantification of 185
rRNA were purchased from Applied Biosystems (Foster City, CA). Total
RNAs from human mammary gland epithelial cells (HMECs), human pros-
tate epithelial cells (PrEC), human cervical carcinoma cells (HeLa), lung
carcinoma cells (A549 and H1299), colon carcinoma cells (HCT116), and
breast tumor cells (MCF7, MBA-MD231, and HCC1937) were isolated using
RNA easy kit (Qiagen, Valencia, CA). Total RNA isolated from primary tumor
tissues and associated normal tissues were purchased from Ardais (Lexing-
ton, MA). The real-time PCR was performed using a Tagman 8000 instrument.

siRNA Studies

The sequences used for the transient transfections were purchased from
Dharmacon (Lafayette, CO) and are as follows: UHRF1-1 sense strand (AAA-
CAGAUGGAGGACGGCCAATAT), UHRFI-2 sense strand (AAUUGGGGC-
UGUACAAGGUCAJATAT), and luciferase control sense strand (CUUACG-
CUGAGUACUUCGAJTAT). The duplex 1 of UHRFI-1 was also introduced
into cells as a short hairpin RNA (shRNA) under the regulation of a U6
promoter using a retroviral construct that also expressed GFP as a marker
(Holland et al., 2005). Cells were seeded at 1 X 10° per well into a six-well dish
1 d before transfection. The next day, cells were transfected with 100 nM
siRNA duplexes using Oligofectamine (Invitrogen) according to reagent tech-
nical literature. Twenty-four hours after transfection, siRNA-containing me-
dium was removed and cells were transferred to a fresh six-well dish for
Western or cell cycle analysis. For cell cycle analysis, cells pulsed for 4 h with
10 uM bromodeoxyuridine (BrdU) were trypsinized and fixed with cold 70%
ethanol. The nuclei were isolated by digesting the fixed cells with 0.08%
pepsin in 0.1 N HCI for 20 min at 37°C followed by neutralization with two
volumes of 0.1 M sodium borate. The nuclei were vortexed, spun down, and
resuspended in buffer containing 10 mM HEPES, pH 7.4, 150 mM NaCl, 4%
fetal calf serum, 0.1% sodium azide, and 0.5% Tween-20. The resulting nuclear
suspension was incubated overnight with FITC-conjugated «-BrdU followed
by brief propidium iodide treatment before flow cytometric analysis.

GFP Positivity and Chemosensitization Assays

AB549.tTA cells were infected with tet-regulatable retroviruses encoding either
GFP or GFP-fused UHRFI1 proteins. FACS analysis was performed on the
total infected population at set intervals after infection to determine the
percentage of GFP-positive cells. For chemosensitization experiments, retro-
virus-infected cells were divided into two aliquots 3 d after infection. One
aliquot was treated with drug, and the other aliquot was treated with di-
methyl sulfoxide (DMSO) at the same dilution. Cells were treated with
etoposide or cis-platinum for 3 h at 37°C, and washed with phosphate-
buffered saline (PBS) and then fresh medium was added. Cells treated with
either taxol or hydroxyurea contained those drugs in the medium for the
duration of the experiment. All drugs were purchased from Sigma. At indi-
cated time points after drug treatment, FACS analysis was performed on both
the DMSO-treated and drug-treated populations to determine the percentage
of GFP-positive cells.

In Vitro Autoubiquitination Assays

293T cells were transfected with myc-GFP or myc-GFP-UHRFI1 protein ex-
pression constructs using Fugene (Roche Applied Science, Indianapolis, IN).
Forty-eight hours after transfection, cells were washed with PBS and lysed in
20 mM HEPES, 300 mM NaCl, 1 mM EDTA, 0.1% NP-40. After clarification of
lysates, myc-tagged proteins were immunoprecipitated using a-myc agarose
conjugate (Santa Cruz Biotechnology, Santa Cruz, CA). After washing beads
twice with lysis buffer, beads were washed twice with ubiquitination assay
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buffer (62.5 mM Tris, pH 7.5, 6.25 mM MgCl,, 50 uM ATP, 1.0 mM dithio-
threitol [DTT]). Ubiquitination reaction was initiated by adding 5 ng human
E1, 20 ng UbcHS5, and 100 ng of flag-ubiquitin (J. Huang, unpublished results)
to beads in a total reaction volume of 30 ul. Reactions were performed for 1 h
at room temperature and then stopped by adding 30 ul 2X SDS-PAGE gel
loading bulffer.

For the plate-based ubiquitination assay, 300 ng of recombinant UHRF1
protein or 75 ng recombinant APC2/APC11 was incubated with 5 ng E1, 20
ng UbcHS5, and 100 ng flag-ubiquitin in 62.5 mM Tris, pH 7.5, 6.25 mM MgCl,,
1.0 mM DTT, 0.05 mM ATP in 100 ul total volume in a 96-well Ni(II) coated
plate (Pierce Biotechnology, Rockford, IL) for 1 h at room temperature. After
washing with PBS, incorporated flag-ubiquitin was detected using mouse
anti-flag antibody (Sigma), anti-mouse IgG-horseradish peroxidase (HRP;
Jackson ImmunoResearch Laboratories, West Grove, PA), and SuperSignal
chemiluminescent reagent (Pierce). Reactions were performed in quadrupli-
cate.

Production of Recombinant UHRF1 Proteins

UHRF1 wild-type and mutant protein sequences were cloned into the
pDEST10 baculovirus transfer vector using Gateway technology (Invitrogen)
followed by transposition into DH10bac Escherichia coli (Invitrogen) to pro-
duce the recombinant baculoviruses. After a 48-h infection, SF9 cells were
lysed in 25 mM Tris, pH 8.5, 0.5 M NaCl, 0.2% NP-40, 10% glycerol, and 1 mM
Tris(2-carboxyethyl) phosphine (TCEP; Pierce). Cell lysates were clarified by
centrifugation and then the supernatants were incubated with ProBond Ni(II)
resin (Invitrogen). Bound protein was washed with 20 mM imidazole in lysis
buffer and eluted with 250 mM imidazole. D-salt columns (Pierce) were used
to transfer the protein into 25 mM Tris, pH 7.5, 150 mM NaCl, 0.1% NP-40,
10% glycerol, and 1 mM TCEP.

Fluorescence Microscopy

A549 cells expressing either GFP-UHRF1 wild-type or GFP-UHRF1 ARING
proteins were fixed in 3.7% paraformaldehyde in PBS and then stained with
Hoechst 33342. Cells were visualized using an Axiovert S100 fluorescent
microscope (Carl Zeiss Microlmaging, Thornwood, NY) and imaged using a
CCD camera (Hamamatsu Photonics K.K., Hamamatsu, Japan).

RESULTS

Isolation of an Antiproliferative Fragment of UHRF1

A dual selection screen for the isolation of antiproliferative
molecules was performed using a GFP fusion protein library
in a tetracycline (tet) regulatable retroviral vector using the
protocol described (Hitoshi ef al., 2003). The screen entailed
both 1) positive selection for cells with high staining of a
lipophilic cell membrane dye, Dil, indicative of reduced cell
division; and 2) negative selection of cycling cells by infec-
tion with retrovirally encoded diphtheria toxin alpha chain
(DT-a virus). In this screen, retrovirally delivered DT-a vi-
rus preferentially kills cycling cells due to the requirement of
nuclear envelope breakdown for efficient retroviral integra-
tion (Roe et al., 1993).

Of the hits identified, one clone encoded a fragment of
UHRF1 containing amino acid positions 506-642 that is a
part of the YDG/SRA domain. This domain in UHRF1 has
been shown recently to be sufficient for binding to methyl-
ated CpG sites and for forming complexes with HDAC1 and
DNA (Unoki et al., 2004). The isolated fragment of UHRF1,
which was expressed as a GFP fusion protein, showed both
reduction of cell growth in the absence of doxycycline, a
condition where GFP-UHRF]I transcription occurs, and nor-
mal cell growth in the presence of doxycycline, where GFP-
UHREF1 transcription is turned off. Because hits were iso-
lated from the screen based on the fluorescence intensity of
the cell tracker dye, Dil, we utilized the same dye-based
proliferation assay to confirm the effect of both the GFP
control and the GFP-fused UHRF1 hit on cell proliferation
(Figure 1). The effects of these constructs on proliferation
were assessed by comparing the Dil intensity distributions
between the GFP-positive population (gating on either the
entire positive population or on subpopulations consisting
of the high GFP expressers) and the GFP-negative popula-
tion within the same sample. The negative control, GFP,
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Figure 1. Identification of an antiproliferative fragment of UHRF1.
The fragment (amino acid positions 506—-642) was identified as a hit
that showed both reduction of cell growth in the absence of doxy-
cycline (Dox, a tetracycline analog) and normal cell growth in the
presence of Dox. The position of the fragment in the full-length
UHRF1 protein is indicated as an arrow and the amino acid se-
quence of the fragment is shown. The primary sequence of UHRF1
contains a UBQ domain (ubiquitin like, AA 14-89), a PHD domain
(AA 330-379), a YDG/SRA domain (AA 427-599), and a RING
finger domain (AA 724-762). A549.tTA cells were stained with the
cell tracker dye, Dil, infected with tet-regulatable retroviruses ex-
pressing GFP or the GFP fused UHRF1 fragment, and incubated at
37°C for 5 d. The effect of the fragment on proliferation was assessed
with comparison of the Dil intensity distribution between the
GFP-positive population (gating on subpopulations consisting of
the GFP-high expressers; blue lines and red lines in the figure)
and the GFP-negative population (black lines) in the same sam-
ple. The localization of the GFP fused UHRF1 fragment and GFP
alone in A549.tTA cells is shown in the right panels.

showed no significant difference in the Dil fluorescence in-
tensity distribution between the GFP-positive and -negative
populations. Cells infected with retroviruses encoding the
fragment of UHRF1 exhibited higher Dil fluorescence in the
GFP-positive population, indicative of their inhibitory effect
on cell proliferation. The antiproliferative effect (mainte-
nance of Dil staining intensity) was more pronounced in
cells demonstrating higher GFP expression, indicating that
the antiproliferative activity is dose-dependent. Because the
hit identified in the functional screen was fused to GFP, we
examined the localization of the GFP fusion in A549 cells
expressing the tetracycline transactivator, A549.tTA cells
(Figure 1). Although GFP alone was distributed uniformly
throughout both the cytoplasm and the nucleus, the hit was
concentrated in the nucleus.

UHRF1 Is Required for Proliferation in Human Cells

Our dye-based proliferation assay established that the 506
642 fragment of UHRF1 fused to GFP had antiproliferative
effects in A549 cells. Previous functional studies using
antisense oligonucleotides against mUHRF1 suggested that
mUHRF1 may play a role in the G1 to S transition (Bonapace
et al., 2002). To determine whether UHRF1 played a similar
role in cell cycle progression as mUHRF1, H1299 lung tumor
cells were transfected using several siRNAs targeted against
UHRF1 (Elbashir et al., 2001). Western blot analysis of
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Figure 2. Down-regulation of UHRF1 in H1299 cells results in G1
and G2/M cell cycle arrest. (A) Reduction of UHRF1 protein in
H1299 cells treated with oligofectamine or transfected with siRNAs
against either luciferase or UHRF1. Measurement was performed
24 h after transfection. Lactate dehydrogenase was used as the
loading control. (B) Flow cytometric analysis of siRNA transfected
H1299 cells pulsed with BrdU 72 h after transfection and then
stained with FITC-conjugated «-BrdU and propidium iodide. DNA
content is indicated on the x-axis and extent of BrdU incorporation
is indicated on the y-axis. Arrows indicate increased G1 and G2/M
phase cell populations for the UHRF1-transfected cells compared
with the controls. Color coding in the plots goes in the order from
blue to green to red, with red representing the highest cell density.
(C) Graphical representation of flow cytometric data from B.

UHRF1 protein levels in H1299 cells harvested 24 h post-
transfection (Figure 2A) demonstrated at least a twofold
knockdown in UHRF1 protein levels with either UHRF1-
specific siRNA 1 or 2.

To measure changes in the cell cycle distribution in
UHRF1 siRNA-transfected cells, flow cytometric analysis
was performed 72 h after transfection on cells pulsed with
BrdU. Reduction of UHRF1 mRNA levels in H1299 cells led
to reproducible increases in the G1 and G2/M phase cell
populations, as shown by the increase in the number of cells
with either a 2N or 4N DNA content and low «a-BrdU FITC
intensity (Figure 2B, depicted graphically in Figure 2C) for
UHRF1-specific siRNAs 1 and 2 compared with the controls.
Accordingly, we also observe a concomitant decrease in the
number of cells in S phase for the UHRF1 siRNA-treated
cells. These data suggest that UHRF1 is required for pro-
gression from G1 to S phase and also for G2/M phase
progression.

Reduction of UHRF1 message levels as measured by
quantitative PCR analysis was most efficient in siRNA-trans-
fected H1299 cells compared with other cell lines such as
Ab549 and HeLa (unpublished data). Depending on the turn-
over rate of UHRF1 mRNA and protein levels in different
cell types, the ability to detect siRNA-dependent phenotypes
is likely increased in cell lines with the most efficient mes-
sage knockdown due to the transient nature of siRNA ef-
fects. To circumvent this experimental limitation, UHRF1
siRNA sequence number 1 was incorporated into a retrovi-
ral vector for sustained delivery of the UHRF1 shRNA to
target cells. In addition to the UHRF1 shRNA, the retroviral
targeting vector also expressed GFP as a marker for cellular
infection. A549, HeLa, and H1299 cells were infected with
the UHRF1 shRNA retroviral targeting vector. As a control,
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Figure 3. Retroviral mediated delivery of UHRF1-specific sShRNA
is antiproliferative in A549, HelLa, and H1299 cells. (A-C) GFP
positivity profiles for A549 (A), HeLa (B), and H1299 (C) cells
infected with retrovirus expression either UHRF1-specific sShRNA or
control luciferase (Lux) shRNA. The number of GFP-positive cells at
each time point is plotted relative to the %GFP-positive cells at day
3. (D) Reduction of UHRFI protein levels in cells infected with
either retrovirus expressing UHRF1-specific shRNA or retrovirus-
encoding control luciferase ShARNA. Three days after infection, cells
were sorted using the GFP marker present in the retroviral vector
and lysed in gel running buffer, and then Western blot analysis was
performed for the presence of UHRF1 protein and the loading
control, GAPDH.

the three cell lines were also infected separately with an
shRNA targeting vector expressing an shRNA against lucif-
erase. Three days after infection, UHRF1 shRNA-infected
cells were separated from noninfected cells using flow cy-
tometry and then analyzed for UHRF1 protein levels using
an UHRF1-specific antibody. Potent down-regulation of
UHRF1 protein by the UHRF1-specific shRNA but not by
the shRNA against luciferase was observed in all three cell
lines (Figure 3D). The effect of the UHRF1 shRNA on cellular
proliferation was measured by analyzing the percentage of
GFP-positive cells in the total cell population as a function of
time. Although the luciferase shRNA vector had either no
effect (A549 or H1299) or minimal antiproliferative effects
(HeLa), the UHRF1 shRNA caused a dramatic reduction in
the number of GFP-positive cells, consistent with its sug-
gested role from our functional screen (Figure 3, A-C).

Primary Tumors Display Elevated Expression of UHRF1

In primary lung fibroblasts, UHRF1 expression is positively
correlated with cellular proliferation status, whereas in tu-
mor cells, its expression is uncoupled from cell cycle status
and, moreover, elevated compared with levels in nontumor
cells (Mousli et al., 2003). Elevated UHRF1 expression has
also been shown in breast carcinomas (Hopfner et al., 2000).
These expression analyses, along with our data showing that
UHREF1 is involved in cell cycle progression, suggests that
UHRF1 may be an attractive cancer target. Therefore we
analyzed the expression of UHRF1 mRNA across several
tumor and primary cell lines, as well as in different primary
tumors using quantitative PCR analysis. No striking differ-
ences were observed when UHRF1 message levels were
compared across a panel of tumor cell lines with the primary
cell lines, HMECs and PrECs (Figure 4A). This is in contrast
with the results obtained from quantitative PCR analysis of
primary tumors. We analyzed UHRF1 mRNA levels in total
RNA extracted from primary tumors from patients with
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Figure 4. Quantitative analysis of UHRF1 mRNA in several tumor
cell lines (A) and primary tumors (B and C). The real-time PCR
method was used for quantification of UHRF1 mRNA, as described
in Materials and Methods. Data are shown as a mean (indicated as
bars or circles) + SD of triplicate reactions. Each circle represents a
RNA sample from an individual patient. Expression levels of RNA
from tumor tissues and tumor-associated normal tissues are shown
as closed circles and open circles, respectively.

lung, breast, or prostate carcinomas and compared it with
UHRF1 mRNA levels in corresponding normal tissue. In
both breast and lung samples, UHRF1 message levels con-
sistently showed elevated expression in the tumor tissue
versus the corresponding normal tissue across the entire
population tested (Figure 4, B and C). When matched sam-
ples from individual patients were compared (unpublished
data), the same trend was seen in prostate tumors, although
the magnitude of the effect was not as dramatic as that
observed in the breast and lung tumor samples (Figure 4B).

UHRF1 Displays RING-dependent Ubiquitin E3 Ligase
Activity

UHRF1 contains a RING finger domain at its C-terminus.
RING fingers are small zinc-binding domains with the con-
sensus sequence C-X,-C-Xy_55-C-X;_5-H-X,_5-C/H-X;-C-Xy_59-
C-X,-C, where X is any amino acid, C is cysteine, and H is
histidine, and is a domain often associated with ubiquitin
ligase activity (Freemont, 2000; Pickart, 2001). E3 ubiquitin
ligases, in conjunction with E1 and E2 proteins, are involved
in conjugation of ubiquitin to a protein substrate (Hershko
and Ciechanover, 1998). The functional consequence of ubig-
uitin modification varies depending on the valency of ubiqg-
uitin addition (mono vs. polyubiquitination) or the site of
cross-linking on the ubiquitin molecule in polyubiquitina-
tion (Zhang, 2003; Herrera and Triezenberg, 2004; Hoch-
strasser, 2004; Marmor and Yarden, 2004; Sun and Chen,
2004). The most familiar ubiquitin modification and out-
come is polyubiquitination at lysine 48 leading to substrate
degradation by the 26S proteasome. Murine UHRF1 has
been shown to polyubiquitinate histones in vitro although
the functional consequence of this specific modification is
unclear (Citterio et al., 2004).

To determine whether UHRF1 has ubiquitin ligase activ-
ity in vitro, 293T cells were transfected with a myc-GFP-
tagged UHRF1 construct. UHRF1 was immunoprecipitated
using an anti-myc antibody and divided equally into four
samples. Ubiquitination reactions were performed by addi-
tion of the following recombinant proteins: flag-tagged ubiq-
uitin, human E1, and the E2 enzyme UbcH5. The UHRF1
ubiquitination reactions were performed in parallel with a
complex composed of recombinant APC2/APC11 as a pos-
itive control. APC2 and APC11 are the cullin and the RING
protein subunits of the Anaphase Promoting Complex, a
RING domain containing multiprotein complex that is in-
volved in the transition from metaphase to anaphase. In the
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Figure 5. UHRF1 displays RING-dependent autoubiquitination
activity in vitro. (A) 293T cells were transfected using a myc-GFP-
UHRFI1 expression construct. Forty-eight hours after transfection,
cells were harvested and treated as described in Materials and Meth-
ods. The UHRF1-transfected lysates were split into four aliquots that
were subjected to different combinations of enzymes required for
the ubiquitination reaction. Recombinant APC2/APC11 was used
as a positive control. Gel was probed using a-Flag antibody to look
at extent of ubiquitination and also with a-Myc to look at protein
expression levels. (B) 293T cells were transfected using myc-GFP-
UHRF1 wild-type and RING finger mutant protein expression con-
structs and then treated as described in Materials and Methods. Gel
was probed with a-Flag antibody to look at polyubiquitination (B,
top panel) and also with a-Myc to look at protein expression levels
(B, bottom panel). (C) Purified recombinant His,-UHRF1 wild-type,
H741A, and ARING proteins expressed in SF9 cells. (D) Recombi-
nant His,-UHRF1 proteins or APC2/APC11 were incubated with
recombinant E1, UbcH5, and flag-ubiquitin in a 96-well Ni(Il)
coated plate. After washing to remove unbound proteins, incorpo-
rated flag-ubiquitin was detected using an anti-flag primary anti-
body and an HRP-conjugated secondary antibody.

presence of Ubc4, APC11 alone is sufficient for the formation
of multiubiquitin chains (Gmachl et al., 2000; Leverson et al.,
2000). Untransfected 293T lysates treated with anti-myc an-
tibody were included as a negative control. Figure 5 shows
the appearance of high-molecular-weight flag-tagged ubiq-
uitin-protein conjugates in the presence of UHRF1, E1, and
E2 (Figure 5A, lane 4). Some residual ubiquitination (albeit
not as efficient) is seen when either E1 (lane 3) or E2 (lane 2)
are omitted, which could be a result of coimmunoprecipita-
tion of endogenous E1 or E2 with UHRFI.

Zinc coordination is required to maintain the structural
integrity of the RING domain and hence has been shown to
be absolutely required for E3 ligase activity. According to
the consensus sequence of the RING domain, cysteine 724
and histidine 741 are residues in the UHRF1 RING motif that
appear to be important for zinc binding and for ligase ac-
tivity (Freemont, 2000). The point mutants UHRF1 C724A
and UHRF1 H741A, as well as an UHRF1 RING finger
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deletion mutant (A724-762), were constructed in the myc-
GFP tagged expression vector and transfected into 293T cells
alongside the myc-GFP-UHRF1 wild-type construct. UHRF1
wild-type and RING mutant proteins were immunoprecipi-
tated using an anti-myc antibody, and ubiquitination reac-
tions were performed as previously described by adding
recombinant flag-tagged ubiquitin, human E1, and E2. Fig-
ure 5B shows that disruption or deletion of the RING do-
main of UHRF1 abrogates its ubiquitination activity (com-
pare lanes 2-4 with lane 1), demonstrating that the
ubiquitination activity of UHRF1 requires an intact RING
finger domain.

To confirm that the polyubiquitinated products were in-
deed due to the ligase activity of UHRF1 and not of a
coimmunoprecipitated protein, we expressed and purified
UHRF1 wild-type and mutant proteins from SF9 cells and
tested them for their ligase activity using a ubiquitination
assay in which recombinant E1, UbcH5, and flag-ubiquitin
are added to His,-UHRF1 immobilized on a plate. Incorpo-
ration of the flag-ubiquitin is detected using a primary an-
tibody against the flag epitope and a HRP-conjugated sec-
ondary antibody. Figure 5C is a Coomassie blue-stained gel
of purified UHRF1 wild-type, H741A, and ARING proteins.
The activity of these UHRF1 recombinant proteins in the
plate-based ubiquitination assay is shown in Figure 5D. The
results obtained with the recombinant UHRF1 proteins par-
allel the results obtained with transfected UHRF1 immuno-
precipitated from 293T cells. The ubiquitination activity is
dependent on the presence of both the E1 and E2 enzymes
and requires an intact RING finger domain. The positive
signal observed in the plate-based assay for UHRF1 wild-
type protein along with the ubiquitination defects obtained
for the RING finger mutants also shows that the polyubiq-
uitinated protein in the immunoprecipitated UHRF1 exper-
iment is autoubiquitinated UHRF1 and not polyubiquitina-
tion of a coimmunoprecipitated substrate.

The UHRF1 RING Domain Is Required for Survival in the
Presence of Cytotoxic and Genotoxic Agents

Because UHRF1 appears to be critical for cellular growth, we
wanted to determine whether the UHRF1 RING finger and
its associated E3 ligase activity contributed to this function.
To analyze the role of the UHRF1 RING finger on prolifer-
ation, we infected A549.tTA cells with retroviruses express-
ing either GFP alone, GFP fused to wild-type UHRF1, or
GFP fused to a UHRF1 RING finger deletion mutant (A724—
762), previously shown to lack ligase activity. We then mon-
itored the change in the percentage of cells in the total
population expressing either GFP or GFP-UHRF1 fusion
proteins over a period of 10 d after infection by flow cytom-
etry. The results of the analysis are plotted as the change in
the GFP-positive population relative to the percentage GFP-
positive cells recorded at the first time point monitored.
Figure 6A shows that no significant changes in the percent
GFP-positive cells are observed for all three constructs dur-
ing the period monitored, indicating that the RING finger of
UHRF1 does not appear to contribute to general cellular
proliferation in A549.tTA cells.

Murine UHRF1 knockout studies using murine embry-
onic stem cells showed no change in the proliferation rate in
the absence of mUHRF1 but an increased sensitivity to the
effects of chemotherapeutics, suggesting that mUHRF1 may
play a role in the maintenance of genomic stability rather
than general proliferation in this cell type (Muto et al., 2002).
Because we did not see any proliferation defects upon over-
expression of the GFP-UHRF1 ARING mutant, we decided
to check if perhaps the UHRF1 RING finger played a role
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Figure 6. Overexpression of GFP-UHRF1 ARING mutant in A549
cells sensitizes cells to the effects of different chemotherapeutics. (A)
GFP positivity profile for A549.tTA cells infected with retroviruses
expressing GFP, GFP-UHRF1 wild-type, or GFP-UHRF1 ARING
mutant proteins. The number of GFP-positive cells at each time
point is plotted relative to the %GFP-positive cells at day 4. (B-E)
GFP positivity profiles for A549.tTA cells infected with the same
retroviruses and then treated with different drugs as described in
Materials and Methods. The number of GFP-positive cells at each time
point is plotted relative to the %GFP-positive cells in an untreated
sample on the same day.

similar to that of mUHRF1 in the cellular response to either
cytotoxic or genotoxic stress. We used a similar flow cyto-
metric-based experiment where GFP-positive cells are
counted over time except that 3 d after infection of A549.tTA
cells, the samples were split, and half of the infected popu-
lation treated with either genotoxic or cytotoxic agents. In-
stead of reporting the results as percent GFP-positive cells
normalized to day 1, the results were plotted as percent
GFP-positive cells in the drug-treated population normal-
ized to the GFP-positive cells in the untreated population on
the same day of data collection. Although no difference
between the drug-treated and the control populations were
found for cells overexpressing either GFP or GFP-UHRF1
wild-type proteins, a dramatic loss in GFP-positive cells was
observed in cells overexpressing the GFP-UHRF1 ARING
mutant (Figure 6, B-E) with etoposide, cis-platinum, hy-
droxyurea, and taxol treatment. The same results were ob-
tained in both A549 and HeLa cells overexpressing GFP-
UHRF1 C724A (Supplementary Material), a RING finger
point mutant defective in E3 ligase activity (Figure 5B).

To determine whether the UHRF1 RING domain alone
conferred this protective effect, we made GFP-UHRF1 dele-
tion mutants (Figure 7A) lacking the ubiquitin-like domain
(AUBQ), the PHD domain (APHD), or the YDG/SRA do-
main (AYDG/SRA), all domains known to mediate protein-
protein interactions. None of the deletion mutants displayed
strong antiproliferative effects compared with wild-type
UHRF1 in untreated A549 cells (Figure 7B). Although no
effect was observed with the PHD and YDG/SRA deletion
mutants, a profound loss of GFP-positive cells upon etopo-
side treatment occurred only with cells overexpressing the
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Figure 7. Cellular survival upon etoposide treatment requires the
RING domain of UHRF1. (A) Schematic diagram of deletion mu-
tants used in domain analysis. (B) GFP positivity profile for
Ab549.tTA cells infected with retroviruses expressing different GFP-
fused deletion mutants of UHRF1. The number of GFP-positive cells
at each time point is plotted relative to the %GFP-positive cells at
day 3. (C) GFP positivity profiles for A549.tTA cells infected with
the same retroviruses and then treated with etoposide as described
in Materials and Methods. The number of GFP-positive cells at each
time point is plotted relative to the %GFP-positive cells in an un-
treated sample on the same day.

GFP-UHRF1 ARING mutant (Figure 7C). Surprisingly, the
loss of cells containing GFP-UHRF1 AUBL is dramatically
attenuated in the presence of drug.

To rule out the possibility that the striking dominant
negative effects observed for the RING mutant were due to
cellular mislocalization caused by the GFP fusion, we looked
at the localization of both GFP-UHRF1 wild-type and GFP-
UHRF1 ARING proteins in A549 cells using the fluorescence
of the GFP label. Both GFP-UHRF1 and GFP-UHRF1 ARING
proteins are localized to the nucleus during interphase and
remain chromatin associated during mitosis (Figure 8), lo-
calization that is consistent with the reported subcellular
localization of endogenous mUHRF1 (Citterio et al., 2004).
Thus, cellular survival appears to depend up an intact RING
finger with presumably intact ubiquitin ligase activity when
cells are challenged with these agents and disruption of the
RING motif results in heightened sensitivity of cells to these
agents.

UHRF1 mRNA and Protein Levels Are Down-regulated in
Response to Cellular Damage

HCT116 cells treated with the DNA-damaging agent adria-
mycin have been shown to display a dramatic p53-depen-
dent reduction in UHRF1 mRNA and protein levels (Arima
et al., 2004). Reduction of UHRF1 protein under conditions
of cell cycle arrest supports the requirement of cells for
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Figure 8. Both GFP-UHRF1 and GFP-UHRF1 ARING localize to
the nucleus. A549.tTA cells were infected with either GFP-UHRF1
wild-type or GFP-UHRF1 ARING retrovirus. Three days postinfec-
tion, cells were fixed using 3.7% paraformaldehyde in PBS, stained
with Hoechst 33342, washed with PBS, and imaged in a six-well
dish using an inverted fluorescence microscope equipped with a
CCD camera. Localization of GFP-UHRF1 is shown in A and E,
localization of GFP-UHRF1 ARING is shown in C and G, and DNA
staining is shown in B, D, F, and H.

Hoechst 33342

UHREF1 for growth (Figure 3). Our data suggests that under
these conditions, UHRF1 must still be present because cells
require UHRF1 RING-finger dependent ligase activity for
their survival (Figure 6). We wondered if cells down-regu-
lated UHRF1 levels in response to 1) DNA damaging agents
other than adriamycin and 2) agents that activate other cell
cycle checkpoints. A549 cells were treated with various
genotoxic and cytotoxic agents, and then poly A RNA was
isolated and analyzed for UHRF1 mRNA using quantitative
PCR and cell extracts were analyzed by Western blotting for
UHREF1 protein. We observed that all treatments used in our
experiment had the effect of decreasing both the UHRF1
mRNA and protein levels (Figure 9, A and B). The extent of
UHRF1 down-regulation was not similar for all treatments.
Treatment with agents that cause DNA damage (cisplati-
num, etoposide, and bleomycin) resulted in greater UHRF1
down-regulation than agents that either disrupted mitotic
spindle formation (taxol and nocodazole) or inhibited DNA
synthesis (hydroxyurea). We cannot at this time distinguish
whether this dramatic decrease in UHRF1 levels observed
with genotoxic agents is a direct effect caused by the damage
itself or an indirect effect caused by activation of the G2
checkpoint. Regardless, cells that are induced to stop cycling
by activation of different cell cycle checkpoints down-regu-
late UHRF1 and the extent of UHRF1 reduction appears to
be treatment-dependent. At this time, we do not know if this
dramatic down-regulation of UHRF1 occurs solely at the
transcriptional level or is a result of transcriptional and
translational effects. Addition of proteasome inhibitors to
cells treated with genotoxic agents 8 h before harvesting had
no significant effect on UHRF1 protein levels (unpublished
data), suggesting that the loss of UHRF1 protein that is
observed in this experiment is due to rapid transcriptional
down-regulation coupled with slow protein turnover.

DISCUSSION

In this report, we show results characterizing UHRF1, a gene
isolated from a proliferation-based functional genetic screen,
as a critical regulator of human tumor cell proliferation. We
also show that UHRF1 has RING-dependent E3 ubiquitin
ligase activity and that cells overexpressing a GFP-fused
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Figure 9. UHRF1 mRNA (A) and protein (B) is down-regulated in
response to genotoxic and cytotoxic agents in A549 cells. A549 cells
were treated with different agents and then 24 h after initiation of
treatment, cells were harvested for either quantitative PCR analysis
of UHRF1 mRNA or Western blot analysis of UHRF1 protein and
the loading control, actin. Data for PCR analysis are shown as a
mean * SD of triplicate reactions. Cells were treated with 100 uM
etoposide or 40 uM cis-platinum for 3 h at 37°C and washed with
PBS, and then fresh medium was added. Other drugs were left in
the medium until cells were harvested (20 nM taxol, 1 mM hy-
droxyurea, 330 nM nocodazole, and 3 mU/ml bleomycin).

UHRF1 RING mutant are rendered sensitive to the effects of
chemotherapeutics, suggesting a role for UHRF1 ligase ac-
tivity in the cellular response to cytotoxic damage.

UHRF1 Is Essential for Proliferation in Human Cells

Previous studies performed on mUHRF1 have collectively
suggested a role for this UHRF1 homolog in the G1/S phase
transition in mouse cells (Bonapace et al., 2002). Our results
obtained in human tumor cells confirm and extend these
results, suggesting that human UHRF1 is not only important
but required for proliferation. We isolated a fragment en-
coding amino acids 506-642 from the UHRF1 gene from our
proliferation-based functional screen. This fragment par-
tially overlaps with the YDG/SRA domain (amino acids
414-586) that was shown to be sufficient for binding to
methylated CpG sites and also for recruitment of HDAC1
complexes. This same study found that UHRFI binds to
methylated regions within the promoters of several tumor
suppressor genes, including p16™k+4 and p144RF, suggest-
ing that UHRF1 may regulate the expression of these genes
through the recruitment of HDAC activity (Unoki ef al., 2004).
The homologous region in the mUHRF1 gene was identified as
a histone-binding domain. Accordingly, mUHRF1 localizes to
chromatin (Citterio et al., 2004). Although we have also ob-
served UHRFI localization to chromatin (Figure 6), the GFP-
fused fragment is nuclear but does not appear to localize to
chromatin (Figure 1). Thus, the dominant negative effect ex-
erted by the UHRFI1 fragment could be due to titration of
binding factors critical for UHRF1 function, such as HDAC
complexes. If UHRF1 did regulate transcription of tumor sup-
pressors through recruitment of HDAC activity, then inhibi-
tion of this function by the GFP-fused UHRF1 fragment would
activate tumor suppressor expression, resulting in an antipro-
liferative phenotype.
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To further probe the requirement of UHRF1 for cellular
proliferation, we used siRNA-mediated mRNA reduction to
knock down UHRF1 levels. Cell cycle analysis of transiently
transfected H1299 cells showed an increase of cells in G1 and
a decrease of cells in S phase (Figure 2), similar to results
obtained for mUHRF1. Additionally, we also observed for
both of the UHRF1-specific siRNAs a reproducible increase
in the number of cells in G2/M, indicating that UHRF1
function is critical during multiple phases of the cell cycle.
Surprisingly, we see significant changes in the cell cycle
distribution of UHRFI-transfected H1299 cells resulting
from a reduction of UHRF1 protein levels of only about
twofold. This result suggests that a threshold level may exist
for UHRF1 protein levels required to support cell cycle
progression.

When UHRF]1 siRNA is delivered using a retroviral vec-
tor, significant growth defects are observed in A549, Hela,
and H1299 cells for the specific SARNA-infected population
relative to the control luciferase shRNA-infected population
(Figure 3). The extent of the antiproliferative effect is vari-
able among the three cell lines and is not directly propor-
tional to the amount of UHRF1 protein present after UHRF1
shRNA treatment. The results of this experiment would be
consistent with HeLa and H1299 cells requiring a higher
threshold level of UHRF1 for proliferation than A549 cells.
Presently, we have not been able to determine for technical
reasons whether the growth defect occurs through a cyto-
toxic activation of apoptosis or a cytostatic arrest caused by
lack of UHRF1.

The striking difference in growth rates that we see with
reduction of UHRF1 protein is both similar and in con-
trast to the findings obtained in murine cells. Although
mUHRF1~/~ ES cells exhibit no differences in general pro-
liferation rate compared with wild-type ES cells (Muto et al.,
2002), NIH 3T3 cells treated with antisense oligonucleotides
to mUHRF1 do not enter S phase (Bonapace ef al., 2002).
Although mUHRF1 protein was not detectable in either
experiment after gene targeting, as is suggested by the re-
sults of our shRNA experiment, differences may exist among
cell types in the threshold level of UHRF1 protein required
to support proliferation.

The UHRF1 RING Finger Is Critical for Ubiquitin Ligase
Activity In Vitro and Plays a Role in Cellular
Sensitization to Cytotoxic Agents

We tested and found that UHRF1 possesses RING-depen-
dent ubiquitin ligase activity in vitro (Figure 5). We wanted
to know what the functional consequence of deleting the
RING finger-dependent ligase activity was on cellular pro-
liferation. No obvious growth defects in A549 cells express-
ing the GFP-UHRF1 ARING mutant were apparent. How-
ever, treatment of these same cells with a cytotoxic agent
revealed a striking difference in the proliferation rate. Al-
though no change in the growth rate of cells infected with
wild-type UHRFI is observed with treatment, the percent-
age of cells harboring the UHRF1 ARING mutant decreases
dramatically (Figure 6), implicating a role for this domain in
cellular survival under these conditions. This is reminiscent
of results obtained with mUHRF1~/~ ES cells. No change in
growth rate occurs in the mUHRF1~/~ cells, but the viabil-
ity of the cells becomes compromised when they are treated
with genotoxic agents such as x-rays, UV light, and alkylat-
ing agents.

In human tumor lines, we find that knock down of the
UHRF1 gene using siRNA induces a general proliferation
defect and deletion of the UHRF1 RING finger causes a
proliferation defect that is uncovered only when cells are
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damaged, suggesting that some ubiquitin ligase-indepen-
dent activity of UHRF1 may be critical for its role in general
proliferation and that the ligase activity of UHRF1 is impor-
tant only in cells challenged by different environmental
stresses. UHRF1 may play a key role in assembly of a protein
complex that is required for cellular proliferation, a function
supported by the presence of several domains such as a
ubiquitin-like domain, a PHD domain, and a YDG/SRA
domain, which have all been shown to be important for
mediating protein-protein interactions.

Interestingly, putative substrates for mUHRF1 ubiquitina-
tion activity have been reported. All four nucleosomal core
histones, histone H3, histone H2A, histone H2B, and histone
H4 were shown to be ubiquitinated in vitro by mUHRF1
(Citterio et al., 2004). Histone H3 could also be coimmuno-
precipitated with mUHRF1, demonstrating association of
the two proteins in vivo. In addition, mUHRF1 also localizes
to chromatin. That mUHRF1 ubiquitinates histones is a
likely possibility, given the in vitro ligase activity and the
localization data, but it is not clear what the consequence of
histone H3 ubiquitination by mUHRF1 would be for cellular
proliferation. Monoubiquitination of histones H2A and H2B
has been linked to transcriptional activation but may occur
through multiple pathways as an E2/E3 pair, Rad6p/Brelp,
has been shown to mediate monoubiquitination of histone
H2B (Hwang et al., 2003; Wood et al., 2003). Additionally,
substrates for the ubiquitination activity of mUHRF1 other
than histones likely exist to account for the chemosensitiza-
tion phenotype that we observe with the UHRF1 ARING
mutant because no strong connection between histone ubiq-
uitination and cellular recovery from different insults cur-
rently exists.

We have shown that UHRF1, as an E3 ubiquitin ligase,
plays an important role in tumor cell growth. The success of
proteasome inhibitors such as Velcade in the treatment of
multiple myeloma has made the targeting of intracellular
protein degradation pathways an attractive therapeutic
strategy. Therefore, E3 ligases currently represent an impor-
tant class of potential drug targets for anticancer therapy
(Sun, 2003). Selective E3 ligase inhibitors should lead to
higher specificity and lower toxicity for cancer patients.
Taken together, our results suggest that UHRF1 is an attrac-
tive cancer target although further validation is needed.
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