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RIZ1 is an estrogen receptor (ER) coactivator but is also a histone lysine methyltransferase that methylates
lysine 9 of histone H3, an activity known to repress transcription. We show here that target organs of mice
deficient in RIZ1 exhibit decreased response to female sex hormones. RIZ1 interacted with SRC1 and p300,
suggesting that the coactivator function of RIZ1 may be mediated by its interaction with other transcriptional
coactivators. In the presence of estrogen, RIZ1 binding to estrogen target genes became less direct and followed
the binding of ER to DNA and RIZ1 methyltransferase activity on H3-Lys 9 was inhibited, indicating dere-
pression may play a role in estrogen induction of gene transcription. Reducing RIZ1 level correlated with
decreased induction of pS2 gene by estrogen in MCF7 cells. The data suggest that a histone methyltransferase
is required for optimal estrogen response in female reproductive tissues and that estrogen-bound ER may turn

a transcriptional repressor into a coactivator.

Female sex steroid hormones, such as estrogen (E2) and
progesterone, play an essential role in various tissues and in
numerous physiological processes, including the control of pu-
berty, sexual behavior, bone homeostasis, mammopoiesis, and
reproductive functions. Decreased steroid levels and/or re-
sponses are associated with aging and its associated syndromes,
such as osteoporosis, cardiovascular disease, and Alzheimer’s
disease. Altered hormone responses are involved in the devel-
opment and progression of breast cancer, the most common
malignancy inflicted upon women, with more than 180,000 new
cases each year in the United States alone.

The biological actions of E2 and progesterone are mainly
mediated by their receptors that are ligand-dependent tran-
scription factors. Upon binding of hormones, the receptors
bind to their cognate DNA response elements on target genes
and recruit coactivators and general transcription factors to
form an active transcriptional complex, resulting in enhance-
ment of target gene expression (13, 34). Three major classes of
coactivators or coactivator complexes have been described.
One class appears to function as histone/protein acetyltrans-
ferases (HATS) or to interact with HATs, which include CBP/
p300 (7), SRC-1 (NCoA-1/pl160) (21, 37), SRC-2 (TIF2/
GRIP1) (16, 46), and SRC-3 (AIB1/pCIP/RAC3/ACTR/
TRAM-1) (4,9, 28, 44). Some HAT complexes also contain an
RNA coactivator SRA (26). A physiological role for a HAT
coactivator in hormone action is demonstrated by a mouse
model deficient in SRC-1 showing partial hormone resistance
(50, 52). The second class is the DRIP/TRAP protein complex
(11, 38). Finally, recent studies indicate that histone/protein meth-
yltransferases (HMTs) are potential coactivators. CARM1 and
PRMT1 are arginine HMTSs that methylate arginine residues on
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histones and other proteins such as p300 (8, 24, 43, 48, 53). RIZ1
and NSD1 are members of a superfamily of lysine HMTs (1, 17).

The RIZ (PRDM?2) gene was originally isolated in a func-
tional screening for proteins that bind to the Rb tumor sup-
pressor (6). It has also been independently isolated as a DNA-
binding protein MTB-Zf (35), a GATA3-binding protein G3B
(41), and an estrogen receptor (ER)-binding protein (1). Two
products of the gene exist owing to alternative promoter usage:
RIZ1, which contains a PR (for PRDI-BF1 and RIZ1) domain,
and RIZ2, which lacks the domain but is otherwise identical to
RIZ1 (30). The PR domain was initially found as a stretch of
~130-residue that shows homology between RIZ1 and a tran-
scriptional repressor PRDI-BF1 (6, 18). This domain was later
found to be related to the SET domain (20). The SET domain
is the catalytic motif of lysine HMTs (39). RIZ1 has methyl-
transferase activity toward the lysine 9 residue of histone H3
(22), an activity known to be linked with transcriptional repres-
sion. RIZ1 has been largely studied as a tumor suppressor gene
(19, 23, 42). RIZ1 is commonly silenced or inactivated in hu-
man cancers. Mouse gene knockout models show that RIZ1
inactivation can cause tumor susceptibility (42).

RIZ has LXXLL motifs that mediate estrogen-dependent
binding to the ligand-binding domain of ER (1). RIZ1 also has
transcriptional coactivator functions, as assayed in vitro by
cotransfection studies (42). Here, we characterized the RIZ1
knockout mice to address the role of RIZ1 in sex hormone
action in vivo.

MATERIALS AND METHODS

Plasmids and transient transfections. The human RIZ1 and RIZ2 expression
vectors and RIZ1 mutant vectors have been described (42). Expression vectors of
RIZ proteins and expression vectors containing full-length mammalian ERa,
progesterone receptor (PR), retinoic acid receptor a (RARa), retinoid X recep-
tor a (RXRa), vitamin D receptor (VDR), androgen receptor (AR), thyroid
receptor (TR), glucocorticoid receptor (GR), GRIP-1, and SRC-1 were cotrans-
fected into CV-1 cells with an appropriate reporter construct containing a syn-
thetic hormone response element linked to the tk-CAT reporter. The reporter
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TREpal-tk-CAT containing a synthetic response element for RAR, RXR, and TR
(55) was used to evaluate the effects of RARa, RXRa, and TR, the reporter
GRE-tk-CAT (54) was used for GR and AR, the reporter ERE-tk-CAT (27) was
used for ERa, the reporter PRE-tk-cat was used for PR (33), and the reporter
VDRE-tk-CAT (2) was used for VDR.

A calcium phosphate precipitation procedure was used for transient transfec-
tion as described previously (27). Briefly, 0.5 to 1.0 X 10° cells/well were seeded
in 24-well plates, and 50 to 400 ng of RIZ plasmids, 100 ng of expression vectors
for nuclear hormone receptors (NHRs), 100 ng of reporter plasmid, and 100 ng
of a B-Gal expression vector were mixed with carrier DNA to 1 pg of total
DNA/well. Transfections of MCF-7 cells (2 X 10° cells/well in six-well plates)
used the Effectene transfection reagent (Qiagen), according to the manufactur-
er’s instructions. Cells were treated with or without the indicated hormone (50
nM for estradiol [E2] and 100 nM for R5020 [synthetic P agonist], all-trans-
retinoic acid, 9-cis-retinoic acid, 1,25 dihydroxyvitamin D3, dihydrotestosterone,
triiodothyronine, and dexamethasone; all were from Sigma except R5020, which
was from NEN) for 24 h, and chloramphenicol acetyltransferase (CAT) activity
was measured as described previously (27). CAT values were normalized for
transfection efficiency by the corresponding B-Gal activity.

Immunoprecipitation and immunoblotting. MCF-7 and T47-D breast cancer
cells were grown in 15-cm dishes in Dulbecco modified Eagle medium (DMEM)
with 5% fetal calf serum and 2 mM L-glutamine. Subconfluent cells (4 X 10°)
were then cultured in DMEM without phenol red, serum, or hormones for an
additional 3 days, during which time the medium was changed twice daily. Cells
were incubated for 24 h with or without hormones (50 nM for E2 and 100 nM for
R5020) and infected with an adenovirus vector containing RIZ1 (AdRIZ1; at a
concentration of 10'° viral particles/15-cm dish) or the empty vector (AdNull)
(14). Cells were then grown for an additional 48 h in DMEM without phenol red
supplemented with 5% charcoal-treated fetal calf serum (Omega Scientific).
Cells were harvested and proceeded to immunoprecipitation and immunoblot-
ting essentially as described previously (6, 30). Antibodies used included RIZ
monoclonal antibody 2D7 (6), monoclonal antibodies versus ERa (sc-8005;
Santa Cruz Biotechnology), progesterone receptor (PR; 1A6; Dako), SRC-1
(M-342; Santa Cruz Biotechnology), or p300 (N-15; Santa Cruz Biotechnology).

Mice. RIZ1~'~ mice were generated in our laboratory as described previously
(42). To examine reproductive functions, female RIZI~/~ mice were bred with
male RIZ1"/~ mice, female RIZI1"/~ mice were bred with male RIZI '~ mice,
and breedings between heterozygous mutants were also performed. The number
of litters was recorded, and all mice were routinely measured for body weight
throughout the studies.

Analysis of gene expression. For PR staining, the polyclonal rabbit anti-PR
antibody (A0098; Dako) was used at a dilution of 1/100, essentially as described
previously (45). Tissues were fixed in Bouin’s solution and processed by routine
methods for embedding in paraffin and sectioning (5 wm). The sections were
subjected to treatment by using the target retrieval solution (Dako), all per-
formed according to the manufacturer’s instructions. Sections were then incu-
bated with the primary antibody followed with a biotinylated secondary antibody.
The localization of the primary antibody was visualized with the imidazole-
diaminobenzidine reaction producing a brown stain, followed by hematoxylin
counterstaining and routine processing for bright-field microscopy analysis.

For reverse transcription-PCR (RT-PCR) analysis of RIZ gene expression,
tissues from 7-week-old RIZI™/* mice were pulverized in liquid nitrogen, and
total RNA was isolated by using the Trizol reagent (Gibco-BRL). cDNA was
synthesized by using the first-strand cDNA synthesis kit (Gibco-BRL). The
oligonucleotide pairs RP260 (5'-CTC ATT CAT CTA AGA AAG GTG G-3')-
RP259 (5'-TGA TTC CAG GTC ACT TCA GG-3") and RP170 (5'-GAA GCC
AAA GGC CTC TCA TC-3")-K05 (5'-AGA CTC TGG CTG AGG TAC C-3')
were used in standard PCR conditions encompassing 30 cycles at an annealing
temperature of 59°C to amplify the RIZ1+2 and RIZ1 specific fragments, re-
spectively.

Analysis of target organs in response to hormone treatments. To investigate
E2-mediated increments in proliferation and hyperemia of uteri and changes in
the cellular organization of the vaginal epithelium (52), 8-week-old female
RIZ™/~ and RIZ™* mice were ovariectomized (OVXed). At day 15 to 17 after
ovariectomy (OVX), mice were treated with subcutaneous (s.c.) injections of E2
(0.8 ng/g/day; Sigma) or with the vehicle (0.1 ml of corn oil) alone for 3 days. The
mice were then sacrificed at day 18, the uterine wet weight was measured, and
vaginal tissue was collected. The tissues were processed as described above, and
vaginal specimens were stained with routine hematoxylin and eosin, and uterine
specimens were prepared for PR expression. The thickness of the vaginal epi-
thelium and the cornified layer was photographed and measured as described in
Fig. 4 by using the Spot 3.2.4 software (Diagnostic Instruments).

To evaluate the P- and E2-mediated decidual response, we used a previously
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described protocol (32, 52). Briefly, 8-week-old female mice were OVXed and at
days 10 to 12 after OVX, mice were treated with s.c. injections of E2 in corn oil
(100 ng/day) and then treated with P (1 mg/day; Sigma) plus E2 (6.7 ng/day) from
days 16 to 23. At 6 h after the third P+E2 injection on day 18, the left uterine
horn (the right horn served as a control) was traumatically stimulated by inser-
tion of a burred needle proximal to the cervix and longitudinally scratching the
entire length of the uterine horn antimesometrially. The mice were sacrificed on
day 23, 6 h after the last P+E2 injection, and the wet weights of the left and right
uterine horns were measured.

To measure the effects on mammopoiesis by normal development, pregnancy,
and female sex hormone treatment, the following protocols were used (51, 52).
To determine the effects of normal pubertal development on mammary gland
growth, 7-week-old virgin female mice were sacrificed. In addition, pregnant
female mice at day 19 of first pregnancy were sacrificed. To examine the effects
of E2+P treatments on mammary gland development, 8-week-old female mice
were OVXed and, at 14 days after OVX, they were treated with s.c. 21-day
releasing hormone pellets containing 0.1 mg of E2 and 10 mg of P4 or s.c.
placebo pellets (Innovative Research of America). On day 35, the mice were
sacrificed, and the uterus was wet weighed and analyzed microscopically to
ensure actual hormone release. In all cases, whole mounts were prepared from
the fourth mammary gland and carmine-stained according to standard proce-
dures (10), and the relationship between mammary ducts and mammary fat pad
and the extent of branching, as well as number of branches, were investigated
microscopically.

In order to evaluate the response to testosterone, 12-week-old male mice were
orchiectomized, and the testicles were wet weighed (52). At 9 days after orchi-
ectomy, mice were treated during days 9 to 15 with s.c. injections of testosterone
(3 mg/kg/day; Sigma) or vehicle alone (0.1 ml of corn oil). On day 16, mice were
sacrificed, and the prostate and the pars prostate of the urethra (for technical
reasons) were removed and wet weighed.

ChIP analysis. The procedure of Shang et al. was used for chromatin immu-
noprecipitation (ChIP) assays (40). Briefly, MCF7 cells were grown to 95%
confluence in phenol red-free Dulbecco comodified Eagle medium (i.e.,
DMEM) supplemented with 10% charcoal-dextran-stripped fetal bovine serum
for 3 days. After the addition of hormone for 45 min, cells were washed twice
with phosphate-buffered saline and cross-linked with 1% formaldehyde at room
temperature for 10 min. The cells were then processed for ChIP assays as
described by Shang et al. (40). Antibodies used included anti-ER (Santa Cruz),
anti-dimethyl-H3-K9 (Upstate), anti-dimethyl-H3-K4 (Upstate), anti-acetyl-
H3-K9 (Upstate), and anti-RIZ1 antibody KG-7.1S or monoclonal antibody
MAB1045 (Abgent, San Diego, Calif.). The primers used were as follows: for
PCR amplification of human pS2 gene promoter, pS2Pf (GGC CAT CTC TCA
CTA TGA ATC ACT TCT GC) and pS2Pr (GGC AGG CTC TGT TTG CTT
AAA GAG CG); and for PCR amplification of GAPDH gene promoter,
GAPDHPF2 (5'-AAA AGC GGG GAG AAA GTA GG) and GAPDHPR2
(5'-GTC GAA CAG GAG GAG CAG AG). RIZ1 knockout embryo fibroblasts
were similarly processed for ChIP analysis. PCR primer sequences were as
follows: mG6PDpf, 5-CAT CGG GGA AGG CGT AAG GGC GG; mG6PDpr,
5-GGG GGC TAA GCT TCG CTG GCC CAT; mede25Cpf, 5-CGC CCT GAG
CAA CTG CAA TGT AAC; and medc25Cpr, 5-CTT CAG AGT CTT CAC
CGA GGG AG. These primers cover the promoter regions of these genes.

Knockdown assays. RIZ1 knockdown small interfering RNA (siRNA) vector
pSiRIZ1 was constructed by inserting into pSilencer2.0-U6 (Ambion), a DNA
oligonucleotide containing RIZ1 target sequence (upper strand, 5'-GATC
GGTCC TAAAG AAGAC GAAG TTCAAGAG CTTC GTCTIT CTTTA
GGACC TTTTTT GGAA-3'; bottom strand, 5'-AGCT TTCC AAAAAA
GGTCC TAAAG AAGAC GAAG CTCTTGAA CTTCG TCTTC TTTAG
GACC-3"). MCF7 cells that were in phenol red-free DMEM supplemented with
10% charcoal-dextran-stripped fetal bovine serum for 1 day were transfected
with siRNA vectors by Lipofectamine (Invitrogen). Cells were cultured for 2 days
after transfection in phenol red-free DMEM supplemented with 10% charcoal-
dextran-stripped fetal bovine serum. Cells were then treated with E2 for 3 h
before they were harvested for RNA analysis of pS2 gene expression or for 45
min before harvesting for ChIP analysis. The primers used for RT-PCR analysis
of pS2 gene were as follows: pS2RTPCR-f, 5'-ATGGCCACCATGGAGAA
CAA; and pS2RTPCR-r, 5'-TAAAACAGTGGCTCCTGGCG. The primers for
amplification of human beta-actin were as follows: bActinl, 5'-GTGGGGCGC
CCCAGGCACCA-3'; and bActin2, 5'-CTCCTTAATGTCACGCACGATTTC-
3’. Western blot analyses with anti-RIZ1 rabbit serum (Abcam) and anti-PARP
(poly-ADP-ribose polymerase) antibody (Santa Cruz Biotech) were performed
with nuclear extracts derived from cells at 2 days posttransfection.

Statistical analysis. Student’s unpaired ¢ test was used for statistical evaluation
of means, with a P of <0.05 considered to be significant. All results are expressed



7034 CARLING ET AL.

MoL. CELL. BIOL.

A

100] T
F rl
2 ao [ll+ R5020 sod| I+ R50:
£
L 604 60
Qg
-g 404 40
E 20. I
2 5 20
@
004 Dﬂ‘i
RIZ1(ng) - RIZ 1 (ng) 50 100 200 RZ2(ng) - 50 100 200
ERa(100ng) + + + + PR(100ng) + + + + PR(100ng) + + + +
ERE (100ng) + + + + PRE (100ng) + + + + PHE (100ng) + + + +
25 % 140
100]
™ - = - 120 -
23 M DHT 80] - o Il DEX
154 60 a0+
104 an] 604
404
053 20]
2n]
onj o004 o004
RIZ 1 (ng . 50 100 200 RIZ1(ng) - 50 100 200 RIZ1(ng) -
AR(100ng) 4+ + + + TR(100ng) + + + + GR(100ng) + + + +
GRE (100ng) + + + + TRE (100ng) + + + + GRE (100ng) + + +

B
IP: Pl anti-PR anti-ER
R5020: + - + E2: - +

FIG. 1. RIZ1 is a selective coactivator of ER and PR. (A) Promoter
expression vectors were cotransfected with a reporter construct containing

RIZ1+2

Actin

reporter analysis. The indicated amounts of RIZ1 and various NHR
appropriate hormone receptor response element into CV-1 cells. Cells

were treated with or without the indicated hormone for 24 h and assayed for CAT activity as described in Materials and Methods. The data shown
represent the means + the SEM of three independent experiments. (B) RIZ1 forms hormone-dependent protein complexes in vivo with ERa and
PR proteins. T47-D (for PR) and MCF-7 (for ER) cells were infected with adenovirus expressing RIZ1. Cell extracts treated with or without
hormones were prepared and immunoprecipitated (IP) with preimmune serum (PI, lane 1) or monoclonal antibodies to PR (PR, lanes 2 and 3)
or ERa (lanes 4 and 5) as indicated. The immunoprecipitated products were analyzed by immunoblot analysis with anti-RIZ1 antibody.
(C) RT-PCR analysis of RIZ1 expression in target organs of sex steroid hormones. Total RNAs isolated from the indicated tissues of mice were

used for RT-PCR analysis as described in Materials and Methods.

as means = the standard error of the mean (SEM) or means * the standard
deviation, when stated.

Methylation assays. Methylation reactions (30 to 40 wl) contained 20 mM
Tris-HCI (pH 8.0), 0.2 M NaCl, 0.4 mM EDTA, immunoprecipitation products,
free histones (10 to 20 pg), and 3 ul (1.65 nCi and 21 pmol) of [methyl->H]-
adenosylmethionine (Amersham-Pharmacia). Nuclear extracts were prepared
according to standard procedures and used for immunoprecipitation. Antisera
used for immunoprecipitation were anti-KG7.1S and preimmune serum as de-
scribed previously (6).

RESULTS

RIZ1 is a coactivator of ER and PR. RIZ1 has been shown
to be a coactivator of ER and can directly interact with ER (1,
42). To better understand the coactivator function of RIZ1, we
compared the effects of RIZ1 on ER with its effects on several
other NHRs. As shown in Fig. 1A, RIZ1 enhanced ER and PR
function in a ligand- and dose-dependent manner. In compar-
ison, RIZ1 had no major effects on the activities of androgen
receptor, thyroid hormone receptor, glucocoticoid receptor,
vitamin D receptor (not shown), retinoic acid receptor « (not
shown), and retinoic X receptor a (not shown). Consistent with

RIZ1 effects on ER and PR, RIZ1 formed protein complexes
with these receptors as detected by immunoprecipitation with
anti-receptor antibodies (Fig. 1B, lanes 2 to 5) or control pre-
immune antibody (Fig. 1B, lane 1), followed by Western blot
analysis with anti-RIZ1 antibodies. Thus, RIZ1 seems to be a
specific coactivator of ERs and PRs. The fact that RIZ1 has
activator function on nonphysiological-chromatin templates
such as plasmid DNA suggests that RIZ1’s activator function
may not involve its histone/chromatin methylation activity.
RIZ1 has been shown to be widely expressed (6). By RT-PCR
analysis, we confirmed that RIZ1 was expressed in various
target tissues of sex steroid hormones (Fig. 1C).

Partial hormone resistance in target organs of RIZI-defi-
cient female mice. The RIZI mutant mice lack RIZ1, but not
RIZ2, and therefore lack specifically any PR-domain related
functions of the gene (42). These animals are viable and fertile
and show no gross developmental defects (42). To determine
the physiological role of RIZ! in steroid hormone action, uter-
ine growth in response to E2 was first examined in OVXed
mice (31). Wild-type or heterozygous RIZ] mutant mice re-
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FIG. 2. Uterine and vaginal responses to female sex steroid hormones in RIZ] mutant mice. Eight-week-old females with the indicated
genotypes were OVXed and then treated for 3 days with E2 or the vehicle (V) alone from days 15 to 17 post-OVX. Uterine and vaginal tissues
were collected on day 18 and analyzed as follows. (A and B) Impaired uterine growth stimulated by E2 in RIZ] mutant mice. The uterine wet
weight was measured, and the ratio of uterine weight to body weight was calculated for the indicated number of mice and is presented as the mean
+ the SEM. RIZ1~'~ mice showed a significantly reduced response to E2 treatment compared to RIZ1™/* mice (P < 0.001). (C) RIZI mutant mice
show a reduced uterine response to a decidual stimulus. The decidual response was measured as described in Materials and Methods. After
treatment with E2 and progesterone, and mechanical stimulation of the left uterine horn, the ratio of the weights of the stimulated (L) horn to
the unstimulated (control; R) horn was calculated for the indicated number of mice and is presented as the mean = the SEM. (D and E) Vaginal
responses. Vagina tissues were collected and fixed for hematoxylin and eosin staining as described in Materials and Methods. The thickness of the
entire vaginal epithelium and the cornified layer were measured at seven randomly selected areas at the maximum depth of the vaginal epithelium
in each mouse, and data are presented as the means = the SEM for seven mice in each group.

sponded to E2 treatment with a 5.3 = 0.5- or a 5.4 = 0.4-fold
increase, respectively, in uterine wet weight. The uteri of ho-
mozygous RIZ1 mutants showed a smaller increase of ca. 3.7 =
0.4-fold (P < 0.001 for +/+ versus —/— animals; Fig. 2A and
B). Uterine response to mechanical traumatization (decidual
stimulation) is mainly a PR-dependent process (32). We
treated OVXed mice with a high dose of progesterone and a
low dose of E2, followed by mechanical stimulation of the left
uterine horn of each animal. The unstimulated left uterine
horn served as a control. The decidual response resulted in an
increase in the uterine horn size and was consistently observed
in the stimulated left uterine horn in wild-type mice. Only a
partial response was observed in the uterine horn of the RIZI-
null mutant (Fig. 2C). These results suggest that RIZ] is re-
quired for maximal uterine response to E2 and progesterone in
vivo.

We also examined vaginal cornification in response to a
3-day treatment of E2 in OVXed mice. The hormone produces

an increased vaginal thickening and cornification of the epi-
thelium (31), which was consistently seen in the wild-type mice
(Fig. 2D and E). RIZI-null female mice, however, failed to
show a maximal such response, suggesting that RIZI is re-
quired for vaginal response to E2 in vivo.

Next, we analyzed the epithelial and stromal compartments
of the uterus for E2-induced changes in PR expression. Such a
regulation via ER is highly compartment specific and mimics
the changes in the uterus during the estrous cycle (45). PR
staining in OVXed RIZI™'* and RIZ1~'~ mice treated with
vehicle was apparently similar and showed strong immunore-
activity in almost all cells of both the luminal epithelium (LE)
and the glandular epithelium (GE), whereas only a fraction of
stromal and myometrial cells were positive (Fig. 3B, data not
shown). As expected, E2 treatment of wild-type animals had a
dual effect on PR expression, reducing the levels in the LE and
increasing the levels in the stromal and myometrial compart-
ments. Immunoreactivity in the GE was unchanged, a finding
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FIG. 3. Impaired regulation of uterine PR expression by E2 in RIZ1 mutant mice. Uteri were collected and immunohistochemically analyzed
for PR expression. (A) Estrogen-treated uteri (top panel, low magnification; bottom panel, high magnification). Randomly selected areas were
photographed, and more than 1,000 cells from each compartment of the uteri of four mice in each group were counted. (B) Data are presented

as the means = the SEM. Inserted scale bars apply to both genotypes.

consistent with previous findings showing that E2 alone does
not regulate PR expression in this compartment (Fig. 3) (45).
Upon E2 treatment of RIZI-deficient animals, the decrease of
PR levels in the LE was ~8-fold less than in wild-type tissues,
and the increase of the receptor level in the stroma and myo-
metrium was ~2-fold less than normal. These findings suggest

that RIZ] plays a role in the E2 regulation of PR expression in
the uterus.

Steroid hormones play an important role in mammopoiesis
(15). Both E2 and progesterone are essential for alveolar de-
velopment during pregnancy. In 7-week-old wild-type females,
mammary ducts had started to grow into the mammary fat pad
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the fourth mammary gland of mice with the indicated genotypes were
prepared and stained as described in Materials and Methods. (A and
B) Seven-week-old virgin mice; (C and D) mice pregnant for the first
time; (E and F) higher magnification of the ducts and alveolar struc-
tures of the mammary glands of the pregnant mice; (G and H) mam-
mary glands from mice treated with hormone pellets containing P and
E2 as described in Materials and Methods; (I and J) higher magnifi-
cation of the mammary ducts and alveolar structures from G and H,
respectively. Scale bars that apply to both genotypes are inserted.

but with no apparent differences in the age-matched RIZ1-null
mutants (Fig. 4A and B). However, when stimulated by preg-
nancy, alveolar structures in wild-type mammary glands were
highly developed and appeared on all ductal sections, filling
the interductal spaces. In the RIZ1 mutant mammary glands,
alveoli were much less developed in terms of number and size
of alveoli, and fewer alveoli were observed at the ends of ducts
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at the same stage of pregnancy (Fig. 4C through F). Although
mammary glands of RIZ]-null mutants can still produce milk
(data not shown), our results suggest that RIZ! is required for
normal mammary ductal elongation and alveolar development
in vivo during pregnancy (Fig. 4C through F). We also exam-
ined mammary gland development in response to E2 and pro-
gesterone treatment in OVXed adult mice. E2 and progester-
one stimulated a complex ductal arborization and extensive
alveolar formation in mammary glands of wild-type mice,
which mimics a stage of mammopoiesis in early pregnancy. In
the mammary glands of RIZ] mutant mice, only partial ductal
growth was observed after hormone treatment (Fig. 4G
through J). Thus, RIZI seems to be required for efficient pro-
liferation and differentiation of the mammary gland in re-
sponse to E2 and progesterone.

Normal steroid hormone response in RIZI-deficient male
mice. Although RIZI] is expressed in target tissues of male
steroid hormones such as testis (6), it appears not to serve as
coactivator for androgen receptor (Fig. 1A). To study this
further, we measured prostate growth in orchiectomized male
mice after they were treated with androgen. Similar to female
mice, no difference in total body weight was noted in RIZ1-null
mutant male animals (Table 1). Eight days after orchiectomi-
zation, the prostates in both wild-type and mutant animals
regressed. Injection of testosterone for 7 days stimulated pros-
tate growth in wild-type animals, as well as in RIZ-null ani-
mals. Wild-type and RIZI-null mutant animals had similar
ratios of the weight of the prostate and urethra to body weight
(1.19 = 0. 03 versus 1.14 = 0.03;» = 10 and 9 for +/+ and —/—
mice, respectively; P = 0.23). They also had similar ratio of
testis weight to body weight (7.7 £ 0. 4 versus 7.4 = 0.4;n =
14 for both genotypes; P = 0.58). Thus, tissue responses to
testosterone are not significantly affected in mice lacking RIZ1,
a finding consistent with the lack of effect of the gene on
androgen receptor transactivation functions (Fig. 1A).

Reduced litter size by RIZI-deficient female mice. We next
sought to determine whether RIZ1 mutant mice might have
less-efficient reproductive abilities. Female RIZI ™'~ mice were
bred with male RIZ1™/~ mice and, as controls, female RIZI1 '~
mice were bred with male RIZI /~ mice. Also, breedings be-
tween heterozygous mutants were conducted. The average lit-
ter size from breeding RIZ ™/~ females and RIZ1"/~ males was
6.6 = 3.2 (standard deviation; n = 35 litters), but the average
litter sizes were 8.4 = 2.0 (n = 20 litters) for litters of breeding
RIZ1"'~ females with RIZ1 '~ males (P < 0.01) and 8.0 = 2.2
(n = 50 litters) for litters of breeding between heterozygous
mice (P < 0.02). The results indicated a slightly compromised
reproductive ability associated with female but not male mice
deficient in RIZ1, a finding consistent with the above results

TABLE 1. Body weight analysis of live animals

Mean body wt (g) = SD (no. of mice weighed) at:

Mouse

5wk
phenotype 8 wk (female) 12 wk (female)
Female Male
RIZ1™/~ 16.83 = 1.64 (11) 19.24 + 225 (7) 21.28 =+ 2.70 (32) 2427 = 221 (13)
RIZ1*~ 16.83 + 2.01 (15) 20.00 + 2.56 (15) 20.49 + 2.70 (12) 24.51 + 322 (23)
RIZ1/* 18.52 = 1.55 (5) 20.61 £ 2.72 (7) 20.37 = 2.13 (31) 21.71 £ 3.49 (13)
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FIG. 5. RIZ1 interacts with HAT-class coactivators. (A) RIZ1 en-
hances the coactivator functions of members of the SRC-1 (p160)
family. The indicated amounts of RIZ1, ERE-tk-CAT, ERa, and
SRC-1 or GRIP-1 expression vectors were cotransfected into CV-1
cells. Cells were treated with or without E2 and assayed for CAT
activity. Expression of B-Gal was used to control transfection effi-
ciency. The data shown represent the means * the SEM of three
independent experiments. (B) RIZ1 forms protein complexes with
SRC-1 and p300. T47-D cells were infected with AdRIZ1. Cell extracts
treated with or without E2 were prepared and immunoprecipitated
(IP) followed by immunoblot analysis. As a control, a preimmune
serum (PI) was also used in the immunoprecipitation experiment (lane

1).

showing defective tissue responses to steroids in female mice
but not in male animals.

RIZ1 interacts with proteins in the steroid hormone recep-
tor coactivator complex. The partial resistance of RIZI-defi-
cient mice to female sex steroid hormones was similar to that
observed in the SRC-I-null animals (52). We next analyzed
whether RIZ1 may act cooperatively with proteins of the SRC-
1/p160 family members in enhancing ER transactivation. In the
presence of either SRC-1 or GRIP-1, RIZ1 enhanced the ER
transactivation activity in a dose-dependent manner (Fig. 5A).
Consistent with these findings, RIZ1-SRC-1 protein complexes
could be detected by immunoprecipitation with RIZ1 or
SRC-1 antibody (Fig. 5B, lanes 2 to5) but not with control
preimmune antibody (Fig. 5B, lane 1), followed by Western
blot analysis with anti-RIZ1 or anti-SRC-1 antibody. In addi-
tion, RIZ1 physically interacted with p300 acetyltransferase, as
detected by immunoprecipitation with p300 antibody but not
with control preimmune antibody, followed by anti-RIZ1
Western blotting (Fig. 5B, compare lane 1 with lanes 6 and 7).
These findings suggest that RIZ1 may cooperate with HAT
class coactivators.

MoL. CELL. BIOL.

RIZ1 binding to estrogen target gene. RIZ1 has been shown
to methylate H3-K9 (22), which implicates a role in transcrip-
tional repression and thus appears to be in conflict with RIZ1’s
role as an ER coactivator. To help us understand this paradox,
we examined binding of RIZ1 to estrogen target gene pS2
promoter in MCF7 cells by ChIP analysis. Expression of pS2
gene and binding of ER to pS2 gene promoter are known to be
induced by estrogen in MCF7 cells (40). As a positive control,
we confirmed E2-induced ER-binding to pS2 promoter. Unlike
ER, RIZ1 was found present on the pS2 promoter in the
absence of E2 treatment (Fig. 6A). The binding of RIZ1 to pS2
promoter was reduced by E2 treatment. To determine histone
modification status of the pS2 promoter, we examined the
effects of E2 on H3-K9 and H3-K4 methylation and on H3-K9
acetylation. E2 treatment decreased H3-K9 methylation but
did not significantly affect H3-K4 methylation. Furthermore,
E2 treatment enhanced H3-K9 acetylation, a finding consistent
with the known recruitment of HAT class coactivators (40).
We found no detectable amount of precipitated chromatin
corresponding to a control gene promoter, the GAPDH (glyc-
eraldehyde-3-phosphate  dehydrogenase) gene promoter.
These results show a correlation between decreased binding of
RIZ1 and reduced H3-K9 methylation, suggesting a role for
derepression in the induction of pS2 gene transcription by
estrogen.

RIZ1 is a zinc finger protein and has DNA-binding activity
(1, 35). The results presented in Fig. 6A suggest that RIZ1 may
bind to pS2 promoter DNA directly in the absence of E2 and
function to repress pS2 gene expression. After E2 treatment,
the direct binding of RIZ1 to DNA may be disrupted by ER,
and the interaction of ER-bound RIZ1 with DNA may become
indirect or ER mediated. The reduced binding of RIZ1 to
DNA in the presence of E2 may reflect a lower efficiency in
DNA-protein cross-linking (in the ChIP assay) of an indirect
interaction between DNA and RIZ1 versus a direct interac-
tion. To further test whether RIZ1 binding to DNA may be-
come ER-mediated after E2 treatment, we examined the time
course profile of RIZ1 binding to pS2 promoter (Fig. 6B). We
confirmed that ER binding to pS2 promoter was cyclical, being
on the promoter at 45 and 135 min but off the promoter at 0
and 90 min of E2 treatment (Fig. 6B), as previously reported
(40). Furthermore, a known ER coactivator that requires ER
for loading onto promoter, SRC1, showed similar cyclical bind-
ing to DNA as ER (Fig. 6B), a finding consistent with an
earlier report (40). We found that RIZ1 binding to the pro-
moter was also cyclical in the presence of E2, being on the
promoter at 45 and 135 min but off the promoter at 90 min
(Fig. 6B). The amounts of DNA bound by RIZ1 at 45 and 135
min were similar but were less than that at 0 min, suggesting
that RIZ1 binding to DNA maybe switched by E2 from direct
binding to indirect binding. The indirect binding of RIZ1 to
DNA may be mediated by RIZ1-bound ER, since RIZ1 bind-
ing to DNA coincided with ER binding to DNA after E2
treatment.

To further confirm RIZ1 binding to estrogen target genes,
we examined the binding of RIZ1 to estrogen target genes in
the RIZ1 knockout mouse embryo fibroblasts. Since pS2 gene
is not a well-characterized estrogen target gene in the mouse,
we selected the known mouse estrogen target gene glucose-6-
phosphate dehydrogenase (G6PD) for analysis. As shown in
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FIG. 6. ChIP analysis of estrogen target genes. (A) Soluble chromatin was prepared from MCF?7 cells not treated or treated with E2 for 45 min.
Immunoprecipitation was performed with antibodies against RIZ1, dimethylated H3-K9, dimethylated H3-K4, acetylated H3-K9, and ER. DNA
extractions were amplified by using primer sets that cover the pS2 gene promoter region or the GAPDH gene promoter. (B) Time course analysis
of RIZ1 binding to the pS2 gene promoter. MCF7 cells treated with E2 for different periods of time, as indicated at the top of each lane, were
processed for ChIP analysis. Immunoprecipitation was performed with antibodies to RIZ1, ER, and SRC1 and control immunoglobulin G as
indicated. (C) ChIP analysis was performed on RIZ1 knockout mouse embryonic fibroblasts by using anti-dimethyl-H3 K9 antibody and anti-RIZ1
antibody. Immunoprecipitated chromatin DNA was analyzed by PCR with primers in the G6pd promoter region and in the cdc25¢ promoter

region.

Fig. 6C, binding of RIZ1 to G6PD promoter was detected in
wild-type but not in RIZ1 knockout cells. Also, H3-K9 meth-
ylation at G6PD was reduced in RIZ1 knockout cells. As a
control, cdc25¢ gene was not bound by RIZ1 and did not show
H3-K9 methylation changes in the knockout cells.

To determine the significance of RIZ1 binding to pS2 pro-
moter, we sought to determine by using the siRNA approach
whether the expression and methylation state of pS2 changes
when RIZ1 is knocked down. As shown by immunoblot anal-
ysis in Fig. 7A, transfection of a RIZ1 siRNA-expressing vector
decreased RIZ1 protein levels in MCF7 cells relative to a
control vector transfection. As demonstrated by RT-PCR anal-
ysis (Fig. 7B), induction of pS2 gene by E2 was reduced in
RIZ1 siRNA transfected cells versus control transfected cells.
Also, siRNA knockdown decreased H3-K9 methylation of pS2
promoter, which correlates with reduced RIZ1 binding to pS2
promoter, as shown by ChIP analysis (Fig. 7C). The results
suggest that RIZ1 plays a coactivator role in the estrogen-
induced transcription of pS2 gene.

Effect of estrogen on RIZ1 enzyme activity. We next exam-
ined estrogen effects on the H3 methylation activity of RIZ1.
Nuclear extracts from control and E2-treated MCF-7 cells

were immunoprecipitated by RIZ1 serum or preimmune se-
rum. Methylation of H3 was detected in the immunoprecipi-
tates by RIZ1 serum but not by preimmune serum (Fig. 8A,
lanes 1 and 3). E2 treatment decreased H3 methylation by
RIZ1 (Fig. 8A, lane 4). RNase protection analysis did not
reveal altered RIZ1 gene expression by E2 treatment of MCF-7
cells (not shown). Furthermore, E2 also similarly inhibited the
H3 methylation activity of overexpressed RIZ1 protein in
AdRIZ1 virus-infected MCF-7 cells (Fig. 8A, lanes 5 to 6);
cells infected with control virus showed results similar to those
observed with noninfected cells (not shown). That E2 did not
affect RIZ1 protein expression was confirmed by RIZ1 immu-
noblot analysis of the immunoprecipitates used for HMT as-
says of Fig. 7A (Fig. 8B).

DISCUSSION

In this study, we show that female mice lacking RIZ! display
an impaired response to E2 and progesterone and reduced
reproductive abilities. RIZ1 has coactivator activity for ER and
PR but not for other NHRs examined. The binding of RIZ1 to
estrogen target genes and the HMT activity of RIZ1 were
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FIG. 7. Knockdown of RIZ1 by siRNA affects expression and
methylation of pS2 gene. (A) Western blot analysis of equal amounts
of nuclear extracts derived from siRNA and control vector-transfected
MCF7 cells. Antibodies used are indicated on the left side of the
panels. Equal loading is indicated by Western blot of PARP (lower
panel). (B) RT-PCR analysis of pS2 and beta-actin expression with
RNA derived from siRNA and control vector-transfected MCF7 cells
treated with E2 and without E2. Amplification was done on three
different concentrations of each RNA (twofold serial dilution). (C) pS2
gene ChIP analysis of siRNA and control vector-transfected MCF7
cells treated with or without E2. Antibodies used for immunoprecipi-
tation are indicated at the top of the panel.

regulated by E2, which correlated with reduced H3-K9 meth-
ylation of target gene promoters. RIZ1 is also required for
maximal induction of pS2 gene in MCF7 cells by estrogen.
Furthermore, RIZ1 interacted with the other coactivators
SRC-1 and p300. The results suggest a coactivator role of RIZ1
in estrogen action. It is tempting to speculate a model of RIZ1
action, as illustrated in Fig. 9. In the absence of E2, RIZ1 binds
directly to estrogen target genes and represses transcription
through its H3-K9 methylation activity. Methylation on H3-K9
precludes acetylation and hence gene activation, in spite of
RIZ1 binding to other coactivators. In the presence of estro-
gen, the direct binding of RIZ1 to DNA is disrupted by ER,
and the ER-bound RIZ1 no longer binds DNA directly and is
recruited to promoter by ER to serve as a coactivator through
its ability to interact with other coactivator proteins. The re-
duction in H3-K9 methylation may be a result of replacement
of H3 by the histone variant H3.3 (3). Disruption of direct
DNA binding of RIZ1 and inhibition of RIZ1’s HMT activity
on H3 by E2 may prevent methylation of H3.3. We show that
RIZ1 interacts specifically with female sex hormone receptors.
This is unlike the SRC-1/p160 family members, which interact
with a wider spectrum of nuclear hormone receptors. There-
fore, we may expect more subtle phenotypes for RIZI-deficient
mice versus SRC-deficient animals. Indeed, this is the case
even when we compare them to mice deficient in SRC-1, which
show the mildest phenotypes among animals deficient in an
SRC member (12, 49, 51, 52). Although SRC-1- and RIZI-
deficient female animals show similar reduced sensitivities to
female sex hormones, the SRC-I mutation, unlike RIZ1, also
affects mammary duct growth during puberty in virgin mice
and hormone response in males. The partial hormone resis-
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FIG. 8. Regulation of RIZ1 methyltransferase activity by estrogen.
The same amounts of nuclear extracts (500 pg) from E2-treated or
control MCF-7 cells or from AdRIZ1-infected cells were immunopre-
cipitated with preimmune serum or RIZ1 serum anti-KG7.1S. (A) The
immunoprecipitates were then assayed for HMT activity by using free
histones as substrates. (B) Also, the immunoprecipitates from
AdRIZ1-infected cells were analyzed by immunoblot analysis with
RIZ1 monoclonal antibody 2D7. Panel A shows fluorography, indicat-
ing methylation of histone H3. Panel B shows that E2 treatment did
not alter RIZ1 protein amounts.

tance phenotypes observed in RIZI- or SRC-1-deficient mice
likely reflect overlapping functions of RIZ1- or SRC-1-related
proteins or it may be related to an additive effect of RIZ1 and
SRC-1 on ER function.

The partial reduction in tissue response to steroids in RIZ1-
deficient mice was accompanied by a corresponding reduction
in target gene expression. E2 induction of PR gene expression
in the stroma and myometrium compartments of the uterus
was reduced in RIZ1-deficient mice (Fig. 3). The result sug-
gests a physiological role of RIZ1 in facilitating ER-transcrip-

FIG. 9. Model of RIZ1 in estrogen action. In the absence of estro-
gen, RIZ1 sits on estrogen target genes through direct protein-DNA
interaction and represses transcription through methylation of H3-KO.
In the presence of estrogen, ER binds to RIZ1 and switches it from
direct binding to DNA into indirect binding as mediated by ER. The
ER-bound RIZ1 has lower H3-K9 methylation activity and cooperates
with other coactivators to stimulate transcription.
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tional activation function and that such a coactivator function
is likely responsible for the observed tissue response to E2.

Although the overall tissue response to steroids is only par-
tially reduced by RIZI deficiency, this does not necessarily
indicate that RIZ1 is unable to serve a unique and nonredun-
dant function in facilitating NHR function. It is possible that,
at the molecular level, RIZ1 may be uniquely involved in con-
trolling expression of certain target genes. Indeed, estrogen
repressed PR gene expression nearly 20-fold in the luminal
epithelial cells of the uterus in the presence of RIZ1 but only
2-fold in its absence (Fig. 3). Although ER appears to use
RIZ1 as a coactivator, this result suggests that it may also use
it as a corepressor in certain circumstances.

Recent progress in understanding chromatin methylation in
gene transcription suggests that activation of silenced genes
may involve a two-step process. Silenced genes are associated
with methylation of H3-K9, which acts to repress transcription
(5, 25, 29, 36). The first step in gene activation may involve
derepression and removal of H3-K9 methylation or of such
methylated H3, leading to a transcription-competent chroma-
tin state. The second step may be the assembly of transcription
initiation complex. The first step may be necessary but insuf-
ficient for gene activation. The second step may not take place
without the first step, since methylation of H3-K9 may pre-
clude activation-associated histone modifications such as acet-
ylation (47). Extensive studies in the past have produced a
large body of knowledge on the second step. Little is known
about the first step, and our study here suggests that disruption
of the DNA binding of a H3-K9 methyltransferase may be
necessary for the derepression of silenced genes.

In summary, our study here suggests that an HMT (RIZ1) is
a target of estrogen and is required for efficient female sex
hormone action in vivo. Altered HMT function may be in-
volved in clinical syndromes characterized by an impaired fe-
male sex hormone homeostasis such as cancer, osteoporosis,
cardiovascular disease, and Alzheimer’s disease.
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