
Tumor formation and inactivation of RIZ1,
an Rb-binding member of a nuclear
protein–methyltransferase superfamily
George Steele-Perkins,1,7 Wei Fang,1 Xiao-Hong Yang,1 Mireille Van Gele,2 Tobias Carling,1

Jian Gu,1 Inge M. Buyse,1,8 Jonathon A. Fletcher,3 Jinsong Liu,4 Roderick Bronson,5

Robert B. Chadwick,6 Albert de la Chapelle,6 Xiao-kun Zhang,1 Frank Speleman,2 and Shi Huang1,9

1The Burnham Institute, La Jolla, California 92037, USA; 2Center for Medical Genetics, Ghent University Hospital, B-9000,
Ghent, Belgium; 3Department of Pathology, Brigham and Women’s Hospital, Boston, Massachusetts 02115, USA;
4Department of Pathology, The University of Texas M.D. Anderson Cancer Center, Houston, Texas 77030, USA;
5Department of Pathology, Tufts University, Boston, Massachusetts 02111, USA; 6Division of Human Cancer Genetics,
Ohio State University, Comprehensive Cancer Center, Columbus, Ohio 43210, USA

The retinoblastoma protein-interacting zinc finger gene RIZ (PRDM2) is a member, by sequence homology, of
a nuclear protein–methyltransferase (MTase) superfamily involved in chromatin-mediated gene expression.
The gene produces two protein products, RIZ1 that contains a conserved MTase domain and RIZ2 that lacks
the domain. RIZ1 gene expression is frequently silenced in human cancers, and the gene is also a common
target of frameshift mutation in microsatellite-unstable cancers. We now report studies of mice with a
targeted mutation in the RIZ1 locus. The mutation inactivates RIZ1 but not RIZ2. These RIZ1 mutant mice
were viable and fertile but showed a high incidence of diffuse large B-cell lymphomas (DLBL) and a broad
spectrum of unusual tumors. RIZ1 deficiency also accelerated tumorigenesis in p53 heterozygous mutant
mice. Finally, several missense mutations of RIZ1 were found in human tumor tissues and cell lines; one of
these was particularly common in human DLBL tumors. These missense mutations, as well as the previously
described frameshift mutation, all mapped to the MTase functional domains. All abolished the capacity of
RIZ1 to enhance estrogen receptor activation of transcription. These data suggest a direct link between tumor
formation and the MTase domain of RIZ1 and describe for the first time a tumor susceptibility gene among
methyltransferases.
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Inactivation of key cellular genes involved in cell prolif-
eration, differentiation, survival, and genome integrity
plays an important role in cancer formation and progres-
sion. These genes are broadly defined here as tumor sup-
pressor genes (TSGs). Loss of function of TSGs may re-
sult through either genetic or epigenetic mechanisms.
Although the importance of genetic mutations in cancer
has long been recognized, the appreciation of epigenetic
inactivation is more recent (Jones and Laird 1999; Baylin
and Herman 2000; Eng et al. 2000). DNA methylation of
promoters of TSGs commonly occurs in human tumors.
In recent studies, methylation was analyzed directly and
firmly established as one of the modes for TSG inactiva-

tion in tumors (Jones and Laird 1999). The frequency
with which promoter methylation contributes to TSG
inactivation ranges from ∼9% of Rb1 in retinoblastoma
to 33% of VHL in Von Hippel Lindau disease to 84% of
MLH1 in microsatellite-unstable colorectal tumors.
Therefore, epigenetic silencing represents a significant
contributor to human carcinogenesis.
The retinoblastoma protein-interacting zinc finger

gene RIZ (PRDM2) was isolated by us in a functional
screening for Rb-binding proteins (Buyse et al. 1995). It
has also been isolated independently as a DNA-binding
protein MTB-Zf (Muraosa et al. 1996), a GATA3 tran-
scription factor binding protein G3B (Shapiro et al. 1995),
and a coactivator of estrogen receptor (ER) (Abbondanza
et al. 2000). RIZ contains two important peptide motifs,
the canonical Rb-binding motif LXCXE and the nuclear
hormone receptor-binding motif LXXLL. Furthermore,
RIZ is a member of a gene family that shares a ∼130
amino acid sequence called the PR (PRDI-BF1 and RIZ)
domain (also termed SET for Suvar3–9, Enhancer-of-
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zeste, Trithorax); this family is known to play an impor-
tant role in chromatin-mediated regulation of gene ex-
pression, in development, and in cancer (Huang et al.
1998b). The detection of the PR/SET domain in plant
protein lysine methyltransferases (MTases) suggested a
MTase function for the domain (Rea et al. 2000). The
human genome is estimated to contain ∼50 PR/SET con-
taining genes that can be divided into the PR subfamily
(20–25 members) and the SET subfamily (20–25 mem-
bers) on the basis of sequence identity (Huang et al.
1998b; S. Huang, unpubl.). The PR subfamily has the
gene symbol PRDMs (e.g., RIZ is PRDM2) and most
members have a characteristic C2-H2 class of DNA-
binding zinc finger motifs. The SET subfamily has yet to
be given an official gene symbol and most members do
not contain obvious DNA-binding motifs. The human
genome lacks apparent orthologs of any of the plant ly-
sine MTases and the plant genes cannot be divided into
subfamilies and are equally related to human PR and
SET subfamilies (S. Huang, unpubl.).
Recent data suggest that nuclear protein MTases play

a role in cell cycle control and serve as transcriptional
cofactors. The human SET-containing gene SUV39H1
functions as a histone H3 MTase and is important in
chromatin condensation during mitosis (Rea et al. 2000).
A role in transcription has been shown for the H3MTase
CARM1 that functions as a coactivator of nuclear hor-
mone receptors (Chen et al. 1999). Two members of the
PR/SET MTase family, NSD1 and RIZ, can also function
as coactivators or corepressors of nuclear hormone
receptors (Huang et al. 1998a; Abbondanza et al.
2000). These studies have begun to reveal a novel class of
transcriptional coregulators that function as protein
MTases.
A large number of observations suggest a role for RIZ

in human cancers. The RIZ gene maps to the distal short
arm of chromosome 1 or 1p36 that is frequently deleted
in many types of human cancers, including lymphomas/
leukemias and solid tumors (Weith et al. 1996). Com-
mon deletion of the gene has been shown to occur in
breast, liver, and familial and sporadic colon cancers
(Chadwick et al. 2000; Fang et al. 2000, 2001). The RIZ
gene produces two mRNA and protein products through
alternative promoters, RIZ1 that contains the PR do-
main, and RIZ2 that lacks this domain (Liu et al. 1997).
Except for the PR domain and its neighboring regions,
RIZ1 and RIZ2 are identical. Decreased or lost expres-
sion of RIZ1 mRNA, but not of RIZ2, is found in all
types of human cancers examined—including those of
breast, liver, bone, skin (melanoma), lung, colon, and
neuroendocrine tissues—suggesting a selective epige-
netic silencing of RIZ1 (He et al. 1998; Jiang et al. 1999;
Chadwick et al. 2000). The expression of two RIZ pro-
teins and the selective inactivation of the PR+ product in
tumors are remarkably similar to features of another
member of the family, the MDS1-EVI1 gene (Fears et al.
1996). The PR+ product MDS1-EVI1 is disrupted by chro-
mosomal translocations and the PR− product EVI1 is
overexpressed in myeloid leukemia. Together, these ob-
servations are consistent with an antioncogenic role of

the PR+ product and an oncogenic role of the PR− product
(Jiang and Huang 2000).
In addition to epigenetic silencing, genetic frameshift

mutations of RIZ are common inmicrosatellite-unstable
cancers of the colon, stomach, endometrium, and pan-
creas (Chadwick et al. 2000; Piao et al. 2000; Sakurada et
al. 2001). The mutation is a 1- or 2-bp deletion in the (A)9
or (A)8 tract of the RIZ coding region resulting in frame-
shift and production of C terminus-truncated RIZ1 and
RIZ2 proteins. Although the frameshift mutation affects
both RIZ1 and RIZ2 proteins, the truncation of the C
terminus is likely to affect RIZ1 more seriously, because
the C terminus can bind to the PR-domain (Huang et al.
1998b).
Consistent with inactivation of RIZ1 in a broad spec-

trum of human cancers, recombinant adenovirus-medi-
ated RIZ1 expression can induce G2/M cell cycle arrest,
apoptosis, or both in several tumor cell lines (He et al.
1998; Jiang et al. 1999; Chadwick et al. 2000). Moreover,
preclinical animal studies showed that RIZ1 could sup-
press the growth of xenograft colorectal cancers (Jiang
and Huang 2001).
Although RIZ1 is unusual in that it has many different

qualities related to human cancer, a causal relationship
between RIZ1 and carcinogenesis has not been estab-
lished. We addressed this issue by using mouse models
in which RIZ1 but not RIZ2 is inactivated. We found
that RIZ1-deficient mice develop an unusual spectrum
of tumors. Also, in a genetic background compromised
for p53, they suffer accelerated tumor formation and
mortality. Missense mutations of RIZ1 were also found
in human tumor tissues and cell lines. These mutations,
as well as the frameshift mutation, abolished the capac-
ity of RIZ1 to act as a coactivator of the estrogen recep-
tor. These data provide evidence for a direct link be-
tween RIZ1 inactivation and tumor formation in mam-
mals.

Results

RIZ1 gene targeting

We constructed a targeting vector with a neomycin-re-
sistance (neor) gene expression cassette inserted into
exon 5 of RIZ1. The insertion maps to the center of the
PR domain. A Herpes Simplex Virus thymidine kinase
(TK) gene was included for negative selection of nonho-
mologous recombinants (Fig. 1A). Because the RIZ2 pro-
moter is located at exon 6 (Liu et al. 1997), which is ∼8 kb
from where the neor cassette was inserted, this targeting
strategy was expected to affect RIZ1 but not RIZ2
mRNA splicing or RIZ1/2 transcription. After transfect-
ing the targeting vector into mouse embryonic stem (ES)
cells, nine of twelve G418- and ganciclovir-insensitive
colonies analyzed were heterozygous for the mutation at
the RIZ locus. We used five heterozygous mutant D3 ES
cells (Gossler et al. 1986) to generate chimeric mice and
backcrossed chimeras to C57BL/6 mice. Animals bearing
the targeted RIZ1 gene were identified by Southern blot
(Fig. 1B) or PCR analysis (data not shown). Intercross of
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the RIZ1+/− mice produced offspring at close to predicted
Mendelian ratios. Mating between RIZ1−/− mice also
produced apparently normal offspring. No obvious gross
or microscopic abnormalities were noted in any of the
major organs at 1 to 2 mo of age. Northern blot analysis
showed nondetectable RIZ1, but, consistent with the
targeting strategy, the RIZ1−/− animals had normal levels
of RIZ2 mRNA (Fig. 1C). In situ hybridization analysis
further confirmed selective ablation of RIZ1 expression
in RIZ1−/− animals (J. Yu and S. Huang, unpubl.). Finally,
immunoprecipitation and immunoblot analysis showed
that RIZ1 protein was absent but RIZ2 protein expres-
sion was normal in homozygous animals (Fig. 1D). These
results showed that the targeted RIZ1 allele is an RIZ1-
specific null allele.
Since the insertion mutation alters the structure of

exon 5 (153 bp) and increases its size by 1.5 kb, we de-
termined whether the targeted allele generates rare novel
messages. RT–PCR of total RNA fromwild-type samples
yielded the expected 617-bp major product (Fig. 1E), clon-
ing and sequencing confirmed that it represents mes-
sages including exons 3 through the 5� end of exon 8
(data not shown). The one other product from wild-type
samples is ∼510 bp in size and is much less abundant.
This ∼510-bp product probably represents messages ei-
ther not including exon 4 (104 bp) and/or exon7 (111 bp)
as judged by size (note, exon 6 is 127 bp and is likely to
be present in the ∼510-bp product based on size). In con-
trast, the 617-bp and ∼510-bp products were not gener-
ated from RIZ1 homozygous mutant samples, thereby
confirming targeted ablation of wild-type RIZ1.
On the other hand, two RT–PCR products unique to

the mutated RIZ1 allele were generated. Both a 466-bp

and ∼360-bp product were generated from both RIZ1+/−

and RIZ1−/− samples, but not from RIZ1+/+ samples.
Both products were at very low levels, which was similar
to that of the minor 510-bp product seen in wild-type
animals. The 466-bp product was cloned and sequenced.
It represents a message lacking exon 5 (153 bp) but con-
taining exons 4 and 6 spliced together without alteration
of the translation reading frame (data not shown). Based
on length, the ∼360 bp product(s) probably represents the
same messages as the minor wt allele-unique product,
except that it contains exon 5.
The possibility that the RT–PCR products, unique to

tissues harboring the mutant RIZ1 allele, represent ma-
ture, functional messages is rendered unlikely by the
Northern and Western blot data. The RIZ1-specific
probe used for Northern blots maps 5� to exon 5 and
therefore should detect a RIZ1 exon 5-deletion mutant
message. Similarly, the antibodies employed in Western
blots are able to recognize a RIZ1 exon 5-deletion mu-
tant protein (see Fig. 7, below).

Tumor formation in RIZ1 mutant mice

To determine whether ablation of RIZ1 affects the adult
life of mice, a small cohort of 14 RIZ1−/− animals was
initially kept for long-term observation. By the age of 20
mo, eight had developed tumors, whereas two died for
unknown reasons. The tumors included stomach squa-
mous cell carcinoma, stomach polyp, fibrosarcoma, lung
adenocarcinoma, pituitary tumor, lipoma, and heman-
giosarcoma. These results encouraged us to maintain a
larger cohort of animals for long-term observation. The
genetic background of the second cohort was on average

Figure 1. RIZ gene targeting. (A) Schematics of murine RIZ gene (top), targeting vector (middle), and targeted allele (bottom) are
shown with horizontal bars representing genomic DNA and horizontal lines representing plasmid DNA. The positive and negative
selection cassettes are boxes labeled Neo and TK, respectively. Restriction sites listed include: EcoRI (E), Xba I (X), BglII (B), HindIII
(H), NsiI (N), KpnI (K), Kpn2I (K2), SacII (S), NotI (No), and XhoI (Xh). (B) Southern blot analysis of genomic DNA of RIZ-targeted mice.
Genomic DNA was digested with XbaI and was hybridized with the 5� probe. (C) Northern blot analysis. Total RNA isolated from
adult mouse brain was analyzed by Northern blotting with the RIZ1-specific probe or the common (exon 8) probe, as indicated. A
similar amount of loaded RNA was shown by ethidium bromide staining of rRNA. (D) Immunoblot analysis. Protein extracts were
prepared from the testis of adult animals and immunoprecipitated with anti-KG7.1S serum against the N terminus of RIZ2. The
immunoprecipitated products were resolved on 5% SDS gel followed by immunoblot by use of 1715 serum against the C terminus of
RIZ1/2 proteins. (E) RT–PCR analysis. Size in base pairs (bp) of molecular weight standards in lane M are indicated.
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87.5% C57BL/6 and 12.5% 129Sv (the original chimeric
mice were backcrossed twice to C57BL/6). The first co-
hort was on average 50% C57BL/6 and 50% 129Sv. By 21
mo of age, 28% of the RIZ1−/− animals were dead or
moribund compared with 20% of RIZ1+/− and 8% of
RIZ1+/+ littermates (Fig. 2). Most of the dead animals had
tumors, suggesting an increased mortality in RIZ1−/− and
RIZ1+/− animals possibly due to increased tumor burden.
To determine whether some of the apparently healthy
animals actually had tumors, we sacrificed and autop-
sied 35 RIZ1−/−, 47 RIZ1+/−, and 30 RIZ1+/+ animals at 18
to 22 mo of age. Tumors were found in 80% (29/35) of

RIZ1−/− animals relative to 49% (23/47) of RIZ1+/− ; ani-
mals (P < 0.001 by �2 test) and 30% (9/30; P < 0.001) of
RIZ1+/+ animals (Table 1). The difference in tumor inci-
dence between RIZ1+/− and RIZ1+/+ animals was also
significant (P < 0.01). Tumors in RIZ1−/− ; and RIZ1+/−

animals appeared more aggressive and often occurred in
multiple organs. Multiple-organ tumors represented
37% (13/35) of RIZ1−/− animals relative to 19% (9/47;
P < 0.05) of RIZ1+/− and 3% (1/30; P < 0.001) of RIZ1+/+

animals (Table 1). No difference in tumor incidence was
noted between males and females.
To investigate tumor formation in a tumor-prone ge-

netic background and possible cooperative effects on tu-
mor formation of mutations in the RIZ1 and p53 genes,
we mated animals homozygous for the RIZ1 null muta-
tion with animals heterozygous for a p53 null mutation
(Jacks et al. 1994). Once animals heterozygous for both
mutations were generated, they were intercrossed to
yield animals of all possible genotypes. The RIZ1 muta-
tion did not alter the survival and tumor spectrum of
p53−/− animals (Fig. 2B). However, a cooperative effect of
RIZ1 and p53 mutations was observed in RIZ1−/−p53+/−

animals. The mean age of survival with this genotype
was 415 d (Fig. 2C). In contrast, animals heterozygous for
the p53 mutation alone or homozygous for the RIZ1 mu-
tation alone survived on average >550 d. Most of the
moribund or dead RIZ1−/−p53+/− animals had tumors,
many of which were of the same type as the tumors of
the animals homozygous for the RIZ1 mutation alone
(Table 2). The mean age of survival of doubly heterozy-
gous animals was also slightly less than p53 singly het-
erozygous mutant animals (Fig. 2C). The tumor types of
the doubly heterozygous animals were primarily sarco-
mas, similar to p53 singly mutant animals (Table 2).
The predominant tumor in RIZ1−/−, RIZ1+/−, and

RIZ1−/−p53+/− animals was malignant B-cell lymphoma
in the Peyer’s patch, mesenteric lymph nodes, and other

Table 1. Tumor incidence in animals autopsied
at ∼20 months

RIZ1−/− RIZ1+/− RIZ1+/+

Mean age of mice 20.3 ± 1.0 20.8 ± 1.4 20.0 ± 1.5
Mice with tumors 28 (80%) 23 (49%) 9 (30%)
Mice with tumors
in multiorgans 13 (37%) 9 (19%) 1 (4%)

DLBL 13 (37%) 9 (19%) 0
Lung adenocarcinoma 13 (37%) 10 (21%) 5 (17%)
FCC lymphoma 5 (12%) 6 (13%) 5 (17%)
Hemangiosarcoma 2 (5%) 1 (2%) 0
Pituitary adenoma 1 (3%) 1 (2%) 0
Fibrosing large cell
lymphoma 1 (3%) 1 (2%) 0

Hepatoma 1 (3%) 0 1 (3%)

35 RIZ1−/−, 47 RIZ1+/−, and 30 RIZ1+/+ animals at 18–22 months
of age were randomly sacrificed for autopsy analysis. Numbers
in parentheses indicate the percentage of 35 homozygote, 47
heterozygote, or 30 wild-type animals that developed tumors or
a particular type of tumor. (DLBL) Diffuse large B-cell lym-
phoma; (FCC) follicular center cells.

Figure 2. Survival of RIZ1 mutant animals in p53 wild-type or
mutant background. (A) The graph summarizes the viability of
110 RIZ1−/− (filled circles) animals relative to 138 RIZ1+/− (open
circles) and 68 RIZ1+/+ (filled triangles) animals. Error bars,
S.E.M. (B) Graph summarizing the viability of 24 RIZ1−/−p53−/−

(filled circles) animals relative to 32 RIZ1+/−p53−/− (open circles)
and 21 RIZ1+/+p53−/− (closed triangles) animals. (C) Graph
summarizing the viability of 34 RIZ1−/−p53+/− (open circles) ani-
mals relative to 32 RIZ1+/−p53+/−, 40 RIZ1+/+p53+/−, and 26
RIZ1−/−p53+/+ (open diamond) animals. The graph was drawn
with the Prism statistics software program (GraphPad Software)
on the basis of the Kaplan-Meyer theory.
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lymphoid tissues. This lymphoma was commonly found
in RIZ1−/− (37%) and RIZ1 −/− (19%) animals but was
absent in the RIZ1+/+ littermates (Tables 1 and 2). The
gross appearance of the Peyer’s patch lymphoma was a
round glistening mass that bulged from the gut and mea-

sured 0.5–3.0 cm in greatest dimension (Fig. 3A,D). The
affected lymphoid tissue showed complete loss of archi-
tecture and diffuse replacement by malignant lymphoma
cells, which were irregularly shaped and showed great
variation in size, elongated, bizarre-shaped nuclei and
prominent nucleoli (Fig. 3B,E). This histological appear-
ance is similar to that of the centroblastic diffuse large
B-cell lymphoma (DLBL), which is the most common
type of B-cell non-Hodgkin’s lymphoma (B-NHL) in hu-
mans (Gaidano and Dalla-Favera 1993). The B-cell origin
of the lymphomas was confirmed by the uniform reac-
tion of the neoplastic cells with an anti-B-cell antibody
B220 (Fig. 3C,F).
To confirm the cancer diagnosis on the basis of histo-

pathology, and to rule out any possibility of reactive,
nontumor lymphoid tissue, the presence of clonal tumor
cells was examined by Southern blot analysis by use of
the immunoglobulin heavy chain J region as probe. Ge-
nomic DNAs isolated from the enlarged lymphoid tis-
sues were restricted by BamHI or EcoRI. As shown in
Figure 3G, 10 of 12 sample DNAs examined showed dis-
tinct bands representing rearranged immunoglobulin
genes when digested by EcoRI. Six of these ten DNAs
also showed rearranged bands when digested by BamHI.

Table 2. Tumor spectrum of RIZ1 and p53 doubly
mutant mice

Tumors RIZ1−/−p53+/− RIZ1+/−p53+/− RIZ1+/+p53+/−

DLBL 9 (69%) 1 (12.5%) 0
sarcoma 1 (8%) 5 (62.5%) 2 (50%)
thymus
lymphoma 2 (16%) 1 (12.5%) 1 (25%)

squamous cell
carcinoma 0 1 (12.5%) 0

lung adeno-
carcinoma 1 (8%) 0 0

testis tumor 0 0 1 (25%)
Total 13 8 4

Tumors were found in moribund or dead animals in a cohort of
34 RIZ1−/−p53+/−, 32 RIZ1+/−p53+/−, and 40 RIZ1+/+p53+/− ani-
mals. Numbers in parentheses indicate the percentage of the
total number of tumor incidences.

Figure 3. Diffuse large B cell lymphomas (DLBL) in RIZ1 mutant animals. (A) Gross appearance of a lymphoma of the Payer’s patch
of RIZ1−/− animals. (B) Hematoxylin and eosin stained sections (40 × 10) of a lymphoma in RIZ1−/− animals. Note that normal lymph
node architecture is completely effaced and diffusely replaced by lymphoma cells. Neoplastic large cells are irregularly shaped; some
are angulated, with elongated, bizarre-shaped nuclei, some of which have prominent nucleoli. (C) B220 antibody staining of the tumor
section as shown in B (20 × 10). Note that neoplastic cells uniformaly interact with B220 antibody (counter stained with hematoxylin).
(D) Gross appearance of lymphoma involving two enlarged lymphoid tissues in RIZ1−/− animals, including the Peyer’s patch (arrow)
and the mesenteric lymph node (arrowhead). (E) Hematoxylin and eosin-stained section (40 × 10) of the enlarged mesenteric lymph
node as shown in C. Note that the large neoplastic cells are mixed with reactive small lymphocytes. (F) B220 antibody staining of the
tumor section as shown in E (counter-stained with hematoxylin, 20 × 10). (G) Presence of clonal tumor cells in the enlarged lymphoid
tissues of RIZ mutant animals. Genomic DNAs isolated from the enlarged lymphoid tissues were digested with BamHI or EcoRI,
followed by Southern blot analysis by use of immunoglobulin heavy-chain joining segments J3 and J4 as probe. The germ-line band (G)
is present in normal tissue (1255N) as well as in tumor samples (T). The presence of the germ-line band is consistent with the
admixture of nonneoplastic lymphocytes in tumors.
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The germ-line band detected in tumor DNAs appeared to
originate from non-neoplastic lymphocytes because its
intensity relative to that of the rearranged bands roughly
reflected the amount of neoplastic tissues in each tumor.
It is clear from Figure 3G that the proportion of neoplas-
tic cells varied and was smaller than that of non-neoplas-
tic cells in most of these tumors, which was consistent
with the results of histopathology analysis. The apparent
absence of rearranged bands in two cases (1117T and
1296T) was likely due to a low number of neoplastic
cells; the presence of tumor cells in these samples was
concluded from histopathology analysis.
The hallmark of a two-hit hypothesis for TSGs is the

loss of the wild-type allele during tumor formation
(Knudson 1971). To examine the status of RIZ1 wild-
type allele in tumors of RIZ1+/− animals, we studied
solid tumors developed in RIZ1 and p53 doubly hetero-
zygous mutant mice. These animals developed mostly
sarcomas, which were relatively free of normal tissues
and suitable for Southern blot analysis. A loss or de-
creased level of the RIZ1 wild-type allele was found in
three of five tumors examined (Fig. 4).

RIZ1 mutation in human tumors

The above studies suggest that RIZ1 can be considered a
tumor susceptibility gene in mice. To show the rel-
evance of this finding to humans, we next examined
whether human tumors, particularly DLBLs, might carry
RIZ1 mutations. We focused our mutational analysis on
the RIZ1-specific PR domain region because the remain-
ing RIZ1 region overlaps with RIZ2. Single strand con-
formation polymorphism (SSCP) analysis was performed
on 55 cases of B-cell lymphoma tumor DNAs. When ana-
lyzed by use of the PCR primer pair RP263 and RP264, an
abnormal SSCP band was detected in 10 of 55 B-lym-
phoma cases. Remarkably, all of these 10 cases turned
out to be DLBLs, even though only 35 of the 55 cases
examined were DLBLs. Thus, this abnormal band was
significantly associated with DLBLs (10/35) versus non-

DLBL B-cell lymphomas (0/20, P < 0.05). The abnormal
band was absent in matched normal tissue DNAs of
three of the DLBL cases (the rest of the cases had no
matched normal tissues available for study), suggesting a
somatic mutation (Fig. 5A). We also analyzed tumor and
normal tissue DNAs of 412 solid tumor cases but did not
detect any abnormalities in the RP263/264 band (Fig. 5A;
Table 3).
Sequence analysis was performed on the 10 cases of

DLBLs that showed the abnormal SSCP band. In each

Figure 5. Mutational analysis of human DLBL tumors. (A)
SSCP analysis. Genomic DNAs from tumor (T) and matched
normal tissue DNA (N) were analyzed by SSCP with prim-
ers RP263 (5�-AACACATGAGGGAATGAATGAATG-3�) and
RP264 (5�-ACACCCAATTCAGACCAAGCC-3�) as described
by Fang et al. (2000). (B) Sequencing analysis. Genomic DNAs
from tumor and matched normal tissues were amplified by PCR
with primers RP263 and RP264. The PCR products were sub-
cloned and sequenced. (C) Karyotyping analysis of DLBL tu-
mors. A representative chromosome 1 karyotype of a tumor
with RIZ mutation is shown. The picture shows deletion of the
region from 1p32 to 1pter.

Figure 4. Status of wild-type allele in tumors from RIZ1+/−

animals. Genomic DNAs were digested with XbaI and analyzed
by Southern blot analysis using the 5� probe of RIZ1 as described
in Fig. 1. DNAs from normal livers of wild-type (+/+) and ho-
mozygous mutant (−/−) animals were loaded in lanes 1 and 2.
DNAs from normal liver (N1) andmatched osteosarcoma (T1) of
a RIZ1+/−p53+/− animal were loaded in lanes 3 and 4. DNAs from
osteosarcomas of four other RIZ1+/−p53+/− animals (T2–T5)
were loaded in lanes 5–8.

Table 3. Analysis of the A563G missense mutation
in human cancers

Tumors A563G mutation

DLBL 10/35 (28.6%)
Other B-lymphomas 0/20 (0%)
Burkitt’s 0/4
Immunoblastic large cell 0/8
Myeloma 0/2
Small cleaved cell 0/1
Plasmacytoid 0/3
Other non-Hodgkin’s 0/2

Breast cancers 0/61 (0%)
Colon cancers 0/90 (0%)
Gastric carcinomas 0/66 (0%)
Hepatocellular carcinomas 0/143 (0%)
Normal individuals 0/52 (0%)
Total non-DLBL cases 0/432 (0%)
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case, a single base substitution was found that changed
A563 in the coding sequence to a G that corresponds to
amino acid Ile188 (CAT) changing to Val (CGT) (Fig. 5B).
This mutation is located in a region that is immediately
C-terminal to the PR domain and is not part of the con-
served core sequence of the PR/SET MTase (Fig. 6C).
Deletion in chromosome band 1p36 was found by karyo-
typing in three of eight DLBL cases that carried the mu-
tation (Fig. 5C). Molecular genetic analysis, such as loss
of heterozygosity (LOH), will be required to identify
whether the remaining cases also lost the wild-type al-
lele of RIZ1. However, LOH analysis was not possible
because most of the samples available to use lacked
matched normal controls, and their tumor cell popula-
tion was not sufficiently homogeneous.
In addition to the mutations in DLBLs, missense mu-

tations of RIZ1 were discovered in human cancer cell

lines. While performing cDNA cloning and sequencing
of RIZ1, we discovered a homozygous/hemizygous mis-
sense mutation changing nucleotide G317 to A, which
corresponds to a change of amino acid Cys106 (TGC) to
Tyr (TAC) in Saos2 human osteosarcoma cells (Fig. 6A).
This mutation was not found in 200 samples of normal
tissue by oligo hybridization assay, suggesting that it is
not likely a polymorphism. The mutation altered one of
the most conserved residues of the core sequence of the
PR/SET MTase (Fig. 6B). Also, Saos2 cells express RIZ1
transcript at normal levels (He et al. 1998).
The 1p36 chromosomal region is best known for har-

boring a neuroblastoma (NB) suppressor gene(s). To in-
vestigate a possible role of RIZ1 in NB, a total of 32 NB
cell lines were examined for mutations in the PR domain
by direct sequencing of RT–PCR products. A single ho-
mozygous/hemizygous base-pair substitution was found
in the SMS–KCNR cell line. This substitution changes
coding nucleotide C476 to a T, resulting in an alanine to
valine substitution at codon 159 (data not shown). This
mutation is located immediately C-terminal of the PR
domain, outside the conserved core sequences (Fig. 6C).
To confirm that this base-pair change was a bona fide
mutation and not a polymorphism, DNA samples ob-
tained from 100 normal individuals were screened for
this particular base-pair change by restriction enzyme
digestion. All 100 individuals showed the same restric-
tion pattern, which was unlike SMS–KCNR (data not
shown). In addition, real time quantitative RT–PCR
analysis revealed normal levels of RIZ1 transcript in
SMS–KCNR cells (M. Van Gele and F. Speleman, un-
publ.).
RIZ1 has been shown to stimulate ER function in ac-

tivating target gene promoters (Medici et al. 1999; Ab-
bondanza et al. 2000). We used it as a functional assay on
the RIZ1 mutants. We also tested the function of RIZ2
protein, which lacks the PR/SET MTase domain. RIZ2
lacked any activity in stimulating ER transactivation
function (Fig. 7), suggesting an important role of the PR
domain in the coactivator function of RIZ1. Consis-
tently, all of the mutations found in human cancers ap-
pear to affect the PR/SET domain and all were unable to
act as coactivators of ER (Fig. 7). Also as expected, an
in-frame deletion mutant lacking exon 5 (del-Ex5) did
not activate ER transcription function (Fig. 7). Further-
more, this mutant, as well as RIZ2 and other naturally
occurring mutants, inhibited RIZ1 function on ER (Fig.
7; T. Carling and S. Huang, unpubl.).The results suggest
that the three missense mutations, as well as the previ-
ously described frameshift mutation in microsatellite-
unstable tumors, are functional mutations.

Discussion

RIZ1 appears to function as a transcriptional coregulator.
RIZ1 gene silencing is common in human cancers. Here,
we show that genetic mutation of RIZ1 is linked with
tumorigenesis in both mice and humans. Mice deficient
in RIZ1 were prone to develop tumors, and this was the

Figure 6. Missense mutation in human cancer cell lines. (A)
Genomic DNA from various cancer cell lines were PCR ampli-
fied with the primers RP97 and RP99. PCR product (50 ng) was
dotted onto a nitrocellulose filter, which was than hybridized
with either the wild-type oligo or mutant oligo. The sole spot
that was negative for wild-type oligo but positive for mutant
oligo was dotted with Saos2 cell DNA. The other spots were
DNAs from 10 hepatoma, 10 breast cancer, 5 lung cancer, 1
osteosarcoma, and 5 melanoma cell lines. (B) PR/SET domain
alignment. Part of the RIZ1 PR/SET domain is aligned with
those of HRX/MLL, SET1, SUV39H1, and ASH1. The C106 resi-
due of RIZ1 is highlighted in bold. (C) Schematic diagram of the
RIZ1 mutations found in human cancers. Full-length RIZ1 pep-
tide (from residue 1 to 1719) and RIZ2 peptide (from residue 201
of RIZ1 to 1719) are shown as horizontal bars. The motifs
shown (not to scale) include the PR domain (residue 35–150),
Rb-binding motif LXCXE (residue 311–315), zinc-finger motif
ZNF (residue 362–510; residue 1130–1480), ER-binding motif
LXXLL (residue 962–966), and PR-binding motif (residue 1514–
1680). The arrows indicate the three missense mutations de-
scribed in this study and the frameshift mutation.
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Figure 7. Effects of RIZ gene products on transactivation activities of estrogen receptor. (A) Immunoblot analysis of RIZ proteins in
transfected CV1-cells. Nuclear extracts from CV1 cells transfected with the indicated plasmid were analyzed by immunoblot analysis
using RIZ serum anti-KG7.1S. (B) Expression vectors of RIZ1 proteins and ER were cotransfected into CV1 cells with the reporter
construct ERE-tk-CAT containing a synthetic ER response element (Lee et al. 1995). Cells were treated with or without 17-�-estrodiol
or E2 (10−7 M) for 24 h and assayed for CAT activity as described previously (Lee et al. 1995). Expression of �-gal was used to control
transfection efficiency. Data shown represent the means (±S.D.) of three independent experiments.
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case on two different genetic backgrounds (wild-type and
mutant p53). The results suggest that RIZ1 inactivation
(whereas RIZ2 is unaffected) can cause tumor formation
in mice, and that RIZ1 gene silencing in human cancers
is linked causally with carcinogenesis. Furthermore, we
found several missense mutations of RIZ1 in human
cancers, providing additional evidence of a genetic link
between RIZ1 and human tumorigenesis first suggested
by the discovery of frameshift mutations in microsatel-
lite-unstable colorectal cancers.
The RIZ1−/− animals generated here are deficient in

wild-type RIZ1 but normal for RIZ2. The phenotypes of
these animals are therefore primarily caused by the de-
ficiency in RIZ1. However, due to the inherent limita-
tions of the gene-targeting technology, we cannot ex-
clude the possibilities of chromosomal positional effects
by the neor cassette insertion, or of some undetectable
mutant products caused by the insertion. But these pos-
sibilities are not likely to be real. Although our RT–PCR
analysis did detect exon 5 skipping at some level, it does
not necessarily reveal expression of full-length mRNAs
of an exon 5-deletion mutant. Indeed, such a mutant
could not be detected by Northern blot, immunoprecipi-
tation, or immunoblot analysis. Importantly, deletion of
exon 5 appeared to abolish RIZ1-specific function, at
least in activating ER (Fig. 7). Thus, even if the exon
5-deletion mutant is expressed at some low levels, the
conclusion still stands that the knock-out animals gen-
erated in this study are deficient in RIZ1 functions. An
exon 5-deletion mutant, as expected, appears to have
similar activities as RIZ2, such as inhibiting RIZ1 func-
tion on the ER (Fig. 7). However, in view of the normal
presence of RIZ2 in the knock-out animals, the potential
contribution of the exon 5-deletion mutant to the cellu-
lar pool of RIZ2 is unlikely to be significant given the
low levels of the mutant. Overall, regardless of its func-
tions, the low or undetectable level of expression makes
it highly unlikely that this exon 5-deletion mutant plays
a role in vivo in the RIZ1−/− animals.
The tumor spectrum of RIZ1 mutant mice included

tumors, such as DLBL and squamous carcinoma of the
stomach, which were not seen in our control mice and
which have been rarely seen in wild-type mice of any
genetic background (Bronson and Lipman 1991; Jacks et
al. 1994). The unusual tumor spectrum suggests that the
tumor-prone phenotype of the RIZ1 mutant mice is ro-
bust despite the relatively long latency of tumor devel-
opment in these mice. One might expect a germ-line
mutation in a true TSG to be associated with an early
onset tumor phenotype. However, a review of the litera-
ture suggests that this is the case primarily for the types
of tumors that wild-type animals are inherently prone to
develop at old age. For example, testis tumors are com-
mon in the 129Sv mouse strain, and the latency of this
tumor is significantly shortened by p53 deficiency (Mull-
er et al. 2000). In contrast, testis tumors are rare in
C57BL/6 mice, and a p53 mutation in these mice does
not affect the frequency of testis tumors. Also, carci-
noma formation is inherently rare in mice, and is not
accelerated by a p53 deficiency. Hence, the development

of unusual tumors in an engineered mutant mouse could
be regarded as a robust tumor phenotype: That a particu-
lar tumor occurs in a mutant mouse but not in a wild-
type mouse clearly represents a significant enhancement
in tumor development or an acceleration in latency for
that particular tumor. Finally, it is remarkable that RIZ1
heterozygous mutant animals show a tumor phenotype,
because heterozygous mutations in several important fa-
milial TSGs are not able to enhance tumor frequency in
mice at any age (e.g., WT1, VHL, BRCA1, and BRCA2).
Carcinogenesis is now well established to be a multistep
process; a need to accumulate changes in other genes is
likely to explain the late development of tumors in RIZ1
mutant mice in particular, and in genetically modified
animals in general.
Tumor formation in the RIZ1 mutant mice appears to

be cell autonomous rather than a general systemic de-
fect. We found loss of the wild-type allele in tumors that
developed in RIZ1 heterozygous mutant mice. Further-
more, the RIZ1 mutation did not increase the incidence
of certain common mouse tumors such as T-cell lym-
phoma, which would be unexpected if the animals
would be inherently tumor prone due to a systemic de-
fect.
The accelerated DLBL tumor formation and decreased

viability of RIZ1−/−p53+/− mice relative to RIZ1−/− or
p53+/− animals further showed the tumor-prone pheno-
type of RIZ1-deficient animals. We also showed that
RIZ1 and p53 deficiencies could cooperate in tumor for-
mation. It remains to be determined by future investiga-
tions whether this finding indicates a specific functional
collaboration or merely reflects a generic effect that one
is expected to observe when crossing any TSG mutation
onto a tumor-prone background, be it p53+/− or any other
tumor-prone mouse strain. Mice carrying heterozygous
p53 mutations are known to be tumor prone, and this
has been linked to both haploinsufficiency and LOH
(Venkatachalam et al. 1998). Therefore, we expect that
both haploinsufficiency and LOH may underlie the ac-
celerated tumor formation associated with RIZ1 on the
p53+/− background. It is a technically challenging task to
examine the status of p53 in DLBL tumors because these
tumors are composed of heterogeneous cell populations.
Regardless of the molecular mechanism, however, our
studies here suggest that p53 and RIZ1 cooperation does
occur in animals and may be expected to also occur in
human cancers. Many sporadic human cancers carry
both a p53 mutation and a silenced RIZ1 gene (He et al.
1998). The present study shows a further example of this,
that is, RIZ1 is mutated in the Saos2 human osteosar-
coma cell line in which p53 is also known to be mutated.
Many previous studies suggest a role for RIZ1 as a

human TSG. This is clearly supported by the present
finding of RIZ1 as a tumor susceptibility gene in mice. In
addition, the present study provides further genetic evi-
dence of a TSG role of RIZ1 in human cancers. We
showed that RIZ1 mutations occurred in human can-
cers. The mutation of RIZ1 in the Saos2 cell line, to-
gether with the previous finding of RIZ1 silencing in the
U2OS cell line (He et al. 1998), suggests a role for RIZ1
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in human osteosarcoma. The fact that only 1 of 32 hu-
man NB cell lines carried a mutation suggests that mu-
tations in RIZ1 may be uncommon in NB. Given a pre-
vious finding that RIZ1 expression is frequently reduced
or lost in NBs (He et al. 1998), it is likely that epigenetic
silencing may be the more common way of inactivating
RIZ1 in this tumor. TSGs do tend to be preferentially
inactivated by a preferred mechanism, for example, p53
is mostly by point mutations, p16INK4A is largely by ho-
mozygous deletion, and MLH1 is by silencing. We also
note that in both of the cell lines that carry RIZ1 mis-
sense mutations, RIZ1 transcript is expressed at normal
levels. This result is consistent with the expectation that
tumors carrying RIZ1 mutations should not also carry a
silenced RIZ1 gene, because there would be no selection
for mutations to occur in silenced genes and vice versa.
One would further expect that mutations would be rare
in tumor types in which RIZ1 silencing is common and
vice versa.
The most interesting findings with regard to RIZ1 mu-

tation in human cancers were observed with DLBL tu-
mors. Not only was the gene a DLBL susceptibility gene
in mice, RIZ1 mutation appeared frequent in human
DLBLs. Although a rare tumor in mice, DLBL is common
in humans, accounting for ∼40% of B-NHL, which is the
fifth most common cancer in the USA (Landis et al.
1999). The pathogenesis of DLBL is poorly understood.
Several translocation breakpoint genes are associated
with DLBL, including Bcl2, Bcl6, and Myc; rearrange-
ments of these genes occur in 30%, 20%, and 10% of
cases, respectively (Ladanyi et al. 1991; Lo Coco et al.
1994). A role for p53 mutation and p16INK4A deletion in
DLBL histologic transformation has also been suggested
(Lo Coco et al. 1993; Dreyling et al. 1998). Although
cytogenetic deletions in DLBL suggest the presence of
several novel TSGs including one on chromosome 1p36
(Cigudosa et al. 1999), none has been identified so far.
Our results here suggest that RIZ1 is a strong candidate
for the DLBL suppressor on chromosome 1p36. We found
a somatic missense mutation (A563G or I188V) of the
gene in human DLBL tumors. The fact that the mutation
clustered on a single site suggests a mutational hot spot.
Whereas the I188V mutation is common in DLBL tu-
mors (10/35), it is rare in other tumors or normal con-
trols (0/432; P < 10−8). The mutation was associated with
chromosome 1p36 deletions in several human DLBL
cases examined. The I188V mutation abolished the ca-
pacity of RIZ1 as a transcriptional coactivator of ER. It
will be interesting to determine whether RIZ1 gene si-
lencing also occurred in human DLBLs, but experiments
addressing RNA and protein expression status are not
possible at the present time because of technical limita-
tions. Nevertheless, the results of this study suggest that
RIZ1 may play an important role in the pathogenesis of
human DLBL.
This study provides evidence for a member of the

MTase family as a TSG, and suggests a direct link be-
tween the PR/SET domain and tumor suppression. The
coactivator function of RIZ1 on ER, as well as its poten-
tial activity as a MTase, suggests that transcriptional

coregulation may be the main mode of action of RIZ1.
Given that RIZ1 has been shown to bind to several tran-
scription factors (e.g., Rb and GATA3), ER may represent
only one of the transcription factors for which RIZ1 can
serve as a cofactor. Although a direct protein MTase ac-
tivity remains to be established for RIZ1, it seems likely
that a MTase-based transcription cofactor activity of
RIZ1 is important for tumor suppression. Consistent
with this notion, the RIZ2 protein that lacks the PR
MTase domain is uniformly present in human tumors
and we found that RIZ2 lacked any ER coactivator ac-
tivity. The RIZ1 deficiency in our knockout mouse is
essentially a deficiency in PR/SET or MTase function, as
RIZ2 is expressed normally in these animals. Further-
more, the mutations found so far in human cancers, in-
cluding missense and frameshift mutations, appear to
affect the PR domain and the ER coactivator function.
The I188V and A159V mutations occur in the vicinity of
PR; the regions adjacent to the PR/SET domain have
been shown to be required for the MTase activity (Rea et
al. 2000). The C106Y mutation changes the highly con-
served Cys residue within the PR domain. As mutating
the corresponding Cys residue in the SUV39H1 protein
to Ala abolishes the MTase activity of SUV39H1 (Rea et
al. 2000), the RIZ1 mutation may have the same effect.
Finally, the frameshift mutation found in microsatellite-
unstable tumors truncated the PR-binding motif. These
combined observations suggest a novel link between car-
cinogenesis and MTase/transcription cofactor activities
of the PR/SET family.
A role for protein methylation in carcinogenesis has

not been considered seriously in the past, leaving it the
least understood posttranslational modification in tu-
mor biology. However, a link between protein MTases
and tumor suppression is consistent with several previ-
ous observations. For example, an inhibitor of MTases,
methylthioadenosine (MTA), commonly accumulates in
cancer cells as a result of homozygous deletion of MTA
phosphorylase (MTAP) (Nobori et al. 1996). MTA is a
natural substrate of MTAP and inhibits the aminoprop-
yltransferases that synthesize polyamines from putres-
cine and decarboxylated S-adenosylmethionine, and also
impairs S-adenosylmethionine-dependent transmethyl-
ation reactions (Williams-Ashman et al. 1982). Although
not a strong inhibitor of MTases in vitro, MTA can cause
accumulation of a more potent MTase inhibitor, S-ad-
enosylhomocysteine (SAH), by inhibiting the SAH hy-
drolase. MTA has been recently shown to inhibit the
protein MTase PRMT1 in vitro and in vivo (Mowen et al.
2001). MTAP is abundant in normal tissues and prevents
inhibition by cleaving MTA to adenine and 5�-methyl-
thioribose L-phosphate, which are recycled to adenine
nucleotides and methionine, respectively (Backlund and
Smith 1981). MTAP and p16INK4A (CDKN2) are ∼100 kb
apart on chromosome 9p21 and the two genes are usually
deleted together (Nobori et al. 1996). Of particular inter-
est to the present study, codeletion of MTAP and
p16INK4A has been specifically correlated with progres-
sion of human DLBLs (Dreyling et al. 1998). Moreover,
deletions that eliminate MTAP, but not p16INK4A, are
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more frequent than p16INK4A deletion alone (Schmid et
al. 1998). These findings, taken together with the fact
that deletion, rather than mutation, is the primary
mechanism of inactivating the p16INK4A locus, support
the suggestion that there might be a selective advantage
for tumors to loseMTAP in addition to p16INK4A (Nobori
et al. 1996). Although Nobori and colleagues speculated
on MTA inhibition of DNA MTases, it is not clear how
decreased DNA methylation could facilitate carcinogen-
esis. Our findings suggest that MTAP deletion could fa-
cilitate tumor formation and/or progression by causing
accumulation of the MTase inhibitor, MTA, which in
turn could inactivate RIZ1. We are presently examining
the effects of MTA and MTAP on the tumor-suppressive
functions of RIZ1.
We have suggested previously that the PR/SET super-

family may share a conserved function in tumor suppres-
sion (Jiang and Huang 2000). Whereas most members of
the superfamily have yet to be studied in the context of
cancer, several members were originally discovered as
human cancer genes, for example, MDS1–EVI1 and
ALL1/MLL1. The way in which these genes are altered in
cancer is consistent with loss of their PR/SET domain or
MTase functions. Given that a TSG function has now
been established for the first time for a member of the
family, we expect more members to be accorded TSG
status in the future. Although protein methylation is yet
to reach the prominent role of other posttranslational
modifications such as phosphorylation and ubiquitina-
tion, it appears poised to become an important new fron-
tier of cancer research.
In summary, RIZ1 is a tumor-susceptibility gene in

mice, which in turn suggests that RIZ1 gene silencing in
human cancers may in fact be causally linked with car-
cinogenesis. Although epigenetic silencing may be the
common way of inactivating RIZ1 in human cancers,
genetic missense mutations also occur and may be com-
mon in certain human tumors.

Materials and methods

RIZ1 gene targeting and Southern blot analysis

A PR-domain-encoding cDNA fragment of rat RIZ1 cDNA was
used to screen a mouse 129Sv genomic library (Stratagene) to
obtain mouse genomic DNA. The targeting construct was de-
signed to insert the PGK–neor–BpA positive selection gene ex-
pression cassette (Soriano et al. 1991) into exon 5 at the Kpn2I
site and to place the Herpes Simplex Virus thymidine kinase
gene expression cassette from PMC1–TK (Mansour et al. 1988)
external and adjacent to the region of homology. The targeting
plasmid was linearized by XhoI digestion and electroporated
into D3 ES cells (Gossler et al. 1986). The ES clones were se-
lected in medium containing G418 (150 µg/mL) and ganciclovir
(2.0 µM). Homologous recombination events were screened by
Southern blot analysis with XbaI digestion and hybridization to
the 0.5-kb XbaI–BglII 5� flanking probe or with NotI plus EcoRI
digestion and hybridization to the 0.5-kb SacII–NotI 3� flanking
probe. Five RIZ1+/− ES cell-lines were microinjected into
C57BL/6 blastocysts that were implanted subsequently into the
uteri of Balb/c foster mothers. Male chimeric mice generated
from two RIZ1+/− ES clones transmitted the RIZ mutation into

germ line. The presence of the RIZ1 mutant allele in the F1
animals was confirmed by Southern blotting and PCR analysis
of genomic DNA from the tail of animals. RIZ1+/− F1 animals
were bred together to generate RIZ1−/− mice.

Northern blot, RT–PCR, and immunoblot analysis of RIZ
gene expression

Total RNAs were prepared from mouse tissues or fibroblast
cultures by use of RNAzol. Northern blot analysis was per-
formed using a PCR fragment of exon 8 from residue 782–1115
to detect RIZ1 plus RIZ2 or a PCR fragment (321 nucleotides in
length) from residue 1–76 (exons 2–4) plus 93 nucleotides of the
5�-untranslated region to detect RIZ1 only. The primers used for
amplifying such a fragment were RP45 (5�-CGGCTGAGGCTC
TGGGCT-3�) and RP157 (5�-CTCCCACATGTACACATTAT
TC-3�); the template was the plasmid pBSK5.4. For RT–PCR
analysis, first, strand cDNA was prepared using MuLV reverse
transcriptase and random oligos as primers. For PCR of RIZ1,
the primers are KO5 (5�-AGACTCTGGCTGAGGTACCT-3�)
and RP170 (5�-GAAGCCAAAGGCCTCTCATC-3�). This PCR
fragment includes exon 3 through exon 8 (617 bp, from amino
acid residue 13 to 219). For immunoblot analysis, animal tissues
were lysed in RIPA lysis buffer using a homogenizer as de-
scribed previously (Liu et al. 1997). Tissue extracts were then
immunoprecipitated with RIZ serum anti-KG7.1S against the N
terminus of RIZ2 or preimmune serum (Liu et al. 1997). The
immunoprecipitated products were resolved on 5% SDS gel fol-
lowed by immunoblot using 1715 rabbit serum against the C
terminus of RIZ1/2 proteins.

Clonal analysis by use of immunoglobulin heavy-chain
gene rearrangement

Genomic DNAs were isolated from DLBL tumors removed
physically from the animals (no microdissection was done on
the tumors). DNAs were restricted with BamHI or EcoRI and
processed for Southern blot analysis. The probe used for detect-
ing immunoglobulin heavy-chain gene rearrangement was a
0.63-kb PCR product of the mouse germ-line immunoglobulin
heavy-chain joining segments J3 and J4. The complete sequence
of this probe is available at GenBank, accession no. V00770. The
primers used were J3F (5�-GTCACAATGTGCCTGGTTTG-3�)
and J4R (5�-AGACGGTGACTGAGGTTCCT-3�).

Mutational and karyotyping analysis of human tumors

Genomic DNA isolated from normal and lymphoma tissues
were PCR amplified with primers that amplified each exon in
the N-terminal region of RIZ1. Primer sequences and SSCP
analysis of the PCR products were as described previously (Fang
et al. 2000). PCR products were either sequenced directly or
subcloned into plasmids followed by DNA sequencing.
For oligo hybridization to detect the C106Y mutation, PCR

products (50 ng) were dotted onto nitrocellulose filters (primers
RP97, 5�-ATGGATGTGCATTGATGCCAC-3� and RP99, 5�-
TAGTAAATGGCTCTGTTG-3�). The filters were hybridized
with either 32P-labeled wild-type oligo RP104 (5�-TTGGGCTT
GCTCAGGAG-3�) or mutant oligo RP103 (5�-TTGGGCTTAC
TCAGGAG-3�) overnight at 42°C in 6× SSC, 0.1% SDS, 5× Den-
hardt’s solution, and 0.1 mg/mL salmon spermDNA. The filters
were then washed twice for 10 min at room temperature in 6×
SSC and for 15 min at 59°C in 2× SSC.
For analysis of neuroblastoma cell lines, a 5�-M13 tailed for-

ward primer 5�-GTAAAACGACGGCCAGTACTACTGAGCC
TGTGGCGGC-3� and a reverse primer 5�-TCCCTTTCCG
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GCTCTTGG-3� were used for RT–PCR amplification of RIZ1’s
PR domain region (coding nucleotide 15–514). The PCR prod-
ucts were purified with the QIAquick PCR purification kit
(QIAGEN). The purified fragments were then sequenced di-
rectly with an universal M13 primer and the same reverse
primer as described above on an ABI PRISM™ 377 DNA se-
quencing system by use of the Big Dye Terminator Sequencing
Kit (Applied Biosystems). Samples with nucleotide changes
were resequenced and confirmed with restriction enzyme diges-
tions.
Cytogenetic methods were as described in Fletcher et al.

(1991). Briefly, metaphase cells were obtained from lymph-node
biopsy specimens by exposure to Colcemid for 14 h. Karyotypes
were made after hypotonic treatment with 0.075 M potassium
chloride for 2 min, fixation with 3:1 methanol:acetic acid, and
trypsin-Giemsa banding.

Assay of RIZ1 effects on the transactivation function of the
estrogen receptor

The human RIZ1 protein expression vector p3RIZ1RH4.1 was
constructed by cloning the full-length wild-type human RIZ1
cDNA into pcDNA3 vector (Invitrogen). Missense mutations
and frameshift mutations were introduced by Quick-Change
mutagenesis kit (Stratagene), and the correct sequence of the
mutant RIZ1 expression vector was confirmed by DNA se-
quencing. To generate the exon 5-deletion mutant, the ExSite
mutagenesis kit (Stratagene) was used according to the manu-
facturer’s instructions. Briefly, two oligo-primers flanking exon
5 were used to PCR amplify the plasmid pBSKY7912PS contain-
ing human RIZ1 cDNA 5� region, in order to generate a mutant
cDNA plasmid lacking exon 5 (pBSKY7912PS�5). The primers
were RP153 (5�-CCAATCGCGCCGGGCGA-3�) and RP300 (5�-
CTCCCACATGTATACATTATTC-3�). In frame deletion of
exon 5 and correct sequence in the mutant cDNA was con-
firmed by DNA sequencing analysis. Next, the mutant cDNA
fragment (1.5 kb) was restricted out from pBSKY7912PS�5 by
KpnI and BsmBI and was used to replace the corresponding re-
gion in the wild-type cDNA expression vector p3RIZRH4.1 to
generate the exon 5-deletion mutant expressing plasmid
p3RIZ1RH�5. Expression vectors of RIZ1 proteins and ER were
cotransfected into CV1 cells with the reporter construct
ERE-tk-CAT containing a synthetic ER response element (Lee
et al. 1995). Cells were grown in phenol-red free DMEM supple-
mented with 10% charcoal-treated fetal bovine serum. Cells
were treated with or without 17-�-estrodiol or E2 (10−7 M) for 24
h and assayed for CAT activity as described previously (Lee et
al. 1995). Expression of �-gal was used to control transfection
efficiency. At least three independent experiments were per-
formed.
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