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Abstract

The retinoblastoma protein-interacting zinc fÃ¬ngergene RIZ maps to

the distal short arm of human chromosome 1 (Ip36), a region thought to
harbor tumor suppressor genes for a variety of human cancers including
breast cancer. The R17 gene normally produces two protein products of
different length, RIZ I and RIZ2. RIZ2 is generated by an internal pro
moter and lacks an MI .-terminili motif of RIZ1, the PR domain conserved

in a subfamily of zinc fÃ¬ngergenes that function as negative regulators of
tumorigenesis. We have here studied whether the RIZ gene may play a
role in human neoplasia. We found that expression of RIZ1 is commonly
decreased or at undetectable levels in breast cancer tissues and cell lines.
Decreased RIZ1 expression was also found in other tumor types including
neuroblastoma and lung cancer. Remarkably, RIZ2 is normally expressed
in all cases examined, suggesting that the abnormality observed for RIZ I
is specific. Forced RIZ1 expression in breast cancer cells caused cell cycle
arrest in (, .-M and/or programmed cell death. These observations suggest

an exclusive negative selection for RIZ1 but not RIZ2 in breast cancer and
a role for RIZ1 in tumor suppression.

Introduction

The Rb^-interucting zinc finger gene RIZ was isolated in a func

tional screening lor Rb-binding proteins (1) and independently as a
G/47/l-J-binding protein G3B (2) and as a DNA-binding protein
MTB-Zf (3). RIZ contains extensive sequence and antigenic similarity
to the EIA viral oncoprotein, including the LXCXE Rb-binding motif

(4). The physiological role of the binding to Rb is not yet defined
because relatively little is known about the biological function oÃRIZ.
There are several other interesting motifs in RIZ, including eight zinc
finger motifs and a PR (PRDI-BF1-RIZ homology) domain of -100
amino acids, which defines a subfamily of Kruppel-like zinc finger

genes. The RIZ gene normally produces two different products, RIZ1
and RIZ2, which differ in length by the presence or absence of the PR
domain (5). An internal promoter generates RIZ2, which lacks the
NH2-terminal PR domain of RIZ1 but is otherwise identical to RIZ1.

Both products are widely expressed in normal tissues (5). They are
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both located in the nucleus and may function as GC-element DNA-
binding transcription repressors (6) or as MTB-element binding acti
vators (3). Other members of the PR family include the MDS1-EVI1
breakpoint gene involved in human leukemia and the PRDI-BF1 or
BLIMP! transcription represser, which can drive B-cell maturation
(7-10). RIZ is remarkably similar to MDSI-EVII, which also gives
rise to a PR-lacking product, the EVI1 oncoprotein, through an

internal promoter (7). The PR domain appears to function as a
protein-binding interface and is related to the SET domain involved in
chromatin-mediated gene expression (11).

Several lines of observation suggest that PR genes or the PR-

containing products of these genes are negative regulators of cell
growth and tumorigenesis. The PR region of MDSI-EVII is often
disrupted by leukemia-associated chromosomal insertions and trans-
locations, resulting in the activation of the PR-deficient EVll gene,
which is considered oncogenic (12). MDSI-EVII is functionally

different from EVll, which may be the basis for the selective activa
tion of EVll in tumor cells (13). A tumor suppressor role for RIZ is
suggested by its chromosomal location at the distal short arm of
human chromosome 1 next to the marker DÃŒS228on Ip36.23 (3,
14), which commonly undergoes deletions, rearrangements, or loss
of heterozygosity in a broad spectrum of human tumors, including
those of breast (15, 16), liver (17), colon (18), and neurocrest
tissues (19, 20).

To assess the role of RIZ gene in tumorigenesis, we have examined
RIZ gene expression in tumor tissues and tissue-derived cell lines. The

results show that RIZ1 expression is decreased or lost in human breast
cancer, whereas RIZ2 expression is normal. Consistent with what
appears to be negative selection for RIZ1 in tumor cells, forced
expression of RIZ1 causes cell cycle arrest in G2-M and/or apoptosis.

Materials and Methods

RNase Protection, RT-PCR, Immunoblot, and in Situ Hybridization

Analysis. Human cell lines were grown in DMEM plus 10% FCS. RNA was
prepared and used for RNase protection analysis as described previously (5).
For RT-PCR analysis, reverse transcription was performed using Moloney

murine leukemia virus reverse transcriptase (NEB) and oligonucleotide primer
RP217 located in coding exon 7 (5'-CCT CTG AGC ACT CTT CAA GAG
T-3')- The first strand cDNA sample was then amplified using two different

sets of primers, one set (RP168 + RP217) was specific for R1Z1, and the other
(RP216 + RP217) for RIZ2 + RIZ1. RP168 primer is located within exon 4
(5'-TGG CTG CGA TAT GTG AAT TG-3'). RP2I6 primer is located within

exon 6 (5'-CAA CTG AAG ACA ACT GAG CCA GA-3'). The primers for
amplification of human ÃŸ-actinare 5'-GTGGGGCGCCCCAGGCACCA-3'
and 5'-CTCCTTAATGTCACGCACGATTTC-3'. PCR reactions were run for

15-20 cycles. The PCR products were analyzed by agarose gel electrophoresis,

followed by ethidium bromide staining or by Southern blotting using RIZ
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RIZI, A NEGATIVE REGULATOR OF TUMORIGENESIS

cDNA probe. Band intensities were quantitated using the Molecular Analysis
software and a Phospho-imager (Bio-Rad). Immunoprecipitation and immu-

noblot analysis of RIZ proteins were performed as described previously (1,5).
In situ hybridization analysis of fixed breast tissues was carried out as de
scribed previously using digoxigenin-labeled probes (21). The RIZI antisense
probe was a 0.6-kb fragment generated by SP6 transcription of the amino

terminal region of RIZI upstream of coding exon 1 (5). The exon 7 antisense
probe was a 0.5-kb fragment corresponding to amino acids 700-866 and was

generated by Sp6 transcription.
Construction of Recombinant Adenovirus Vector Encoding RIZI. The

full-length rat RIZI cDNA in the plasmid p3RIZr was isolated by Nrul and

Xhol digestion and was cloned into the vector pXCJLl (22). The resulting
plasmid pAdRIZl and the adenovirus packaging plasmid pJM17 (22) were
cotransfected into the El trans-complementing cell line 293 using calcium
phosphate. High-titered stocks of recombinant adenoviruses were grown in 293
cells and purified by density gradient ultracentrifugation. Adenovirus-mediated

RIZI expression was examined by immunoblot analysis.
Development of Cell Lines with Inducible RIZI Expression. The cell

line UTA6 derived from U2OS was a kind gift of Dr. D. Haber (23). Construct
ptetRIZl was constructed by cloning the full-length rat RIZI cDNA into the
vector pUHD10-3 kindly provided by Dr. H. Bujard (24). The founder cell
lines were transfected with ptetRIZl and pBK-hygro. Drug-resistant colonies

were isolated in the presence of let and screened for RIZI expression by
immunostaining or immunoblot upon withdrawal of let. Three clones demon
strating regulated induction of the transfected gene were selected for further
study, and representative results were described for one of these, RIZ 1-29.

Growth, Cell Cycle, and Apoptosis Assays. Cells were seeded at 2 X IO5

cells in 6-cm dishes. After overnight culture, the cells were incubated with
recombinant adenovirus for l h at a multiplicity of infection of 50 in serum-
free media. The virus-containing medium was then supplemented with serum

to 10%, and the culture was continued for various times up to 72 h. At each
time point, live cell numbers were counted by trypan blue exclusion, and all
cells were processed for DNA histogram analysis as follows. Cells were
detached from the plate by trypsin and were pooled with cells in the culture
medium. These cells were washed twice with PBS and were fixed with 70%
ethanol overnight. Cells were then washed once in PBS and incubated in

propidium iodide solution (50 /ng/ml in PBS) containing RNase (10 /xg/ml) for
at least 30 min. The stained cells were analyzed with a FACScan (Becton

Dickinson) using a CellQuest program.
DNA fragmentation was performed 72 h after infection with recombinant

adenovirus. Adherent and nonadherent cells were pooled, and genomic DNA
was isolated and analyzed using standard procedures. TÃšNEL analysis was
performed as described (25). Cells grown on coverslips were infected with
adenovirus and were fixed 72 h after infection. Apoptotic cells were labeled
with biotin-conjugated dUTP using terminal deoxynucleotidyl transferase
(Boehringer Mannheim) and fluorescein-conjugated ExtrAvidin (Sigma

Chemical Co.), and visualized by fluorescent confocal microscopy. To dem
onstrate nuclear fragmentation, cells were costained with propidium iodide
(250 /ng/ml) for 5 min at room temperature before the final washes.

Results

Decreased RIZI Expression in Breast Cancer. To study whether
the RIZ gene may play a role in human neoplasia, we first examined
the expression of the two alternative forms of RIZ, RIZI and RIZ2, in
breast cancer cell lines using a RNase protection assay described
previously (5). A representative result of this analysis is shown in Fig.
1A. RIZI and RIZ2 mRNAs were found in an immortalized normal
mammary epithelial cell line 184A1N4. However, two breast cancer
cell lines, SK-BR-3 and MDA-MB-435, had reduced or undetectable
levels of RIZI relative to ÃŸ-actin.In contrast, RIZ2 transcripts were

readily detected, and no significant differences in RIZ2 levels were
observed. This underexpression of RIZI but not RIZ2 was also
confirmed by RT-PCR analysis as in Fig. IB, which showed loss of
RIZI in MDA-MB-435 and decreased RIZI expression in SK-BR-3
and MDA-MB-231 cells. Immunoblot analysis showed that RIZ2

protein was normal, consistent with mRNA expression (Fig. 1C).
RIZI protein was normally expressed at lower levels than RIZ2, as
seen in 184A1N4 cells. Reduced RIZI protein levels consistent with
lowered mRNA levels were observed in SK-BR-3 cells. We examined

Fig. 1. Analysis of RIZ gene expression. A.
RNase protection analysis of normal breast epithe
lial cell line ( 184A l N4) and breast cancer cell lines
(SK-BR-3. MDA-MB-435. and BT474) as indi
cated on lop of each lane. B, RT-PCR analysis of
RIZ gene expression in breast cancer cell lines.
RIZ2 transcripts cannot be differentiated from RIZI
by RT-PCR assay because of their sequence over
lap: RIZI + RIZ2 represents PCR products derived
from the overlapping common coding exon 7.
Shown are Southern blots of RIZ gene PCR prod
ucts and ethidium bromide-stained PCR products of
ÃŸ-actin. C immunoblot analysis of R1Z protein

expression in breast cancer cell lines as indicated.
Cell extracts were prepared from exponentially
growing cells and were immunoprecipitated with
rabbit serum recognizing both RIZI and RIZ2 pro
teins. The precipitated proteins were analyzed on
5% SDS gel, followed by immunohlot using mouse
serum recognizing both RIZI and RIZ2 proteins.

RIZ1-

RIZ2a -

RIZ2b-

B

*

# #
*Â£Â£##

&&V VA f//////
RIZ1-

RIZ1+RIZ2-

actin-
1 23456

actin-T

1234 5 6 RIZ1-
RIZ2

4239

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/19/4238/2468223/cr0580194238.pdf by guest on 19 M

ay 2023



RIZl. A NEGATIVE REGULATOR OF TUMORIGENESIS

a large set of cell lines or tissues of various tumor types by RNase
protection and RT-PCR assays. Similar levels of RIZ2 mRNA were

found in all cases examined. In contrast, low or absent RIZl mRNA
expression was found in 4 of 8 breast cancer cell lines, 2 of 5 lung
cancer cell lines, 4 of 14 neuroblastoma cell lines and tissue samples,
and 1 of 2 osteosarcoma cell lines (Table 1). The results indicate that
decreased expression of RIZl but not RIZ2 may be a common feature
for a subset of human cancers.

To further confirm loss of RIZl mRNA expression in tumor tissues,
we performed in xitu analysis of RIZ gene expression in breast
carcinoma specimens. Fixed breast sections from five infiltrating
carcinomas and seven benign breast lesions (reduction mammoplasty
specimens) were examined using procedures described previously
(21). Antisense probe derived from a 5'-end cDNA fragment of RIZl

was used to specifically hybridize to RIZl mRNA. Because RIZ2
mRNA does not contain unique sequences not present in RIZl, a
cDNA fragment of coding exon 7 was used to detect both RIZl and
RIZ2 transcripts. Positive RIZl hybridization signal was found in
normal epithelial cells in six of seven normal breast tissues or benign
lesions. No RIZl expression was found in the neoplastic epithelial
cells in four of five infiltrating breast carcinomas. Representative
positive RIZl hybridization in normal ductal breast epithelial cells

and in normal lobular cells are shown in Fig. 2, A-C (Fig. 2C but not

Fig. 2, A and B, were counterstained with hematoxylin). Representa
tive negative RIZl hybridization in carcinoma samples is shown in
Fig. 2D (with hematoxylin counterstain). Similar sections of the same
normal (Fig. 2E) or tumor samples (Fig. IF} showed positive staining
for the coding exon 7 probe, indicating RIZ2 expression in trans
formed breast epithelial cells. We conclude from these studies that
RIZl underexpression may be a common change associated with
breast cancer.

Forced RIZl Expression Induces Cell Growth Arrest and/or
Apoptosis. The specific underexpression of RIZl in tumors suggests
that RIZl function may be incompatible with tumor cell growth. To
explore this possibility, we developed a recombinant adenovirus,
AdRIZl, that lacks the EIA and E IB regions and contains a rat RIZl
cDNA transcribed from the cytomegalovirus promoter. An osteosar
coma cell line U2OS, which expressed low levels of RIZl, was
initially used for determining the effects of RIZl expression. Adeno-
virus-mediated RIZl protein expression can be detected at 24 h and

peaked at 48 h after virus infection (Fig. 3A). AdRIZl infected cells
grew more slowly than cells infected with control virus AdGFP
(expressing green fluorescent protein), and cell death became apparent
72 h after AdRIZl infection (Fig. 3ÃŸ).

Table I Analysis of RIZ nene expression

RT-PCR

Samples Tissue types RlZl/aclin" (RIZ2 + RlZD/actin

RPA

RlZl/aclin RIZ2/aclin

Normal tissues and celllinesI84A1N4F20W

138Breast

cancer celllinesMB23IMB468MCF7T47DSK-BR-3MB435BT474BT549Ncurublasioma

celllinesLAN-I
(MYCN)'SHEP-17SK-N-BE2

(MYCN)IMR-32
(MYCN)SY5YNGP

(MYCN)SMS-KCN
(MYCN)Primary

neuroblastomaN-31N-59N-106N-63N-lllN-llN-75

(MYCN)Lung

cancer celllinesA549Calu6H460H292H44IOsteosarcoma

celllinesU20SSAOS2Mammary

cell line1Placental
tissue1.12Lung

Fibroblast0.870.110.140.870.940.070ND''ND0.961.030.981.210.170.970.12Sage

I1.020.96Stage

110.15Stage
1111.021.1Stage

IV0.99Stage
IVS 0.111.011.10.980.100.121.1411.210.821.021.130.970.931.211.22NDND0.951.021.121.011.021.031.141.11.020.010.981.021.140.960.971.08(1.941.211.020.961.0911.110.910.10.120.920.960.1801.10.921.020.980.931.15ND1NDNDNDNDNDNDNDNDNDNDNDND0NDND11.160.851.051.080.970.951.321.240.9810.941.210.971.07ND0.98NDNDNDNDNDNDNDNDNDN

DNDND1.13NDND

" RT-PCR and RNase protection assay (RPA) as described in Fig. 1 were performed on tolal RNAs from cell lines and tissues as listed. RIZ2 transcripts cannot he differentiated

from RIZl by RT-PCR assay; RIZ2 + RIZl represents RIZ gene common exon 7-derived transcripts. To compare RIZl and R1Z2 levels of different samples. 0-aclin mRNA expression
was used asan internal control for variations in the amount of RNA used. The ratio of RIZl :ÃŸ-actinratio of each tumor sample was quanmaled and was normalized to that of I84A1N4
cells, which was arbitrarily defined as I. The normalized ratio is shown. Similarly, the ratio of RIZ2 or R1Z2 + RIZ 1 versus (3-actin of each sample was normalized to that of 184A l N4

cells, and the normalized ratio is shown.
'' ND. not done.
1 Samples with the MYCN gene amplification.
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Fig. 2. RIZ gene expression in human breast tissues by in situ hybridization. RIZI probe hybridized to normal duetal breast epithelial cells (Ai and normal lobular cells (ÃŸ).shown
without hematoxylin eounterstain. RIZI probe hybridized to normal duclal breast epithelial cells (CI but not to breast carcinoma cells (I)}, shown with hemaloxylin counterstain. Exon
7 probe hybridized to normal ductal breast epithelial cells (E) and to carcinoma cells {/â€¢"}.shown without hematoxylin counterstain. Arrows, cells showing positive hybridization signals.

To examine RIZI activity on cell cycle progression, DNA his
togram analysis was performed on AdRlZl-infected U2OS cells
(Fig. 3, C and D). The results showed that a majority of cells were
arrested at G2-M at 48 h after AdRIZl virus infection. At 72 h after
infection, a significant fraction of AdRIZl-infected cells had
sub-C, DNA content indicating apoptotic cell death. In contrast.
AdGFP virus-infected cells were mostly at G, and did not show
sub-G, DNA content. In addition to the sub-G, DNA content,
several other observations also show that RIZI induced cell death
through the apoptotic process. DNA from dying cells 72 h after
infection revealed fragmentation of chromatin into nucleosome
ladders (Fig. 3E). Double staining of individual cell nuclei with

propidium iodide and TÃšNEL(DNA terminal transferase nick-end
translation) reagents demonstrated nuclear condensation and frag
mentation and the presence of free DNA 3'-OH ends (Fig. 3F; Ref.

25). Together, these results suggest that RIZI inhibits cell prolif
eration by inducing cell cycle arrest in G,-M and programmed cell
death.

U20S osteosarcoma cells express wild-type Rb and p53 proteins.
We next examined whether RIZI can also induce growth arrest and
cell death in SAOS2 osteosarcoma cells that do not express wild-type
Rb and p53 proteins. Similar to results in Fig. 3, AdRIZl virus
infection of SAOS2 cells also led to accumulation of cells with G2-M
DNA content and with sub-G, DNA content (Table 2). The results

4241

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/19/4238/2468223/cr0580194238.pdf by guest on 19 M

ay 2023



RIZI. A NEGATIVE REGULATOR OF TUMORIGENESIS

B
24h 48h 72h

AdRIZI + + +
AdGFP + + +

kDa -.-RIZ1

180-
123456

AdGFP
AdRIZI

024
days post infection

AdGFP
U2OSA
G1sG2/Mâ€žJ^\â€žMiuJLAdRIZI

U2OSKrJ-\ys^v/v^'V
80 H AdRIZ1/U20S

Oh

24h

48h

72h

G2/M

80-

Â§ 601

0.
0
Q.

40-

20-

0 â€¢¿�

F

AdGFP/U2OS

G2/M

TÃšNEL

1 2
Fig. 3. Induction of cell growth arrest and cell death by RIZI. A. RIZI protein expression in AdRIZI-infected cells. U2OS cells infected with AdRIZI or AdGFP virus (multiplicity

of infection. 50) and cell lysales were analyzed by 5% SDS gel analysis, followed by immunoblot using RIZI antibodies. B, growth rate analysis of AdRlZl-infecled U2OS cells. Live
cell numbers were counted at different days after virus infection. Shown is a representative of three independent experiments. G DNA histogram analysis. At different times after
adenovirus infection, cells were analyzed for DNA content by propidium iodide staining followed by FACScan. A representative of three independent experiments is shown. In D,
quantitative analysis of the number of cells in different phases of the cell cycle for the experiment shown in C. Columns A, sub-G] or apoptosis peak. D. 0 h: M, 24 h; D, 48 h; â€¢¿�.
72 h. In f.'. DNA fragmentation gel eleclrophoresis analysis was performed at 72 h after virus infection of U2OS cells. F, TÃšNEL analysis of AdRIZI-infected cells. Seventy-two h
after virus infection, cells were fixed, and the fixed cells were double-stained with propidium iodide (PI} and FITC-labeled TÃšNEL reagents as described in "Materials and Methods."

Shown are images from a fluorescent confocal microscope.

show that RIZI can induce GrM arrest and apoptosis in the absence arrest in SK-BR-3 cells. In contrast, primarily G2-M arrest but no cell

of p53 and Rb proteins. death was found for T47D cells infected with the same amount of
We also expressed RIZI in breast cancer cell lines as shown in AdRIZI virus. The results show that forced RIZI expression induced

Table 2. AdRIZI infection led to cell death but no significant G^-M cell death or G->-M arrest in breast cancer cells.
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To study the role of RIZ1 in cell growth control using a different
approach, we established RlZl-inducible cell lines, using a tet-regu-
lated transactivator (24). In this system, expression of a tet-repressible

transactivator allows tight regulation of a promoter containing let
operator sequences. The construct containing RIZ1 under control of
this promoter was stably transfected into founder cell lines expressing
the transactivator. The U20S-derived founder cell line UTA6 was
used to derive RIZ 1-expressing cell lines (23). Results from a repre

sentative cell line tetRIZ1.29 are presented in Fig. 4. Withdrawal of let
led to induction of RIZ1 expression, detectable at 9 h and peaking at
24 h. Although uninduced cells grew normally, RIZ 1-expressing cells

grew slower, and by 4 days after induction of RIZ1, only 5% of the
cells survived (Fig. 4). DNA histogram analysis showed G2-M delay

and apoptosis (data not shown). These results are consistent with those
described for adenovirus-mediated RIZ1 expression.

Discussion

A role for RIZ1 but not RIZ2 product of the RIZ locus as a negative
regulator of tumorigenesis is suggested by two previous observations;
RIZ maps to human chromosome band Ip36, and the RIZ 1-related
MDSÃŒ-EVIÃŒgene is often disrupted in myeloid leukemia. We provide

here several direct lines of observation further supporting a role for
RIZ1 as a suppressor of cell growth and tumorigenesis.

Our data indicate that underexpression of RIZ1 but not RIZ2 may
be common in human breast cancer. RIZ1 underexpression was also
found in neuroblastoma and lung cancer and may be expected to occur
in other malignancies as well. In contrast to RIZ1, the alternative
product of the same gene, RIZ2, is uniformly present in all normal and
tumor samples examined. We are aware that it is not uncommon for
tumor cells to show nonspecific changes in the expression of a
particular gene. However, the exclusive alteration of one but not the
other product of the same gene is highly unusual. The uniform
presence of RIZ2 suggests that loss of RIZ1 is not a random-occurring

event. There may be a specific negative selection for RIZ1 versus
RIZ2 in tumors. Because the PR domain is similar to the SET domain
involved in chromatin remodeling ( 11), it is likely that RIZ1 and RIZ2
may differ significantly in their functions in regulating chromatin-

mediated gene expression. This may underlie the apparently opposite
roles of RIZ1 and RIZ2 in tumorigenesis.

Inactivating gene expression rather than mutating protein structure
appears to be the basis of RIZ1 alteration in malignant cells. Southern
blot analysis did not show evidence of gross alterations of RIZ1
genomic DNA in tumor cells (not shown). Whether tumor-associated

Ip36 alterations may inactivate RIZ1 expression requires future in
vestigation. Relative to the RIZ1 abnormality, the uniform presence of
RIZ2 is striking and may indicate a need for RIZ2 in oncogenesis.
Two alternative forms of the RIZ 1-related PR domain gene MDSI-

EVI1 have been proposed previously to play opposite functional roles
in transformation (5, 13). A need to maintain RIZ2 expression in
tumor cells may explain the lack of gross mutations in RIZ because
RIZ2 shares 89% of the coding region with RIZ1. Of course, muta-

Table 2 Forced RIZI expression in osleostircama tinti breast cancer cell lines

B

CelllinesU20SSAOS2SK-BR-3T47DApoptosis17.420.341.51.2Â±3.1"Â±4.2Â±

7.7Â±
1.0G-29.7-36.1-33.8-44.0iÂ±4.6Â±5.2Â±4.0Â±8.3S-7.0-1.1-5.2-1Â±2.1Â±2.0Â±

3.3Â±0.6G2M

Rb20.114.91.243Â±Â±Â±-*-3.0

+3.7
-0.8

+7.8
+P53+â€”MutMutRIZIWeak+Weak+

RIZ1- "
1234 024

days post tet withdrawal

Fig. 4. Growth inhibition by inducible RIZl expression. A. RIZI protein expression in
RIZ I-29 cells induced by withdrawal of tel. Protein extracts were prepared at different
times following tet withdrawal and were analyzed by immunohlot analysis. B. growth
curve of RIZI -29 cells in the presence or absence of tet. Live cells were counted at each
time point using the trypan blue exclusion method.

lions in the PR region of RIZI should not affect RIZ2. Such muta
tions, however, must be subtle (undetectable by Southern blot analy
sis). Moreover, if such mutations exist, they are likely to be rare
because tumors primarily display RIZI underexpression. However, it
is possible that certain nucleotide changes could lead to destabiliza-

tion of transcripts. Given that RIZI and RIZ2 are produced by
different promoters, it seems likely that the RIZI promoter may
represent a specific target of inactivation in tumor cells. Future study
of this promoter may reveal insights into the decreased RIZI expres
sion in tumors.

The activity of RIZI in inducing cell cycle arrest and/or apoptosis
described here provides a molecular mechanism for a negative role of
RIZI in tumorigenesis. RIZI induced both cell cycle arrest and cell
death in certain cell lines (U2OS and SAOS2) but either arrest or
apoptosis in other cell lines (arrest in T47D and apoptosis in SK-BR-

3). The data suggest that induction of apoptosis by RIZI is unlikely a
result of induction of cell cycle arrest. Also, RIZI induced cell death
independent of the endogenous expression of Rb and p53. suggesting
that RIZI can function independently of Rb and p53. However, the
data do not exclude the possibility that RIZI function may be regu
lated by Rb and p53. The amount of RIZI expressed by adenovirus
may exceed that of endogenous Rb or p53 for their effects on RIZI to
be observed. Forced RIZI expression also induced apoptosis and
growth arrest independently of endogenous levels of RIZI. This is not
unexpected because forced expression of Rb or p53 has also been
shown to cause cell growth inhibition independent of endogenous
levels of expression (26, 27).

That RIZI, which binds to Rb, induces apoptosis suggests a poten
tial mechanism of RIZI action in the context of the Rb suppressor
pathway. Several lines of investigation show that Rb plays a role in
inhibiting apoptosis (28-30). The apoptosis-inducing activity of

E2F1, which is negatively regulated by Rb (30), is thought to mediate
the role of E2F1 as a tumor suppressor (31 ). Clearly, it is an important
future goal to determine whether Rb may inhibit RIZI-mediated

apoptosis.
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