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A common integration site, cloned from MoMuLV-induced rat T cell
lymphomas, was mapped immediately upstream of Not dead yet-1
(Ndy1)/KDM2B, a gene expressed primarily in testis, spleen, and
thymus, that is also known as FBXL10 or JHDM1B. Ndy1 encodes a
nuclear, chromatin-associated protein that harbors Jumonji C
(JmjC), CXXC, PHD, proline-rich, F-box, and leucine-rich repeat
domains. Ndy1 and its homolog Ndy2/KDM2A (FBXL11 or
JHDM1A), which is also a target of provirus integration in retro-
virus-induced lymphomas, encode proteins that were recently
shown to possess Jumonji C-dependent histone H3 K36 dimethyl-
demethylase or histone H3 K4 trimethyl-demethylase activities.
Here, we show that mouse embryo fibroblasts engineered to
express Ndy1 or Ndy2 undergo immortalization in the absence of
replicative senescence via a JmjC domain-dependent process that
targets the Rb and p53 pathways. Knockdown of endogenous
Ndy1 or expression of JmjC domain mutants of Ndy1 promote
senescence, suggesting that Ndy1 is a physiological inhibitor of
senescence in dividing cells and that inhibition of senescence
depends on histone H3 demethylation.

cancer � histone demethylase � immortalization � senescence � insertional
mutagenesis

Mutations caused by provirus integration into the genome
play a critical role in the induction and progression of

retrovirus-induced neoplasms (1–3). Given that provirus inte-
gration is practically random, the detection of an integrated
provirus within a given DNA region in multiple tumors has been
interpreted to suggest that the mutation caused by this provirus
endows the affected cell with a selective advantage over its
neighbors. Based on this understanding, the identification of
common integration sites in retrovirus-induced tumors has been
used as an effective tool to identify novel oncogenes (1–3).

Core histones contain a ‘‘histone fold’’ globular domain, which
is responsible for histone–DNA and histone–histone interac-
tions and N- and C-terminal tails. Histone tails contain sites that
are targets of various posttranslational modifications, including
phosphorylation, acetylation, methylation, and ubiquitination
(4). Posttranslational modifications of histone tails regulate the
interaction of nucleosomes with other nucleosomes and with
linker DNA and direct the folding of chromatin into a higher-
order structure (5). The same modifications regulate the binding
of various nonhistone chromatin-associated proteins (‘‘the his-
tone code hypothesis’’) (4, 6). As a result, enzymes involved in
the posttranslational modification of histone tails, in combina-
tion with chromatin remodeling enzymes (7), regulate transcrip-
tion and other chromatin-dependent activities. Modification of
histone tails is a dynamic process with all modifications being
transient (4). The most recently discovered enzyme group
responsible for the reversal of a histone modification is that of
histone demethylases (8–10).

Histone methylation on lysine and arginine residues contributes
to the regulation of gene expression, dosage compensation, and

epigenetic memory (4, 11). The functional consequences of histone
methylation depend on the methylation site. Thus, whereas meth-
ylation at H3K9, H3K27, and H4K20 is usually associated with
transcriptional repression, methylation at H3K4, H3K36, and
H3K79 is associated with transcriptional activation (11). The stoi-
chiometry of histone methylation at a given site is also functionally
important, because the binding of transcriptional regulators to
methylated histones is stoichiometry-dependent (12). There are
three distinct classes of histone demethylases (10). The largest of
these classes consists of enzymes containing a JmjC domain, a
homolog of the cupin metalloenzymes (10, 13). The JmjC domain-
containing enzymes catalyze demethylation through an oxidative
reaction that depends on two cofactors, iron Fe(II) and �-ketoglu-
tarate. Specifically, these enzymes catalyze the hydroxylation of
mono-, di- or trimethylated lysine in histone tails, giving rise to an
unstable hydroxyl–methyl group, which is released spontaneously as
formaldehyde (9, 10).

Some JmjC domain-containing histone demethylases have
been linked to cancer (14–16). However, the mechanisms of
their oncogenic activities are not well understood. Here, we
present evidence that the two members of the JHDM1 protein
family, Ndy1 (FBXL10 or JHDM1B) and Ndy2 (FBXL11 or
JHDM1A), contribute to the induction and/or progression of
MoMuLV-induced T cell lymphomas in rodents. Furthermore,
upon overexpression, both proteins immortalize mouse embry-
onic fibroblasts (MEFs) in culture. Moreover, knockdown of
Ndy1 and expression of Ndy1 dominant-negative mutants pro-
mote senescence, suggesting that Ndy1 is a physiological inhib-
itor of senescence in dividing cells. Immortalization depends on
the JmjC domain and perhaps on JmjC domain-mediated his-
tone demethylation. Finally, the immortalization activity of Ndy1
depends on targeting the Rb and p53 pathways.

Results
Ndy1 Is a Common Target of Provirus Integration in MoMuLV-Induced
Rat T Cell Lymphomas. A genome-wide screen of 44 MoMuLV-
induced T cell lymphomas for novel targets of proviral DNA
integration yielded clones of 149 independent provirus integra-
tions. Six of these integrations, cloned from five independent
tumors, had targeted a gene we named Ndy1, also known as
FBXL10 or JHDM1B (9, 10, 16, 17). Two of them were cloned
from a single tumor, D0, suggesting that this tumor consists of
at least two populations of cells, both of which carry an inte-
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grated provirus in this locus. All of the integrations in the vicinity
of Ndy1 detected to date were located within a region 140 bp
upstream of one of several transcription initiation sites used by
this gene. The transcriptional orientation of two of the five
integrated proviruses was the same as that of the Ndy1 gene (Fig.
1A). A single provirus insertion was also detected immediately
upstream of the Ndy1 homolog Ndy2, also known as FBXL11 or
JHDM1A (Fig. 1B). Interestingly, provirus insertions were also
detected upstream of two more genes encoding JmjC domain-
containing proteins, Phf2 and Phf8 [supporting information (SI)
Fig. 6]. This article focuses on the characterization of Ndy1 and
Ndy2.

Ndy1 encodes a protein that contains a JmjC domain (9, 10, 16,
17), a CXXC zinc finger, a PHD zinc finger, a proline-rich region
(PRR), an F-box, and a leucine-rich repeat (LRR) (Fig. 1 A and
ref. 10). Ndy1 is localized in the nucleus of transiently transfected
HEK293 cells (Fig. 1C Left and Center) and stably infected NIH
3T3 cells (Fig. 1C Right), and it is tightly associated with an
insoluble fraction that is highly enriched in histones (SI Fig. 7B).
The chromatin association of this protein is compatible with the

results of recent studies showing that both Ndy1 and its homolog
Ndy2 function as demethylases of histone H3 dimethylated at
K36 or histone H3 trimethylated at K4 (9, 17).

Northern and Western blotting of various rat tissues revealed
that Ndy1 is expressed primarily in testis, spleen, and thymus (SI
Fig. 7A). Moreover, Northern and Western blotting carried out
on normal rat thymus and several MoMuLV-induced rat T cell
lymphomas showed that Ndy1 expression is increased in all
tumors that harbor a provirus in the Ndy1 locus. Highest levels
of Ndy1 expression were detected in tumors in which the
orientation of the integrated provirus was the same as the
orientation of the Ndy1 gene (tumors D0 and 2775) (Fig. 1 D and
E). However, these tumors also express high levels of aberrant
mRNA transcripts encoding an Env-Ndy1 nonnuclear chimeric
protein (SI Fig. 8).

Sequence comparison of Ndy1 cDNA clones in the GenBank
database revealed that there are multiple forms of the Ndy1
mRNA that are generated through differential transcriptional
initiation or alternative splicing. The protein predicted to be
encoded by one of these transcripts lacks the JmjC domain and
contains a unique N-terminal region (NM�013910, SI Fig. 9).
This protein will be referred to as the short form of Ndy1.
Experiments presented in this article used the v1 variant of Ndy1
(NM�001003953).

MEFs Engineered to Express Exogenous Ndy1 Bypass Replicative
Senescence and Undergo Immortalization. To determine the phe-
notypic effects of Ndy1 expression, MEFs were infected with an
Ndy1-MigR1 retrovirus construct or with the empty MigR1
retrovirus vector (SI Fig. 10). After several passages, the cells
infected with the empty vector were senescing, whereas the
MigR1-Ndy1-infected cells continued to divide without signs of
senescence. Staining the cells at passage 11 for �-galactosidase
(Fig. 2A) confirmed this observation. Plotting the cumulative cell
number at each passage (Fig. 2B) revealed that, whereas the
proliferation of the vector-infected cells practically stops be-
tween passages 8 and 13, the proliferation of Ndy1-expressing
cells continues uninterrupted. At the end, both the MigR1 and
the MigR1-Ndy1-infected cells undergo immortalization. How-
ever, only the MigR1-Ndy1-infected cells bypass replicative
senescence. Further studies revealed that not only Ndy1 but also

Fig. 1. Provirus insertion activates the Ndy1 gene. (A Upper) Sites and orien-
tation of provirus integration at the 5� end of the Ndy1 gene. The numbers above
the arrows showing the sites of provirus integration identify the tumors in which
the integrations were detected. (Lower) Domain structure of the Ndy1 protein.
(B Upper) Site and orientation of provirus integration at the 5� end of the Ndy2
gene in tumor #4. (Lower) Domain structure of the Ndy2 protein. (C) NIH 3T3 cells
were infected with a MigR1 construct of Ndy1.HA. (Left) Two GFP-positive,
infected cells. (Center) The same cells stained with an anti-HA antibody. (Right)
Ndy1.HA-expressing cell stained with an anti-HA antibody and visualized by
confocalmicroscopy.Thedarkerspotscorrespondtonucleoli. (DUpper)Northern
blot of total cell RNA derived from normal rat thymus and the indicated tumors
(R6 to 5677) probed with a full-length rat Ndy1 cDNA probe. (Lower) Ethidium
bromide staining of the gel (loading control). (E) Western blot of nuclear cell
lysates from normal thymus and the indicated tumors probed with anti-Ndy1 and
anti-CREB antibodies as indicated.

Fig. 2. MEFs expressing Ndy1 or Ndy2 bypass replicative senescence and
undergo immortalization. (A) �-Galactosidase staining of 11th-passage MEFs
infected with the MigR1 retrovirus vector (Left) or with a MigR1-Ndy1 con-
struct (Right). (B and C) MEFs infected with the MigR1 vector or MigR1-Ndy1
and MigR1-Ndy2 constructs. The graph shows the cumulative number of cells
in each culture at sequential passages.
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Ndy2 promotes immortalization of MEFs in culture (SI Fig. 10
and Fig. 2C). Moreover, passaging of cells infected with a
MigR1-Env-Ndy1 retrovirus revealed that the cytoplasmic Env-
Ndy1 protein does not immortalize MEFs, suggesting that the
nuclear localization of the protein is required for the immortal-
ization phenotype (SI Figs. 8 and 11).

Histone Demethylase Activities of Ndy1 and Ndy2 Are Required for
Immortalization. Ndy1 is a multidomain protein that may exhibit
multiple functional activities that singly or in combination may
contribute to the observed immortalization phenotype. To map
the domain responsible for immortalization, we addressed the
immortalizing activity of all single-domain deletion mutants of
Ndy1 (Fig. 3A). Regarding the JmjC domain, in addition to the
deletion mutant, we used the physiologically expressed short
form of Ndy1 that lacks the JmjC domain and the point mutants
Ndy1 Y221A and Ndy1 H283Y. The Y221A mutation was based
on a similar mutation that inhibits the biological activity of the
Saccharomyces pombe protein Epe1 (18–21), whereas the
H283Y mutation modifies the Fe(II)-binding pocket of the JmjC
domain, which is required for the demethylase activity. Passaging

the stably infected MEFs separated them into three distinct
groups that differed regarding the emergence of senescence.
One group included noninfected and empty vector-infected cells
as well as cells infected with the CXXC mutant, which began to
show evidence of senescence by passage 7–8. The second group
included the �JmjC deletion mutant, the short form of Ndy1, and
the two JmjC domain point mutants, which began to show
evidence of senescence at a very early passage, suggesting that
endogenous Ndy1 inhibits senescence and that these mutants
interfere with the physiological function of the endogenous
protein. The third group included wild-type Ndy1 and all of the
remaining mutants, which continued to immortalize MEFs (Fig.
3B). The preceding data were further supported by two addi-
tional observations: (i) Western blots of passaged MEFs infected
with MigR1-Ndy1.hemagglutinin (HA) or MigR1-�JmjC
Ndy1.HA constructs, revealed that Ndy1.HA expression in-
creases, whereas �JmjC Ndy1.HA expression decreases with
each passage, indicating that Ndy1.HA-expressing cells are
positively selected, and �JmjC Ndy1.HA-expressing cells are
counterselected (Fig. 3C); and (ii) �-galactosidase staining of
11th passage MEFs infected with wild-type or mutant Ndy1
stained strongly only the cells infected with constructs of the
JmjC domain mutants (SI Fig. 12).

To determine whether MEF immortalization by Ndy2 is also
JmjC domain-dependent, we repeated the preceding experiment
with Ndy2, and the Ndy2 JmjC domain mutant H212A, which
does not bind Fe(II) and has no demethylase activity (9).
Wild-type Ndy1, the Ndy1 mutant Y221A, and the empty vector
were used as controls. The results of this experiment confirmed
that MEF immortalization by Ndy2 also depended on a func-
tional JmjC domain (Fig. 3D).

Endogenous Ndy1 Is a Physiological Inhibitor of Senescence. To
determine whether endogenous Ndy1 is a physiological regulator
of senescence, passage-3 wild-type MEFs and passage-8 MEFs
overexpressing Ndy1 were transfected with Ndy1 or control
siRNA. The down-regulation of both the endogenous and the
exogenous Ndy1 in the transfected cells was confirmed by
Western blotting (Fig. 4 A1 and A2). The transfected cells were
passaged twice, and cell proliferation was monitored by counting
the cells at each passage. Cell morphology and �-galactosidase
staining were recorded after the second passage (Fig. 4 B and C).
The data confirmed that the endogenous Ndy1 indeed protects
dividing cells from replicative senescence.

Ndy1 Does Not Prevent Senescence in IMR90 Cells. To determine
whether Ndy1 also promotes immortalization of primary human
fibroblasts, IMR90 cells were infected with MigR1 or MigR1-
Ndy1. After passage 20, the proliferation of vector-infected
IMR90 cells slowed down, whereas the proliferation of MigR1-
Ndy1-infected IMR90 cells continued, suggesting that Ndy1
inhibits early senescence in these cells. However, the prolifera-
tion of MigR1-Ndy1-infected cells also slowed down by passage
26, and the cells failed to undergo immortalization (SI Fig. 13).
Given that human cells go into senescence because of telomere
shortening (22, 23), these data indicate that Ndy1 does not
protect cells from telomere erosion, although it inhibits the DNA
damage response elicited by the erosion (24).

Ndy1 Promotes MEF Immortalization by Targeting the Rb and p53
Pathways. The activation of the Ink4a/ARF locus and the re-
sponse to DNA damage, which are the main factors promoting
senescence, target both the p53 and Rb pathways (25–27). To
determine which pathway may be targeted by Ndy1, we examined
the phosphorylation of Rb at Ser-807/811 and Ser-780 and the
expression of p53 and its target p21CIP1 in early- and late-passage
MEFs infected with MigR1 and MigR1-based constructs of Ndy1
and �JmjC-Ndy1. The results (Fig. 5A) showed that Ndy1

Fig. 3. Immortalization depends on the histone demethylase activities of
Ndy1 and Ndy2. (A) Western blots of total cell lysates derived from MEFs
infected with MigR1 or with wild-type or mutant MigR1-Ndy1.Myc. The blots
were probed with anti-Ndy1 or with anti-GAPDH (loading control) antibodies
as indicated. Ndy1-�PRR carries a deletion of the prolene-rich region, up-
stream of the F-box (see Fig. 1A). The LRR deletion mutant was also tested in
separate experiments, and it was shown to immortalize MEFs as efficiently as
the wild-type protein (data not shown). (B) MEFs shown in A were passaged
in culture. Graphs show the cumulative number of cells at each passage. The
Ndy1.H283Y mutant was also tested in separate experiments, and it was
shown to have the same dominant-negative phenotype as the Ndy1.Y221A
mutant (data not shown). (C) Western blots of cell lysates from cells infected
with MigR1-Ndy1 or MigR1-�JmjC Ndy1 were probed with the anti-Ndy1
antibody. (D) MEFs infected with the indicated constructs were passaged in
culture. Cumulative numbers of cells at each passage are indicated.

Pfau et al. PNAS � February 12, 2008 � vol. 105 � no. 6 � 1909

CE
LL

BI
O

LO
G

Y

http://www.pnas.org/cgi/content/full/0711865105/DC1
http://www.pnas.org/cgi/content/full/0711865105/DC1
http://www.pnas.org/cgi/content/full/0711865105/DC1
http://www.pnas.org/cgi/content/full/0711865105/DC1


selectively promotes the phosphorylation of Rb at Ser-807/811.
However, it also up-regulates p53 and its target p21CIP1 (28) (Fig.
5B). Overexpression of Ndy1 in p53�/� and p53�/� HCT116 cells
revealed that the induction of p21CIP1 by Ndy1 is p53-dependent
(SI Fig. 14).

The preceding data suggest that Ndy1 immortalizes cells by
targeting the Rb pathway and that, in the presence of Ndy1, the
activation of the p53/p21CIP1 pathway does not inhibit cell
proliferation. To address this hypothesis, we infected MEFs with
a MigR1-GFP construct of Ndy1, a MigR1-RFP construct of
p21CIP1, a combination of the two, or with the MigR1-GFP
empty-vector control. Passaging revealed that cells overexpress-
ing p21CIP1 senesce rapidly, whereas cells overexpressing both
p21CIP1 and Ndy1 immortalize nearly as efficiently as cell
overexpressing only Ndy1 (Fig. 5C). Probing Western blots of
cell lysates harvested at the indicated passages with antibodies
against p21CIP1 or Ndy1 revealed that, in the absence of Ndy1,
p21CIP1-overexpressing cells were strongly counterselected.
However, in the presence of Ndy1, they were positively selected
(Fig. 5D), suggesting that Ndy1 expression indeed abrogates the
cell cycle inhibitory activity of p21CIP1.

Discussion
In this report, we showed that Ndy-overexpressing cells bypass
replicative senescence and undergo immortalization via a JmjC
domain-dependent process. In addition, we showed that knock-
ing down Ndy1 and expression of dominant-negative mutants of
Ndy1 promotes senescence, suggesting that Ndy1 is a physiolog-
ical inhibitor of senescence in dividing cells. Ndy2, a homolog of
Ndy1, also promotes immortalization of MEFs. Immortalization
was linked to the selective phosphorylation of Rb (25) and the
selective abrogation of the prosenescence activity of p21CIP1

(26, 29).
Ndy1 and Ndy2 are multidomain chromatin-associated pro-

teins (9, 10). Systematic deletion of all of the known domains of
Ndy1 revealed that the JmjC and the CXXC domains are the
only ones required for immortalization. However, whereas the
JmjC domain mutants exhibit a dominant-negative, prosenes-
cence phenotype, the CXXC motif mutants do not. These
findings were interpreted to suggest that the JmjC domain
provides the functional activity for immortalization and that the
CXXC motif may control immortalization by regulating the
DNA targeting of the protein. In the absence of the correct DNA
binding, the function of the protein is impaired. However, the
mutant does not have a dominant-negative phenotype because it
does not interfere with function of the endogenous protein (17).
The preceding hypothesis is supported by our finding that the

Fig. 4. Endogenous Ndy1 physiologically inhibits replicative senescence in
MEFs. (A) The Ndy1 and scrambled siRNAs were transfected into wild-type or
MigR1-Ndy1.HA-infected MEFs. Western blots of transfected cell lysates were
probed with the anti-Ndy1 antibody. (A1) Western blot of cell lysates har-
vested 48 h after the transfection. (A2) Time course of exogenous Ndy1
starting with cell lysates harvested 24 h after transfection. (B) Early-passage
wild-type and MigR1-Ndy1.HA-infected MEFs were transfected with Ndy1 or
control siRNAs, and they were passaged twice every 72 h. siRNA transfection
was repeated after the first passage at the 72-h time point. Cells were counted,
and the numbers were plotted as indicated. (C) Early-passage wild-type and
MigR1-Ndy1.HA-infected MEFs were transfected with Ndy1 or control siRNA,
and they were stained for �-galactosidase.

Fig. 5. Ndy1 promotes immortalization by targeting the Rb and p53 path-
ways. (A) Western blots of MEFs infected with the indicated constructs were
probed with the indicated antibodies. (B) Passaged MEFs infected with the
indicated constructs express high levels of p53 and its target p21CIP1. Western
blots of cell lysates harvested from passaged cells, probed with the indicated
antibodies are shown. (C) MEFs infected with the indicated constructs were
passaged in culture. Cumulative numbers of cells at each passage are indi-
cated. (D) Western blots of passaged cells infected with the indicated con-
structs were probed with the indicated antibodies.
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Env-Ndy1 hybrid protein, which is localized primarily in the
cytoplasm, also lacks both immortalizing and dominant-negative
prosenescence activities.

Ndy1 and Ndy2 possess JmjC domain-dependent histone H3
demethylase activities. Ndy2, and perhaps Ndy1, demethylate
histone H3 dimethylated at K36 (9). Moreover, Ndy1 demeth-
ylates histone H3 trimethylated at K4 (17). JmjC domain-
dependent demethylation is an oxidative reaction that requires
Fe(II) and �-ketoglutarate as cofactors (9). The JmjC domain
residues that coordinate the binding of these cofactors have been
mapped (10). Mutation of some of these sites in Ndy1 and Ndy2
gave rise to proteins that exhibited dominant-negative prosenes-
cence, rather than immortalizing phenotypes, indicating that the
histone demethylase activities of these proteins are required for
immortalization.

Cellular senescence is due to a number of factors, including the
progressive shortening of telomeres, the activation of the Ink4a/
ARF locus, and telomere shortening-independent DNA damage
(28). MEFs and human fibroblasts differ with regard to the
relative importance of telomere shortening in the induction of
senescence in culture. Thus, the primary cause of senescence in
human, but not in mouse fibroblasts, is telomere erosion (22, 23),
which is recognized as DNA damage (24). Given that Ndy1
prevented early senescence but failed to immortalize IMR90
cells, we suggest that it interferes with the withdrawal from the
cell cycle induced by telomere shortening, but it does not prevent
telomere shortening per se.

The shortening of telomeres and the activation of the Ink4a/
ARF locus may be developmentally programmed in dividing cells
(28). In addition they can be induced in response to DNA
damage, which plays a central role in the progression into
senescence (24, 30). In dividing cells, the DNA damage response
is activated by telomere shortening, oxidative stress, the aberrant
firing of replication origins, or by activated oncogenes (28).
Signaling pathways activated by DNA damage target the Rb and
p53 pathways and induce reversible or irreversible cell cycle
arrest or apoptosis (25–27). To determine the mechanism by
which Ndy1 prevents senescence, we examined the effects of its
overexpression on the Rb and p53 pathways. The results revealed
that Ndy1 promotes the phosphorylation of Rb at Ser-807/811.
Given that phosphorylation at this and other sites relieves the
transcriptional repression activity of Rb and promotes progres-
sion through the G1 phase of the cell cycle, these data provide
an explanation for the immortalizing activity of Ndy1. The
precise mechanism by which Ndy1 regulates the phosphorylation
of Rb remains to be determined. It is possible that it may regulate
the activity of cyclin-dependent kinases, which phosphorylate Rb
by altering the expression or posttranslational modification of
the components of cyclin/cdk complexes or, more likely, by
repressing the expression of cdk inhibitors. Alternatively, it may
directly modify Rb, thus altering its ability to be phosphorylated
by cdks.

Examination of the p53 pathway in Ndy1-overexpressing
MEFs revealed that p53 and its target p21CIP1 were significantly
up-regulated. Given that p53 and p21CIP1 promote cell cycle
arrest, senescence, and apoptosis (29, 31), this finding was
surprising. Further studies, however, revealed that, although
Ndy1 does not inhibit globally the DNA damage response, it
selectively abrogates the prosenescence phenotype of p21CIP1.
The mechanism by which Ndy1 inhibits p21CIP1 remains to be
determined. It is possible that it may alter directly or indirectly
the cyclin/cdk inhibitory activity of p21CIP1. Alternatively, it may
alter, again directly or indirectly, the cdk-independent transcrip-
tional activities of p21CIP1 (32).

The data presented in the report strongly suggest that Ndy1 is
a molecule that promotes oncogenesis. Thus, Ndy1 is overex-
pressed as a result of provirus integration in retrovirus-induced
lymphomas. Moreover, it inhibits senescence, which is a potent

tumor-protective process, as suggested by genetic animal models
and by clinical studies on tumors and precancerous lesions (28,
30, 33, 34). Finally, it is overexpressed in human lymphomas and
mammary adenocarcinomas (http://source.stanford.edu). How-
ever, recent studies from other laboratories have suggested that
Ndy1 may function as a tumor suppressor (16, 17). First, it
appears to protect the genome against mutations (16, 35). In
addition, it inhibits cell growth and proliferation when overex-
pressed in some tumor cell lines, such as HELA cells (17).
Finally, it is expressed at very low levels in aggressive glioblas-
tomas (17). To reconcile these facts, we propose that Ndy1 and
Ndy2 may function both as oncogenes and as tumor suppressor
genes and that the final balance of their prooncogenic and
antioncogenic activities may be context-dependent. Thus, in
lymphomas and mammary adenocarcinomas that express high
levels of Ndy1, the Ndy1 protein may have a tumor-promoting
role, whereas in glioblastomas, in which aggressiveness corre-
lates with low levels of expression, Ndy1 may function as a tumor
suppressor.

In summary, data presented in this report, identify a previ-
ously unrecognized function of JmjC domain-containing pro-
teins and provide another link between epigenetic regulation
and cancer.

Materials and Methods
Cloning of Ndy1 and Ndy2 from MoMuLV-Induced Rat T Cell Lymphomas.
Newborn Fisher-344 rats were injected with 105 PFUs of MoMuLV intraperi-
toneally, monitored for tumor development, and killed before death. Provirus
integration sites were cloned from tumor cell DNA by inverse PCR as described
(2) (SI Text).

Plasmid Constructs. All retroviral constructs were based on the retrovirus
vector MigR1, a variant of MigR1 in which the green fluorescent protein gene
was replaced by the red fluorescent protein gene and pBabe-puro. Ndy1,
Ndy2, and p21CIP1 were cloned within the multiple cloning sites of these
vectors and tagged at the carboxyl-terminus with either myc or HA tags.
Retroviral constructs of Ndy1 deletion mutants were generated from the
wild-type construct by overlap extension PCR (SI Text).

The point mutants Ndy1 Y221A, Ndy1 H283Y, and Ndy2 H212A (mouse)
were generated from the wild-type mouse cDNA by using the Quikchange XL
mutagenesis kit (cat no 200517; Stratagene) (SI Text).

Cell Culture, siRNA, and Senescence Assays. MEFs were isolated from 13.5-day
C57BL/6 mouse embryos. MEFs, IMR90, and HEK293T cells were cultured in
Dulbecco’s modified Eagle’s MEM supplemented with 10% FBS, penicillin and
streptomycin, and nonessential amino acids. The human colon cancer cell lines
HCT-116(p53�/�) and HCT-116(p53�/�) (from B. Vogelstein, Johns Hopkins
Oncology Center, Baltimore) (36) were grown in McCoy’s 5a medium supple-
mented with 10% FBS. To generate HCT-116 cells stably overexpressing Ndy1,
we infected the parental HCT-116 cells with pBabe-Ndy1.Myc or pBabe-puro,
and we selected the infected cells for puromycin resistance (2 �g/ml) for 2 days.

MEFs overexpressing Ndy1 or Ndy2 and MEFs in which Ndy1 was knocked
down with siRNA (1433-GUGGACUCACCUUACCGAAUU-1454) were moni-
tored for senescence by light microscopy and �-galactosidase staining and by
cell counting at each passage (SI Text). Transfection of siRNA was carried out
by using Lipofectamine 2000 (Invitrogen). Knockdown of Ndy1 was confirmed
by Western blotting and real-time RT-PCR.

Gene Expression Analysis: Northern Blotting, Real-Time RT-PCR, Antibodies, and
Western Blotting. Northern blotting and real-time RT-PCR were carried out by
using standard procedures (SI Text). To measure the expression of the Ndy1
protein in both tumors and MEFs, Western blots of nuclear cell lysates were
probed with anti-Ndy1, anti-Myc, or anti-HA antibodies (SI Text). The poly-
clonal antibody against Ndy1 was raised by injecting rabbits with the peptide
907-KMRRKRRLVNKELSKC-921, which maps between the PHD2 and F-Box
domains. The position of the N-terminal and C-terminal amino acids was based
on the sequence of the mouse protein. The antibody recognizes the mouse,
human, and rat Ndy-1 (data not shown).

Immunostaining. Early-passage MEFs were infected with the empty MigR1
vector or a MigR1-Ndy1.HA construct. After fixation with paraformaldehyde
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(4% for 10 min), cells were washed, permeabilized (0.2% Triton X-100), and
stained with a mouse monoclonal anti-HA antibody.
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