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Scaffold Attachment Factor B (SAFB)1 and SAFB2
Cooperatively Inhibit the Intranuclear Mobility and
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ABSTRACT

Estrogen receptor alpha (ERa) plays a key role in physiological and pathophysiological processes as a ligand-activated transcriptional factor
that is regulated by cofactors. ERa-mediated transcriptional regulation is closely correlated with the mobility of ERa in the nucleus in
association with the nuclear matrix, the framework for nuclear events including transcription. However, the relationship between ERa
mobility and the cofactors of ERa is unclear. Scaffold attachment factor B1 (SAFB1) and its paralog SAFB2 are nuclear matrix binding
proteins that have been characterized as ERa corepressors. Here, using chimeric fluorescent proteins (FPs), we show that SAFB1 and SAFB2
colocalize with ERa in the nucleus of living cells after 173-estradiol (E2) treatment. Co-immunoprecipitation (co-IP) experiments indicated
that ERa interacts with both SAFB1 and SAFB2 in the presence of E2. Fluorescence recovery after photobleaching analysis revealed that
SAFB1 and SAFB2 each decrease ERa mobility, and interestingly, coexpression of SAFB1 and SAFB2 causes a synergistic reduction in ERa
dynamics under E2 treatment. In accordance with these mobility changes, ERa-mediated transcription and proliferation are cooperatively
inhibited by SAFB1 and SAFB2. These results indicate that SAFB1 and SAFB2 are crucial repressors for ERa dynamics in association with the
nuclear matrix and that their synergistic regulation of ERa mobility is sufficient for inhibiting ERa function. J. Cell. Biochem. 113: 3039-

3050, 2012. © 2012 Wiley Periodicals, Inc.
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E strogen receptor alpha (ERa) regulates biological and
physiological processes including development, reproduc-
tion, homeostasis, and maintenance in a diverse range of tissues
[Kawata et al., 2001]. ERa-mediated regulation is based on the
function of ERa as a ligand-activated transcription factor that
controls expression of estrogen-responsive genes involved in each
cellular process [McKenna et al., 1999; Moggs and Orphanides,
2001; Osborne et al., 2001; Inoue et al.,, 2002]. Upon ligand
activation, steroid receptors form foci associated with the nuclear
matrix, which is a skeletal structure related to many nuclear
functions including transcription [Verheijen et al., 1988; Tsutsui
et al., 2005]. A recent report showed that a progesterone receptor
mutant lacking binding ability to the nuclear matrix failed to form
nuclear foci, with a resulting deficit in its transcriptional activity
[Graham et al., 2008], suggesting the physiological significance of
cluster formation of steroid receptors.

ERa exhibits discrete cluster formation in the presence of ligand
[Htun et al., 1999; Hager et al., 2000; Stenoien et al., 2000; Matsuda
et al., 2002; Matsuda et al., 2008; Amita et al., 2009] and analyses
using fluorescent protein (FP) as a molecular tag have provided
insights into ERa dynamics in the nucleus. FP-tagged ERa (FP-ERa)
is exclusively localized in the nucleus without ligand, but shows
marked redistribution from a reticular to a punctate pattern upon
addition of ligand. The redistributed FP-ER« is associated with the
nuclear matrix [Stenoien et al., 2000] and the change in distribution
is accompanied by an intranuclear mobility shift of ERa [Stenoien
et al., 2001b; Ochiai et al., 2003]. Previous studies using fluorescent
recovery after photobleaching (FRAP) revealed that ATP and
proteasomes are required for the mobility of FP-ERa in the absence
and presence of ligand [Amita et al., 2009]. In addition, cofactors
that modulate ERa-mediated transcriptional activity positively and
negatively [Hart and Davie, 2002; Dobrzycka et al., 2003] are
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correlated with ERa mobility [Stenoien et al., 2000; Stenoien et al.,
2001b; Maruvada, 2002; Wu et al., 2006]. It has been shown that the
ligand-activated glucocorticoid receptor undergoes rapid and
continuous exchange in an active promoter of a target gene,
suggesting that the dynamic nature of steroid hormone receptors is
necessary for their function as transcription factors [McNally et al.,
2000]. However, while a variety of cofactors that interact with ERa
have been identified, the relationship between ERa dynamics and
the function of these cofactors is still unclear.

Scaffold attachment factor B1 (SAFB1) was initially discovered as
a nuclear matrix binding protein. SAFB1 harbors a N terminal SAF-
BOX DNA binding motif through which it interacts with a DNA
element called a scaffold/matrix attachment region (S/MAR) and
indirectly binds to nuclear matrix [Oesterreich, 2003; Garee and
Oesterreich, 2010]. SAFB1 binds to ERa through its central major
ERa interaction domain (MEID) and represses ERa-mediated
transcriptional activity via an intrinsic C-terminal transcriptional
repression domain [Townson et al., 2004]. This ERa corepressor
function is shared by its paralog, SAFB2 [Oesterreich, 2003;
Townson et al., 2003]. SAFB1 and SAFB2 are involved in cellular
processes including proliferation, stress response, and apoptosis
[Oesterreich, 2003; Garee and Oesterreich, 2010], but the molecular
mechanism underlying the transcriptional suppression is unknown.
Based on the nuclear matrix and ERa binding properties of SAFB1
and SAFB2, we hypothesized that modulation of ERa mobility by
these proteins may be responsible.

In the present study, we examined the subnuclear distribution and
interactions of SAFB1, SAFB2, and ERa in the absence or presence
of estrogen, using FP-tagged chimeric proteins. FRAP analysis
revealed a synergistic effect of SAFB1 and SAFB2 on the mobility of
ligand-bound ERa in living cells. Reduction of the intranuclear
mobility of ERa by SAFB1 and SAFB2 was correlated with the
transcriptional activity of ERa and the resulting cellular prolifer-
ative response. These findings provide new insights into ERa-
mediated transcriptional regulation through modulation of its
molecular dynamics.

PLASMID CONSTRUCTION

Expression plasmids for GFP-SAFB1 and GFP-SAFB2 were kindly
provided by Prof. Steffi Oesterrich, Baylor College of Medicine
[Townson et al., 2003]. To generate the pEY/CFP-SAFB1 and pEY/
CFP-SAFB2 constructs, the plasmids were digested with EcoRI and
the genes were then subcloned into pEG/C/YFP-C1 vectors (Clontech
Laboratories, Palo Alto, CA) cut with the same restriction enzymes. A
CFP-tagged SAFB1 deletion mutant (CFP-SAFB1A) that lacks most
(aa 437-598) of the major ER«a interaction domain (aa 426-600)
[Townson et al., 2004] was generated from the pECFP-SAFB1
construct. After Fbal digestion, the 1187- and 1345-base pair
fragments were purified with QIAquick Gel Extraction Kit (Qiagen,
Chatsworth, CA) and then ligated together in ligation mix (Takara
shuzo, Kyoto, Japan), followed by purification using a MinElute
reaction clean up kit (Qiagen). Correct insertion was verified by Xhol
restriction enzyme digestion. YFP/CFP-ERa constructs have been
previously described [Matsuda et al., 2002]. To construct the RFP-

ERa plasmid, the YFP-ERa vector was digested with Xhol-EcoRI and
the fragments were subcloned into a pHcRed-Tandem-C1 vector
(Evrogen, Moscow, Russia).

CELL CULTURE AND TRANSFECTION

Saos-2 and COS-1 cells were cultured in DMEM (Invitrogen,
Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin/streptomycin (Invitrogen) in a CO, incubator at
37°C with 5% CO0,/95% air. Transfections were performed with
LipofectAmine Plus reagent and Opti-MEM (both Invitrogen)
according to the manufacturer’s instructions. For ligand stimulation,
cells were treated with 1078 M estradiol (E2) (Sigma, St. Louis, MO)
at 37°C.

CONFOCAL FLUORESCENT MICROSCOPY

For live cell imaging, the culture medium was replaced with Opti-
MEM (Invitrogen) and image acquisition was performed with a
LSM510 META confocal microscope (Carl Zeiss, Oberkochen,
Germany) equipped with a CO,-controlled on-stage heating
chamber and argon and HeNe-1 (543 nm) lasers. YFP fluorescence
was detected using a filter set at 514 nm excitation and 530-600 nm
emission with a 458/514 nm dichroic mirror, and CFP fluorescence
was observed using a filter set at 458 nm excitation and 475-525 nm
emission with a 458/514 nm dichroic mirror. RFP, Alexa546 and
CMXRos (see proliferation assay) fluorescences were viewed using a
filter set at 543 nm excitation and 560-615 nm emission with a 488/
543 nm dichroic mirror. All experiments were conducted at 37°C
and images were analyzed using software supplied with the confocal
laser microscope.

WESTERN BLOTTING (WB)

One day before the transfection experiments, 5 x 10° COS-1 cells
and Saos-2 cells were plated on 35-mm culture dishes (Falcon;
Becton-Dickinson Labware, Lincoln Park, NJ). COS-1 cells were
transfected with pECFP/YFP-SFAB1 (3 ng), pECFP-SAFBI1A (3 pg),
pECFP/YFP-SAFB2 (3 pg), or pEYFP/RFP-ERa (0.75 p.g). After 3 h,
the medium was changed to DMEM (Invitrogen). The cells were
maintained for 24 h and then solubilized in sodium dodecyl sulfate
(SDS) sample buffer. The cell lysates were separated by 7.5% SDS-
PAGE and transferred to polyvinylidene difluoride membranes
(Immunobilon-P; Millipore, Bedford, MA) using a semi-dry blotting
apparatus (Trans-blot-SD; Bio-Rad Laboratories, Hercules, CA). The
blotted membrane was blocked with 5% albumin in TPBS [0.02%
Tris-HCl (pH 8.0), 0.05% Tween 20, and 150 mM HCI] for 1 h at room
temperature (RT). Immunoblotting was performed with rabbit anti-
SAFB1 (A300-811A; 1:1000 dilution; Bethyl Lab., Montgomery,
TX), rabbit anti-SAFB2 (A301-112A; 1:1000 dilution; Bethyl), or
rabbit anti-ERa (C1355; 1:1000 dilution; Millipore, Temecula, CA)
in TPBS overnight at 4°C as the primary antibody. This was followed
by treatment with alkaline phosphatase-conjugated goat anti-rabbit
IgG secondary antibody (1:1000 dilution; Chemicon/Millipore) for
1h at RT. Immunoreactive bands were visualized using a BCIP/NBT
solution kit (Nacalai Tesque, Kyoto, Japan).

3040

SAFB1/2 INHIBIT ERa MOBILITY AND FUNCTION

JOURNAL OF CELLULAR BIOCHEMISTRY



CO-IMMUNOPRECIPITATION (CO-IP)

COS-1 cells were plated as described above, transfected with pEYFP-
ERa (3 pg) for 3 h, and cultured in Opti-MEM. After 24 h, 10" M E2
was added to the medium and the cells were cultured for 24 h. Whole
cell extracts were prepared from two dishes using 400 pl of low
stringency lysis buffer [Townson et al., 2003] with a slight
modification [20mM Tris HCl (pH 7.6), 150mM NaCl, 0.1%
Nonidet-P40, 1% protease inhibitor cocktail (Nacalai), 100 wg/ml
DNase I (Roche Diagnostics, Mannheim, Germany), 50 wg/ml RNase
A(QIAGEN, Hilden, Germany)]. Cell lysates were sonicated three
times for 20s on ice, and then incubated for 1h at 37°C. After
centrifugation at 13,0009 for 10min at 4°C using a refrigerator
centrifuge (MX-301, Tomy Seiko Co., Tokyo, Japan), supernatants
(100 wl) were incubated with 2wl of anti-SAFB1 or anti-SAFB2
antibody (Bethyl) overnight at 4°C. To prevent nonspecific
interactions, protein G-Sepharose beads (GE Healthcare, Uppsala,
Sweden) were preblocked with lysates containing 1mg/ml BSA
overnight and then the beads were incubated with protein overnight.
After washing with 500 pl of lysis buffer four times, the pellets were
resuspended in SDS sample buffer and boiled for 3 min, followed by
SDS-PAGE and immunoblotting as described above.

FRAP ANALYSIS

FRAP analysis was performed based on previous protocol [Schaaf
and Cidlowski, 2003] with modifications. Saos-2 and COS-1 cells
were grown at 1 x 10° cells/dish on glass bottom dishes (Matsunami
Glass, Kishiwada, Japan) for 24h, transfected with pECFP/YFP-
SFAB1 (1 ug), pECFP-SAFB1A (1 ug), pECFP/YFP-SAFB2 (1 pug), or
PEYFP/RFP-ERa (0.25 pg) for 3 h, and maintained in Opti-MEM for
24h. The cells were then treated with 10~ E2 for 20 min and
fluorescent images (512 x 512 pixels, zoom factor 5, scan speed 9) of
a single Z section using an immersion 63 x objective lens were taken
at time intervals after 3.0s photobleaching at a wavelength of
514 nm (for YEP) at 25% of its maximum power or 543 nm (for RFP)
at maximum laser power for 25 iterations, and the time for the
prebleach image was set to 0's. A region of interest (ROI) in randomly
selected transfected cells was defined as a circle of 25um in
diameter. These parameters were all kept fixed in the analysis. To
correct for differences in expression levels of YFP-ERa between
individual cells, the fluorescence intensity values at every time point
were normalized to the prebleaching level, and curves of fluorescent
intensities for the bleached ROI were obtained using Zeiss LSM
software. Plateau values were calculated as the average of five
highest values and the half-time of fluorescence recovery (t;;,) was
determined, which is defined as the time point after photobleaching
at which the fluorescence values has reached to the mean between
level at bleach end time and level at plateau.

IMMUNOCYTOCHEMISTRY

COS-1 cells (1 x 10° cells/dish) were seeded on glass bottom dishes
(Matsunami) and transfected with pEYFP-ER« (0.25 p.g) as described
above. After a 24 h pre-incubation with or without E2, the cells were
fixed in 4% paraformaldehyde (PFA) for 20 min at RT and treated
with 25 mM glycine in PBS, and permeabilized in 100% methanol
for 3 min at —20°C, followed by blocking in PBS containing 0.3%

Triton X-100 and 2% BSA for 1h at RT. They were then incubated
with the rabbit anti-SAFB1 and anti-SAFB2 antibodies (IHC-00142
and A301-112A; 1:1000 dilution; Bethyl Lab) for 2 h at RT followed
by Alexa546-conjugated goat anti-rabbit IgG (Invitrogen) for 1h at
RT. In the immunocytochemical preparations, the glass slips were
sealed with vectashield (Vector Lab, Burlingame, CA) and observa-
tion was performed with a Zeiss LSM 510 META confocal
microscope (Carl Zeiss).

TRANSCRIPTION ASSAY

Saos-2 cells were seeded at 1 x 10° cells in 35-mm culture dishes
(Falcon). The next day the cells were transfected with a pERE-
luciferase reporter plasmid [Maruyama et al., 1998] (2 pg) and a 3-
actin promoter-driven-galactosidase expression plasmid as an
internal control (2 pg). The cells were cotransfected with various
combinations of YFP-ER«, CFP-SAFB1, CFP-SAFB2, and CFP-
SAFB1A (20 ng, respectively) and cultured in Opti-MEM. After 24 h,
the cells were treated with 10™° E2 for a further 24 h. Controls were
not treated with E2. Luciferase assays were carried out as previously
described [Matsuda et al., 2002; Kitagawa et al., 2009]. Briefly,
luciferase activities in cell lysates were measured by Pica Gene
(Tokyo Inki, Tokyo, Japan). The luciferase activities from triplicate
experiments were averaged after normalization based on the 3-
galactosidase activity from the same supernatants.

PROLIFERATION ASSAY

Saos-2 cells (1 x 10%/cells/well) were homogenously seeded onto
PLL-coated circular coverslips (Fisher Scientific, Pittsburgh, PA) in
24-well tissue culture plates (Costar, Cambridge, MA) in culture
medium [Opt-MEM with 10% charcoal-stripped FBS (Invitrogen)]
for 24 h. The cells were cotransfected with various combinations
of pEYFP-ERa (50ng), pECFP-SAFB1 (250ng), pECFP-SAFB2
(250 ng), and pECFP-SAFB1A (250 ng) constructs. The total amount
of plasmids was equalized by the addition of corresponding empty
vectors, pECFP-C1 and pEYFP-C1. Cells were incubated for 3h,
followed by a medium change to culture medium with or
without 1078 M E2 (assay medium). WST-8 assays were performed
in triplicate using a cell counting kit-8 (CCK-8) (Dojindo
Laboratories, Kumamoto, Japan) at 1, 3, and 5 days after
transfection. Opti-MEM medium was preincubated with 10%
CCK-8 assay solution 30 min before the assay and then added to
the cells (500 pl/well) after removing the assay medium. After 2 h,
medium containing generated water-soluble formazan was
placed in a new 24-well plate and the absorbance at 450 nm
was measured immediately. At the same time, fresh assay medium
was added to the culture. After performance of the WST-8 assay
at 5 days post-transfection, the cells were stained by MitoTracker
Red CMXRos (Molecular Probes, Eugene, OR), a dye for active
mitochondria in live cells, at a final concentration of 200 nM and
cultured in a 37°C incubator for 30 min. The cells were then fixed in
4% PFA for 10 min at RT, washed with PBS, and mounted onto glass
slides. Confocal images (1,024 x 1,024 pixels) of a Single Z section
were captured with a 20x objective lens and the number of the
cells with intense red fluorescent was counted in eight random fields
of view.
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STATISTICAL ANALYSIS
Data are expressed as means + SEM. The significance of differences
was determined using one way analysis of variance (ANOVA)
followed by a Tukey-Kramer post hoc test. P < 0.05 was considered
statistically significant.

CONSTRUCTS OF FP-TAGGED SAFB1, SAFB2, AND ER«x

Cyan (CFP) and yellow (YFP) fluorescent proteins were tagged to the
N termini of wild type SAFB1 and SAFB2 (CFP/YFP-SAFB1, CFP/
YFP-SAFB2) and a SAFB1 mutant (CFP-SAFB1A) in which a large
part of the ER« interaction domain (aa437-598) was deleted (i.e.,
abrogating binding to ERa) (Fig. 1A). Expression plasmids of ERa
fusion proteins with CFP, YFP [Matsuda et al.,, 2002], and red
fluorescent protein (RFP) were also prepared. Using antibodies
specific to SAFB1, SAFB2, or ERa, WB analysis of transiently
transfected COS-1 and Saos-2 cells was performed to confirmed
expression of proteins of appropriate sizes (Fig. 1B).

DISTRIBUTION OF SAFB1, SAFB2, AND ERe IN THE NUCLEUS

To examine the subnuclear distribution patterns of SAFB1 and
SAFB2 under estrogen-stimulated and estrogen-free conditions,
transient cotransfection with YFP-SAFB1 or YFP-SAFB2 and CFP-
ERa expression vectors was performed in Saos-2 cells that were then
subjected to live cell imaging with or without E2 treatment. Saos-2
cells do not express endogenous SAFB1 and SAFB2 (Fig. 1B) because
of a homozygous deletion at the D192216 locus [Townson et al.,

A
SAF-BOX426 600
CFPSAFB1 [CFP] [ [mEID]ns | 1153aa
238aa 599 616
CFP-SAFB1A [(cFP| [ | [ [mg ] 990aa
(437-598)
CFP-SAFB2 [CFP| [ ]1191aa
CFP-ERa. CFP | TAD [DBD | LBD 833aa
YFP-SAFB1 [ YFP | | [mEID]ns] | 1153aa
238aa
YFP-SAFB2  [YFP | | | |1191aa
YFP-ERo. YFP | TAD [DBD | LBD 833aa
RFP-ERa @5 o (o0 BD | 1064aa

469aa

Fig. 1.

2003; Townson et al., 2004]. Confocal laser microscopy revealed
punctate patterns of YFP-SAFB1 and YFP-SAFB2 distribution in the
nucleus in the presence or absence of E2 (Fig. 2A-F, middle panels).
The intranuclear distribution of CFP-ERa showed a ligand-
dependent change from a diffusely homogenous pattern to a
discrete dot pattern (Fig. 2A-F, left panels) as reported previously
[Htun et al., 1999; Hager et al., 2000; Stenoien et al., 2000; Kawata
et al., 2001; Matsuda et al., 2002; Matsuda et al., 2008; Amita et al.,
2009]. Colocalization of fluorescent signals of CFP-ERa clusters
with exogenous YFP-SAFB1 and YFP-SAFB2 were also detected
(Fig. 2D,F). We performed additional immunocytochemical studies
to examine subnuclear localization of ERa, endogenous SAFB1, and
SAFB2 (Fig. 1G-L). COS-1 cells were transfected with YFP-ER«a
alone, maintained in medium containing or lacking E2, fixed, and
then stained for SAFB1 or SAFB2. Addition of E2 changed the
diffuse nucleoplasmic pattern of YFP-ER« (Fig. 2G,LK, left panels)
to a punctate pattern (Fig. 2H,J,L, left panels), and again we observed
colocalization of YFP-ERa signal with SAFB1 and SAFB2
immunoreactivity (Fig. 2J,L) in response to E2 exposure. These
observations indicate that subnuclear localization of SAFB1 and
SAFB2 is confined to particular regions, possibly on the nuclear
matrix, and that ligand-activated ERa accumulates at the same sites
in the nucleus.

SAFB1 AND SAFB2 INTERACT WITH ERa IN THE PRESENCE OF E2
Based on the colocalization of ERa with the two SAFB proteins
described above, we postulated that the interactions of SAFB1 and
SAFB2 with ERa may be strengthened in a ligand-dependent

<
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kDa L 69 %59 59 54 69
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150
o
1007 S——
Lane 1 2 3 4 5 6
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250
150 o
w
8
]
100 S——
Lane 7 8 9 10 11 12
WB: ERa SAFB1 SAFB2

Constructs of SAFB1, SAFB1 deletion mutant, SAFB2 and ERa tagged with FP-color variants. A: Plasmid construction of CFP (cyan fluorescent protein)- and YFP

(yellow fluorescent protein)-tagged full length SAFB1 and SAFB2, CFP-tagged SAFB1 deletion mutant, and CFP/YFP/RFP-fused ERa proteins. SAF-BOX, scaffold attachment
factor box; MEID, major ERa interaction domain; NLS, nuclear localization signal; TAD, transactivation domain; DBD, DNA-binding domain; LBD, ligand binding domain. B:

Immunoblotting analysis of fusion proteins. YFP-ER« was detected as an immunoreactive band of 95 kDa (lane 1, 7). Endogenous SAFB1 and transiently expressed CFP-SAFB1
proteins in COS-1 cells migrated at approximately 130 kDa (lanes 2-4) and 157 kDa (lane 2), respectively. The CFP-SAFB1 deletion mutant formed a band at a predicted
molecular mass of 139 kDa (lane 4). Compared to the bands for SAFB1 and CFP-SAFB1 (lane 2), polyclonal anti-SAFB2 antibody detected slightly higher molecular weight bands
from SDS extracts of COS-1 cells transfected with pECFP-SAFB2 (lane 6). Bands representing CFP-ER« and YFP-SAFB1 were also detected at the expected molecular sizes of 95
and 157 kDa, respectively (data not shown). Expression of RFP-ER« and YFP-SAFB2 was also verified (Fig. 5A). In contrast, no specific bands for endogenous SAFB1 and SAFB2
were detected from lysates of SAFB1- and SAFB2-negative Saos-2 cells (lanes 8—12). The bands in lanes 2—-6 or 8-12 were detected on the same blot, respectively.
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Fig. 2. Colocalization of ERa with SAFB1 and SAFB2 in the nucleus. A-F: Saos-2 cells were transfected with CFP-ERa (pseudo-colored green), YFP-SAFB1, and YFP-SAFB2
(pseudo-colored red). Confocal live cell images showed a diffuse distribution of ERa (A, C and E, left panel) and a punctate pattern of YFP-SAFB1 and YFP-SAFB2 in the nucleus
under E2-free condition (A, C, and E, middle panel). Treatment of cells with 102 M E2 for 20 min produced punctate colocalization of CFP-ERa with YFP-SAFB1 and YFP-
SAFB2 (D, F, arrowheads). G-L: COS-1 cells transfected with YFP-ERa (pseudo-colored green) were fixed, permeabilized, and stained with anti-SAFB1 and SAFB2 antibodies
(pseudo-colored red). E2 treatment changed the intranuclear distribution of YFP-ER« into a punctate pattern and the dots were colocalized with SAFB1 and SAFB2
immunoreactive puncta (J, L, arrows). NC: Negative control (without primary antibody). Bars, 10 pm.

manner. To investigate these interactions, the YFP-ERa expression
vector was introduced into COS-1 cells that endogenously express
both SAFB1 and SAFB2. After incubating the cells with or without
E2, co-IP assays were carried out with SAFB1 and SAFB2 antibodies
(Fig. 3A-F). Although no ERa-immunoreactive bands were found in
immunoprecipitates from cells cultured without E2 (Fig. 3C), YFP-
ERa was expectedly detected in anti-SAFB1 and anti-SAFB2
immunoprecipitates of E2-treated cells as single bands of 95kDa
(Fig. 3F). The same immunoprecipitated samples were tested by WB
analysis with anti-SAFB1 and anti-SAFB2 antibodies, and interest-
ingly the lysates contained both SAFB1 and SAFB2 in the absence or
presence of E2 (Fig. 3A,B and D,E, respectively). These findings show

that ERa interacts with SAFB1 and SAFB2 in response to ligand
binding and suggest that SAFB1 and SAFB2 form oligomeric
complexes.

SAFB1 AND SAFB2 DECREASE THE INTRANUCLEAR MOBILITY OF
LIGAND-BOUND ERa

On the basis of the above results, we hypothesized that ligand-
mediated redistribution of ERa is accompanied by colocalization
and interactions with SAFB1 and SAFB2, which make ERa less
mobile. Photobleaching analysis was used to evaluate the effect of
SAFB1 and SAFB2 expression on the intranuclear mobility of ERa in
the presence of ligand. COS-1 and Saos-2 cells were singly or
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Fig. 3. Interactions of SAFB1 and SAFB2 with ER« in the nucleus under E2 treatment. A-C: COS-1 cells were transfected with pEYFP-ERa and cultured without E2. Nuclease-
treated cell lysates were subjected to immunoprecipitation (IP) with antibodies against SAFB1 and SAFB2. Input (40%) and immunoprecipitated samples were immunoblotted
with anti-SAFB1 (A), anti-SAFB2 (B), and anti-ER« (C) antibodies. Lysates immunoprecipitated with G-Sepharose alone were loaded as a negative control (NC). No bands
corresponding to ERa were detected in the immunoprecipitated samples with antibodies against SAFB1 and SAFB2 (C), whereas bands for SAFB1 (A) and SAFB2 (B) were
detected. D-F: COS-1 cells were transfected with pEYFP-ERa and cultured in the presence of 10~2 M E2 for 24 h. Note the robust immunoreactive band representing exogenous
ERa (F).

multiply transfected with various combinations of plasmids
encoding YFP-ERa, CFP-SAFB1, CFP-SAFB1A, and CFP-SAFB2
(Fig. 4I), and then maintained in serum-free medium for 24 h. The
cells were then treated with E2 for 20 min and a randomly selected

region was bleached, with the pre-bleach image defined as time 0. In
the experiments using Saos-2 cells except that with cotransfection
of YFP-ERa, CFP-SAFB1, and CFP-SAFB2 (Fig. 4C,D,F,G), no
apparent delay in fluorescence recovery was observed compared to
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Fig. 4. Influence of coexpression of SAFB1 and SAFB2 on the intranuclear mobility of YFP-ER« in the presence of E2. A-G: Analysis of fluorescence recovery of YFP-ERa.
Saos-2 cells were cotransfected with the indicated combinations of plasmids expressing YFP-ERa, CFP-SAFB1, CFP-SAFB2, and CFP-SAFB1A followed by E2 treatment and
FRAP analysis in a circle of 2.5 wm radius. Representative images (pre-bleach, t=0.0s) in the FRAP analysis are shown. The areas of bleach spots are indicated by white circles.
Triply transfected Saos-2 cells with the YFP-ERc/CFP-SAFB1/CFP-SAFB2 vector construct (E) showed higher CFP fluorescent intensity and the bleach spot remained dark for a
longer time compared to cells in other transfection experiments (B-D, F, and G) as well as transfected COS-1 cells with YFP-ERa (A). Bars. 10 wm. H: Representative recovery
curves from FRAP analysis of YFP-ERa in COS-1 cells (circles), Saos-2 cells (squares), and transfected Saos-2 cells with CFP-SAFB1 and CFP-SAFB2 vectors (triangles).
Fluorescence insensitivity at each time point was normalized to that at 0's of 1.0, averaged (n = 20 cells), and plotted. I: Half-time fluorescence recovery (t,/,) are expressed as a
mean + SEM from a total of 60 cells (20 cells from three independent experiments). “P < 0.005 versus Ya; “*P< 0.0005 versus Yo; P<0.05 (one-way ANOVA).
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single transfection with YFP-ERa (Fig. 4B) and fluorescence
recovery was almost complete within 23.0s. In cotransfection
with YFP-ERa, CFP-SAFB1, and CFP-SAFB2 expressing plasmids,
some cells exhibited brighter CFP fluorescence in the nucleus
compared with surrounding CFP-positive cells (Fig. 4E), indicating
coexpression of CFP-SAFB1 and CFP-SAFB2. FRAP analysis in the
high CFP cells revealed a clear dark spot in the nucleus at
approximately 6.0s that took more than 23.0s for full recovery of
fluorescence, and this recovery time course was similar to that
observed in YFP-ERa« transfected COS-1 cells (Fig. 4A), suggesting
that the mobility of YFP-ERa was reduced by coexpression of
SAFB1 and SAFB2. Normalized fluorescence recovery curves clearly
indicated that the mobility of YFP-ER« in Saos-2 cells transfected
with both SAFB genes was less dynamic than that in wild type Saos-
2 cells, and was parallel to that observed in COS-1 cells (Fig. 4H).
However, this delay of fluorescence recovery was not detected in
cells cotransfected with YFP-ER«a, CFP-SAFB1A, and CFP-SAFB2
(Fig. 4G).

To quantify the mobility of ERa, the half-time of fluorescence
recovery (t;/,) ofliganded YFP-ERa was measured (Fig. 41). Consistent
with the changes in affinity shown in Figure 3CF, coexpression of
YFP-ERa with CFP-SAFB1 or CFP-SAFB2 resulted in significant
decreases in the mobility of liganded YFP-ERa compared to YFP-ERa
alone (t;),, 5.74+£0.21s or 5.56+0.15s vs. 4.71 £ 1.13s; n=20).

In contrast, when the cells were transfected with the CFP-SFAB1A
plasmid, fluorescence of liganded YFP-ERa recovered on a time
scale that did not differ significantly from that with YFP-ERa
alone (ty;;, 4.77£0.15s; n=20). Intriguingly, quantitative FRAP
analysis showed a marked decrease in YFP-ERa dynamics in triple
transfection experiments in Saos-2 cells with YFP-ERa, CFP-SAFB1,
and CFP-SAFB2 (t/5, 9.41+0.565; n=20) to a statistically similar
extent observed in COS-1 cells (t;;,, 12.30+0.63s; n=20). This
synergistic effect was eliminated when cells were cotransfected
with YFP-ERa, CFP-SAFBI1A, and CFP-SAFB2 (t;,, 5.00£0.18s;
n=20). These results show that SAFB1 and SAFB2 individually
inhibit the intranuclear mobility of ERa and that coexpression of
both paralogs synergistically represses ERa mobility.

To confirm these findings, quantitative FRAP analysis was
performed using three GFP spectral variants (CFP, YFP, and RFP)
that enabled the analysis to be carried out in cells in which
expression of the three different proteins could be monitored. The
characteristics of YFP-SAFB2 and RFP-ERa determined by WB
analysis and representative images of Saos-2 cells expressing CFP-
SAFB1, YFP-SAFB2, and RFP-ERa are shown in Figure 5A,B,
respectively. After transfection with various combinations of
constructs, FRAP analysis was used to calculate t;;, of liganded
RFP-ERa and results similar to those described above were obtained
(Fig. 5Q).
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Fig. 5.

Coexpression of CFP-SAFB1 and YFP-SAFB2 synergistically decreased the intranuclear mobility of RFP-ER« in the presence of E2. A: Immunoblot analysis of RFP-ER«,

CFP-SAFB1, and YFP-SAFB2 from transiently transfected COS-1 and Saos-2 cells. An immunoreactive band for RFP-ERa was detected at about 120 kDa. B: Representative
images of triply transfected Saos-2 cells with RFP-ERc, CFP-SAFB1, and YFP-SAFB2 vectors. Bar, 10 wm. C: Quantitative analysis of fluorescence recovery of nuclear RFP-ERa
in Saos-2 cells transfected with RFP-ER«, CFP-SAFB1 or CFP-SAFB1A, and YFP-SAFB2 (R, C1, C1A, and Y2, respectively). Double transfection of R and C1 or Ra and Y2 led to
a significant reduction in the mobility of liganded RFP-ERa compared to single transfection of Ra (t;/2, 7.10 £0.38 s or 6.80 £0.31s vs. 5.40 +0.30s; n=10). Double
transfection of R and C1A had no effect on RFP-ERa dynamics (t/,, 5.56 £0.21's; n = 10). Triple transfection of Saos-2 cells with Ra, C1 and Y2 synergistically inhibit RFP-
ERa dynamics (t;/,, 10.04 +0.77 s; n = 10) to the levels similar to that observed in COS-1 cells (t;/,, 11.28 £ 0.62 s; n = 10). In contrast, such inhibitory action was not seen in
the case of Saos-2 cells transfected with R, C1A and Y2 (t4/,, 5.76 £ 0.24 s; n = 10). Data shown are the mean & SEM from a total of 30 cells (10 cells from three independent
experiments). *P< 0.005 versus Ra; **P< 0.0005 versus Ro; TP< 0.006 (one-way ANOVA).
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SAFB1 AND SAFB2 REPRESS ERa-MEDIATED TRANSACTIVATION IN
AN ADDITIVE MANNER

The findings from FRAP analysis that the mobility of liganded ERa
was significantly affected by cooperative interactions of SAFB1 and
SAFB2 raised the question of whether this mobility shift has
relevance to subsequent ERa-mediated transcriptional events.
Therefore, we next used a luciferase assay to assess the function
of SAFB1 and SAFB2 as corepressors of ERa. E2-induced
transcriptional activity for ERa was significantly suppressed in
Saos-2 cells transfected with a CFP-SAFB1 or CFP-SAFB2 plasmid,
and cotransfection of both plasmids resulted in additive repression
of this activity (Fig. 6). Expression of CFP-SAFBI1A failed to
attenuate the enhanced transcriptional activation by E2, confirming
the role of the MEID region of SAFB1 (Fig. 1A) in repression of ERa-
mediated transcription and the functional properties of the fusion
proteins generated in this study.

SAFB1 AND SAFB2 COOPERATIVELY INHIBIT ERa-MEDIATED

CELL PROLIFERATION

Next, cell proliferation assays were conducted to examine whether
SAFB1 and SAFB2 act in concert to repress ERa function at the
cellular level. Saos-2 cells transfected with plasmids (as indicated in
Fig. 7A) were continuously cultured in E2-free or E2-containing
medium and proliferation was quantified by WST-8 assay (Fig. 7A)
and evaluated by cell counting using confocal laser microscopy
(Fig. 7B,C). In the WST-8 assays, there were no significant
differences in proliferation rates among the groups on day 1 after
transfection, but cells expressing YFP-ERa with E2 treatment
(positive control) exhibited a significant increase in proliferation
compared to non-treated cells (control) on day 5. In contrast,
transient coexpression of YFP-ERa and CFP-SAFB1 or YFP-ERa
and CFP-SAFB2 inhibited E2-stimulated proliferation (69.0 and
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Fig. 6. Effect of SAFB1 and SAFB2 on ERa-mediated transcription. Plasmids
containing estrogen-responsive element reporter (ERE-Luc) and control pAct-
B-Gal genes were introduced into Saos-2 cells together with the indicated
combinations of plasmids expressing YFP-ERa, CFP-SAFB1, CFP-SAFB1A, and
CFP-SAFB2. Cell lysates were analyzed by luciferase assay with data normalized
with B-Gal activity. The results are expressed relative to the activity of the
PEYFP-ERa construct without E2 treatment (Ya-; set to 1.0) as the mean
+ SEM from three independent experiments determined in duplicate (n=6
for each group). “P < 0.005 versus Ya; **P < 0.0005 versus Yo; “*P < 0.00005
versus Yo; TP< 0.05 (one-way ANOVA).

68.4%, respectively, relative to the positive control) and simulta-
neous expression of YFP-ERa, CFP-SAFB1, and CFP-SAFB2
resulted in further reduction of the proliferation rate (50.1%
relative to the positive control) to a level that did not differ
significantly from that of the control (Fig. 7A). Similar results were
obtained from direct live cell counts (Fig. 7C). In each assay,
truncation of most of the MEID of SAFB1 fully rescued E2-enhanced
proliferation to a level that did not differ significantly from that of
the positive control (Fig. 7A,C). These results suggest that SAFB1
and SAFB2 inhibit the cell proliferation in a cooperative manner.

There is accumulating evidence that nuclear events are implicated in
dynamic cellular processes. Transcriptional regulation by steroid
receptors is a dynamic process that is mediated by multiple
mechanisms in the nucleus [McNally et al., 2000; Stenoien et al.,
2001b; Hager, 2004; Rayasam et al., 2005; Hager et al., 2009]. As
well as the mobility of the steroid receptor itself, interactions
between steroid receptors and the nuclear matrix, the skeletal
structure orchestrating the organization of DNA and placement of
the nuclear machinery, are fundamental for the proper control of
gene expression [Buttyan et al., 1983; DeFranco and Guerrero, 2000;
McNally et al., 2000; Stenoien et al., 2001a; Schaaf and Cidlowski,
2003]. Here, we focused on unique features of SAFB1 and its paralog
SAFB2, which are nuclear matrix binding proteins and ERa
corepressors, and found that these proteins are the key factor that
connects ERa mobility and nuclear dynamics.

We first identified the intranuclear distribution and interaction
between SAFB1/SAFB2 and ERa in the presence or absence of
ligand. In the nucleus of Saos-2 cells (SAFB1- and SAFB2-negative),
we observed a dot distribution pattern of exogenously expressed
SAFB1 and SAFB2, which was similar to the subnuclear pattern of
endogenous SAFB1 and SAFB2 found in HEK293 cells [Sergeant
et al., 2007]. These subnuclear patterns were unchanged by addition
of E2, suggesting no direct effect of E2 on the function of SAFB1 and
SAFB2. Consistent with other observations [Htun et al., 1999; Hager
et al., 2000; Stenoien et al., 2000; Kawata et al., 2001; Matsuda et al.,
2002; Matsuda et al., 2008; Amita et al., 2009], an E2-induced
punctate distribution of FP-tagged ERa was found in Saos-2 cells,
with colocalization with SAFB1 and SAFB2. Furthermore, immu-
nocytocemistry demonstrated this colocalization of ERa with
endogenous SAFB1 and SAFB2 in COS-1 cells, confirming
functional properties of FP-tagged SAFB proteins. Steroid receptors
including ERa are associated with the nuclear matrix [Barrack,
1987; DeFranco and Guerrero, 2000] and this matrix provides a
framework for various nuclear events such as transcription, RNA
processing, and hormone action [Barrack, 1987; Verheijen et al.,
1988; Tsutsui et al., 2005; Graham et al., 2008]. These findings and
our localization analyses support the idea that ERa could be
indirectly bound to the nuclear matrix through interactions with
SAFB1 and SAFB2 in the presence of ligand. Our co-IP data provide
evidence that E2 induces a direct ERa interaction with endogenous
SAFB1 and SAFB2. We observed this interaction in samples with
nuclease treatment, suggesting that ERa was pulled down via
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Effect of cotransfection of SAFB1 and SAFB2 on ERa-mediated cell proliferation. A: Saos-2 cells were homogeneously plated on PLL-coated glass coverslips,

cotransfected with the indicated combinations of plasmids expressing pECFP-C1, pEYFP-C1, CFP-SAFB1, CFP-SAFB1A, CFP-SAFB2 and YFP-ERq, and cultured in the presence
or absence of E2. Cell proliferation was measured by WST-8 assay on days 1, 3, and 5 after transfection. Pooled data from two independent experiments each performed in triplet
(n=6 for each group) are shown as the mean - SEM. *P < 0.05 versus Yo+ on day 5; **P< 0.005 vsersu Yo+ on day 5; **, {P< 0.05 versus Ya/C1/C2 on day 5 (one-way
ANOVA). B: After the WST-assay, Saos-2 cells were stained with Mitotracker Red, a fluorescent dye for mitochondria in living cells, and fixed with 4% PFA. Typical images of the
cells taken with a 20 x objective lens on day 5 are shown. Bar, 100 um. C: The average number of cells stained with Mitotracker Red was counted under a confocal microscope

using a 20x objective lens (eight random fields for each dish). Pooled data from two independent experiments each performed in triplicate (n = 48 for each group) are shown
as the mean + SEM. The mean value of Ya+ was set to 100%."P < 0.005 versus Ya+ on day 5; **P< 0.0005 versus Ya+ on day 5; **, TP < 0.005 versus Ya/C1/C2 on day 5

(one-way ANOVA).

protein-protein interaction and but not via an indirect interaction
mediated by DNA. IP analyses also suggested possible hetero-
oligomerization of SAFB1 and SAFB2 in the absence of E2. Previous
studies have also shown an interaction between SAFB1 and SAFB2
in MCF-7 cells using a doxycycline-inducible system and
untransfected HEK293 cells [Townson et al., 2003; Sergeant

et al.,, 2007]. In addition, we detected self-association between
SAFB1 and SAFB2 in the presence of E2, implying that the intimate
structural and functional relationship between these proteins is
preserved in the ligand-activated state.

We also evaluated the effect of SAFB1 and SAFB2 on ERa
mobility in the presence of ligand and discovered that both SAFB1
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and SAFB2 negatively regulate ERa dynamics. Tissues with high
expression of SAFB1 also show high expression of SAFB2, and
vice versa [Townson et al., 2003], and expression of both genes is
thought to be regulated through one small (500 bp) bidirectional
promoter [Oesterreich, 2003 ; Townson et al., 2003], thus facilitating
interactions with each other in the nucleus. It has also been
suggested that the mobility of ERa depends on its association with
the nuclear matrix [Stenoien et al., 2001a]. Hence, it is highly
probable that SAFB1 and SAFB2 could be causative factors in
mobility loss of ligand-bound ERa in the nucleus. Consistent with
other reports [Stenoien et al., 2001b; Ochiai et al., 2003; Matsuda
et al., 2008], exogenous ERa was extremely mobile in Saos-2 cells as
well as in other cell lines under E2-free condition, and we could not
determined its mobility whether SAFB1 and SAFB2 are exogenously
expressed or not. E2 led to notable reduction in ERa mobility with
no expression of SAFB1 or SAFB2, implying there exist other
elements that take part in this mobility loss and/or both paralogs
have no influence on the ligand-induced translocation of ERa per se.
However, quantitative FRAP analysis revealed that exogenously
expressed SAFB1 in Saos-2 cells indeed caused reduction in ERa
mobility under E2 condition. Besides, the same result was obtained
with SAFB2 expressing plasmid, suggesting that both SAFB1 and
SAFB2 have inherent inhibitory effect on ERa mobility and thereby
exhibit individual functions as corepressor. Furthermore, of note,
simultaneous expression of SAFB1 and SAFB2 resulted in a
marked reduction of ERa dynamics to the similar level observed in
transfected COS-1 cell, emphasizing significant contribution of both
SAFB proteins to ERa dynamics. On the other hand, overexpression
of SFAB1 or SAFB2 in COS-1 cells showed no effect on ERa mobility
(data not shown), probably because there express enough endoge-
nous both SAFB proteins.

The mobility of steroid receptors is thought to be correlated
with their transcriptional activity [van Steensel et al., 1995; Kino
et al., 2006; Graham et al., 2008]. Our transcriptional assays
exclude the possibility that this phenomenon can be attributed to
functional or structural impairment due to tagging of SAFB1 and
SAFB2 with CFP, because exogenous expression of CFP-SAFB1 and
CFP-SAFB2 suppressed ERa-mediated transactivation, as previous-
ly described [Townson et al., 2003]. This finding provides an
explanation of the significance of coexpression of SAFB1 and
SAFB2 in the nucleus. Steroid receptor-mediated transcriptional
events occur on a time scale of minutes to hours [Belmont, 2003;
Hager, 2004; Hager et al., 2006] and the physical dynamics of the
nuclear environment must match this relatively short period.
Simultaneous expression of SAFB1 and SAFB2 may contribute to
this rapid change. Concomitant association of SAFB1 and SAFB2
with an ERa dimer (i.e., a ternary complex of SAFB1, SAFB2, and
ERa dimer) is predicted to facilitate the affinity of ERa for the
nuclear matrix. The co-IP results in this study imply that this
complex is formed in a hormone-stimulated state, but the ERa
binding motif in SAFB1 and SAFB2 [Townson et al., 2004], the
manner in which this motif interacts with the ERa dimer, and
whether SAFB1 really binds to the ERa dimer together with SAFB2
remain unknown.

The new findings from FRAP analysis shed light on the
significance of the interplay between SAFB1 and SAFB2 on

regulation of transcription factors. Further studies are required to
elucidate the mechanisms of cooperative regulation of ERa mobility
by SAFB1 and SAFB2. SAFB1 binds to other transcriptional factors
such as an PPAR, p53 and ROR«a1 [Debril et al., 2005; Garee and
Oesterreich, 2010], as well as ERa, and may influence the
transcriptional activities of these factors by modulating their
intranuclear mobility. This implication could represent an intriguing
model for understanding the relationship between transcriptional
regulation and the nuclear architecture.

In this study, we also examined the effect of SAFB1 and SAFB2 on
cellular function. Consistent with previous results, Saos-2 cells
overexpressing ERa show increased proliferation in response to E2
[Zhao et al., 2009]. Our results further showed that expression of
SAFB1 and SAFB2 reduced cell proliferation in a cooperative
manner that was correlated with transcriptional regulation. Thus, we
found interplay of SAFB1 and SAFB2 at the cellular level.
Overexpression of SAFB1 also inhibits proliferation of MCF-7 cells,
an ERa-positive breast cancer cell line, and reduces the number of
cells in S phase in ERa-negative HEK293 cells, which suggests
effects of ERa-dependent and ERa-independent pathways on
suppression of cell proliferation [Townson et al., 2000; Oesterreich,
2003; Townson et al, 2003; Garee and Oesterreich, 2010].
Comparison of the proliferation rates of cells expressing SAFB1
and the SAFB1 deletion mutant suggests that an ERa-dependent
pathway is mainly involved in this process at least in Saos-2 cells.
Therefore, there may be cell type-specific aspects to inhibition of
proliferation by SAFB1.

The current study supports the idea that the mobility of ERa
depends on binding to the nuclear matrix, and that SAFB1 and
SAFB2 influence the mobility of ERa. Through their interaction
with ERa, SAFB1, and SAFB2 repress the intranuclear mobility,
transactivation, and cell proliferative functions of ERa in a
cooperative manner. Several lines of evidence support the idea
that SAFB1 and SAFB2 are putative tumor suppressors. It has been
reported that loss of chromosomal locus on 19p13 which SAFB1 and
SAFB2 share is frequently observed in human breast cancer
[Oesterreich et al., 2001; Miller et al., 2003; Hammerich-Hille et al.,
2009]. Moreover, mutations in SAFB1 have been detected in breast
cancer cell lines and breast tumor tissues [Oesterreich et al., 2001].
Our findings yield new insights into the modulation of ERa function
via controlling its dynamics by nuclear matrix-binding proteins and
may provide further understanding of the physiological significance
of SAFB1 and SAFB2 including tumorigenesis suppression.
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