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FIG. 4. Overexpressed SMRT also rescued nuclear targeting of mutant EGFP-CBF1(6-9). (A) Immunofluorescence assay in transfected Vero
cells showing that the EEF233 and KLLV249 mutations also disrupt nuclear localization of EGFP-tagged CBF1(6-9). (B) Indirect immunofluo-
rescence assay in Vero cells cotransfected with SMRT and EGFP-CBF1(6-9, EEF) or EGFP-CBF1(6-9, KLV). EGFP-CBF1(6-9, EEF) (upper
panel, green) or EGFP-CBF1(6-9, KLV) (lower panel, green) entered the nucleus in the presence of SMRT-Flag (red) and colocalized with SMRT
(merge, yellow). Mouse anti-Flag antibody and rhodamine-conjugated goat anti-mouse Ig were used as primary and secondary antibodies,

respectively.

remained some residual interaction between SMRT and the
mutant CBF1 proteins. We wondered if overexpression of
SMRT would compensate for the reduced affinity of binding.
The intracellular localization of the CBFI1(EFF233) and
CBF1(KLV249) proteins was therefore examined in Vero cells
cotransfected with an SMRT expression vector. In the cotrans-
fected cells, the CBF1 mutant proteins were detected in the
nucleus, where they colocalized with SMRT in punctate spots
(Fig. 3A and B). The CBF1(EEF233) and CBF1(KLV249)
proteins contain the predicted NLS in exon 4. To ensure that
the observed results were independent of any contribution
from this region or other regions of CBF1, we also tested
EEF233 and KLV249 mutants that were in a background of
CBF1(6-9). Cotransfection of SMRT also rescued nuclear lo-
calization of the CBF1(EEF233) and CBF1(KLV249) mutant
proteins in the background of EGFP-CBF1(6-9) (Fig. 4A and
B). The EGFP-CBF1(6-9) mutant protein again colocalized
with SMRT in the nucleus, although the intranuclear distribu-
tion pattern was less distinctly punctate, suggesting that re-
gions of CBF1 outside of exons 6 to 9 may have an impact on
the intranuclear destination.

The SMRT RID-2 domain (aa 1291 to 1495) is required for
nuclear translocation of CBF1. The CBF1 interaction domain
is located between aa 649 and 811 of SMRT (Fig. 5A) (22). We
wished to determine whether any other domains of SMRT are
required for CBF1 nuclear transport. One of the SMRT dele-

tion mutant proteins that were created to address this question
proved to have an interesting phenotype. Deletion of the car-
boxy-terminal RID-2 domain generated SMRT(1-1290),
which, in transfected cells, localized predominantly to the nu-
cleus, with some additional weak cytoplasmic staining (Fig.
5B). Cotransfected SMRT(1-1290) was unable to mediate nu-
clear localization of either EGFP-CBF1(6-9, EEF) or full-
length CBF1(EEF233) (Fig. 5C), suggesting that the CBF1
interaction domain of SMRT was insufficient for effective
CBF1 nuclear targeting and that sequences in the carboxy
terminus of SMRT are also important for this function.

SMRT (1291-1495) interacts with SKIP. A yeast two-hybrid
assay was performed to determine the identities of proteins
interacting with the SMRT(1291-1495) RID-2 domain. As il-
lustrated in Fig. 6A (lanes 1 to 4), by the induction of B-ga-
lactosidase activity in cotransformed yeast, intact SMRT inter-
acts with CBF1 and with two of the members of the associated
corepressor complex, SKIP and CIR. When the SMRT RID-2
domain was tested in this assay, (Fig. 6A, lanes 5 to 8), the
strongest interaction was with SKIP. The level of B-galactosi-
dase activity induced in cells cotransformed with SKIP and the
SMRT RID-2 domain was very similar to that observed in cells
cotransformed with SKIP and intact SMRT. Consistent with
previous mapping data (22), there was no interaction between
CBF1 and this region of SMRT.

To provide additional support for an association between
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FIG. 5. A C-terminally truncated form of SMRT is unable to rescue nuclear localization of mutant CBF1. (A) Schematic drawing of SMRT
showing the CBF1 interaction domain (shaded), silencing domains (SD), and nuclear receptor interaction domains (RID). (B) Immunofluores-
cence assay in transfected Vero cells illustrating that SMRT(1-1290), in which the RID-2 domain (aa 1291 to 1495) is deleted, retains a
predominantly nuclear localization. Goat anti-SMRT and rhodamine-conjugated donkey anti-goat Ig were used as the staining antibodies. (C)
SMRT(1-1290) could not relocate EGFP-CBF1(6-9, EEF233) or full-length CBF1(EEF233) into the nucleus. Immunofluorescence assay show the
intracellular distribution of EGFP-CBF1(6-9, EEF), CBF1(EEF233), and SMRT(1-1290) in cotransfected Vero cells. Goat anti-SMRT antibody
and rhodamine-conjugated donkey anti-goat Ig were used to stain SMRT (upper and lower panels). Rabbit anti-CBF1 antibody and FITC-
conjugated donkey anti-rabbit Ig were used to stain full-length CBF1(EEF233) (lower panel).

SKIP and the SMRT RID-2 domain, a Flag-SMRT(1291-1495)
expression vector was generated and cotransfected into Vero
cells with HA-SKIP. Indirect immunofluorescence assays
showed complete colocalization of HA-SKIP with Flag-
SMRT(1291-1495) in the nuclei of cotransfected cells (Fig. 6B).

Efficient nuclear targeting may involve an assembled
SMRT-SKIP-CIR corepressor complex. We demonstrated in
Fig. 5C that SMRT(1-1290) with the RID-2 domain deleted is
unable to rescue nuclear targeting of EGFP-CBF1(6-9,
EEF233) and in Fig. 6 that the RID-2 domain interacts with
SKIP. Consistent with these observations, increasing the con-
centration of SKIP by cotransfection had no effect on the
cytoplasmic distribution of EGFP-CBF1(6-9, EEF233) in the
presence of SMRT(1-1290) (Fig. 7A), presumably because
SKIP is unable to interact with SMRT with RID-2 deleted.

However, increasing the concentration of the corepressor CIR
in this same assay led to partial recovery of nuclear targeting by
EGFP-CBF1(6-9, EEF) (Fig. 7B). CIR interacts with SMRT
and also interacts strongly with SKIP (59), and we believe that
CIR may tether SKIP to SMRT(1-1290) to reform a SKIP-
CIR-SMRT complex and fulfill the requirements for CBF1
nuclear transport.

Further reinforcement of this model came from a compari-
son of the intracellular localization of Flag-CBF1(wt [wild-
type] 6-9) and Myc-CBF1(wt 5-9) (Fig. 8). Whereas Flag-
CBF1(wt 6-9) gave a cytoplasmic signal in transfected cells,
Myc-CBF1(wt 5-9) was completely nuclear. SKIP interaction
with CBF1 requires the presence of exon 5 (Zhou, unpublished
data), and hence, a major difference between these two con-
structions is the ability to interact with SKIP.
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FIG. 6. The RID-2 domain of SMRT interacts with SKIP. (A) Yeast two-hybrid assay in which B-galactosidase induction is used as a measure
of protein-protein interaction. CBF1, SKIP, and CIR all interact with full-length SMRT (lanes 2, 3, and 4). However, only SKIP interacts
significantly with SMRT(RID-2) (lane 7). (B) Immunofluorescence assay showing colocalization of HA-SKIP (left, green) and Flag-SMRT(RID2)
(middle, red) in cotransfected Vero cells. The primary antibodies were rabbit anti-SKIP IgG and mouse anti-Flag antibody. The secondary
antibodies were FITC-conjugated donkey anti-rabbit Ig and rhodamine-conjugated goat anti-mouse Ig.

The activators NotchIC and EBNA2 also mediate CBF1
nuclear localization. Evidence has been presented that nuclear
localization of CBF1 is mediated through association with an
SMRT-corepressor complex. The question arises as to the ef-
fect of the activators NotchIC and EBNAZ2. To address this
point, Flag-CBF1(EEF233) was cotransfected into Vero cells
with expression vectors for NotchIC or EBNA2. Both NotchIC
and EBNA2 mediated nuclear entry of Flag-CBF1(EEF233)
(Fig. 9A and B). As expected, truncated EBNA2(1-415) with
the region containing the EBNA2 NLS deleted did not medi-
ate nuclear translocation of Flag-CBF1(EEF233) (data not
shown). More interestingly, EBNA2(1-415) was able to retain
the normally nuclear Myc-CBF1(5-9) protein in the cytoplasm
(Fig. 9C). This observation suggests that EBNA2 can outcom-
pete the SMRT-SKIP-CIR complex for interaction with CBF1
and provides supporting evidence for the competition model
for conversion of CBF1 from a mediator of repression to a
mediator of activation.

A summary of the experimental data is provided in Fig. 10.

DISCUSSION

The mechanisms involved in the intranuclear transduction of
Notch signaling are incompletely understood. Both CSL pro-
tein dependent (35) and CSL-independent (33, 37, 39, 47)
pathways have been described. CSL-partnered transcriptional
activation by Notch is currently the better characterized mech-
anistically. In mammalian cells, domains within NotchIC and
CBF1 that mediate interaction have been mapped, as have
some of the regions within CBF1 that mediate other protein
and DNA contacts. The region of CBF1 encoded by exons 6 to
9 (aa 179 to 361) binds to the corepressors SMRT and CIR,
and a triple alanine mutation at CBF1 aa 233 to 235 has
previously been shown to result in loss of both SMRT and CIR
interactions (17, 22). The corepressor binding domain has been
further defined in the present study with the demonstration
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FIG. 7. SKIP and CIR participate in SMRT-mediated nuclear tar-
geting of CBF1. (A) Cotransfected SKIP did not rescue EGFP-
CBF1(6-9, EEF) nuclear localization in the presence of SMRT(1-
1290). An immunofluorescence assay was performed on Vero cells
cotransfected with EGFP-CBF1(6-9, EEF), SMRT(1-1290), and HA-
SKIP. (B) In cotransfected Vero cells CIR-Myc partially restored
EGFP-CBF1(6-9, EEF) nuclear localization in the presence of
SMRT(1-1290). Cells were stained for SMRT(1-1290) with goat anti-
SMRT antibody.

that alanine substitution at aa 249 to 251 also results in loss of
both CIR (17) and SMRT interactions (Fig. 2), whereas sub-
stitution at aa 261 to 263 does not affect either (Fig. 2 and
unpublished results). Loss of SMRT and CIR interactions cor-
relates with loss of CBF1 transcriptional repression activity
(14, 16, 17), consistent with the known interactions between
these proteins and components of the Sin3-Sap30-HDAC com-
plex that mediates chromatin remodeling and repression. We
now find that there is an additional correlation between the
EEF233 and KLV249 mutations and the intracellular localiza-
tion of CBF1. Whereas wt CBF1 localizes to the nuclei of
transfected cells, loss of SMRT and CIR interactions resulted
in a cytoplasmic CBF1 localization.

All of the data obtained in pursuing the relationship be-

NUCLEAR TARGETING OF CBF1 6229

CBF1 (6-9)

CBF1 (5-9)

FIG. 8. The SKIP interaction domain, CBF1 exon 5, facilitates
nuclear targeting. Immunofluorescence assay comparing the intracel-
lular localizations of Flag-CBF1(6-9) (upper panel) and Myc-
CBF1(5-9) (lower panel) in transfected Vero cells. Secondary antibod-
ies were either FITC conjugated (upper panel) or rhodamine
conjugated (lower panel).

tween SMRT-corepressor binding and nuclear localization of
CBF1 are consistent with a core dependence on SMRT-SKIP
contacts for CBF1 to become nuclear. The EEF233 and
KLV249 mutations appear to destabilize, but not completely
eliminate, the ability of CBF1 to bind to SMRT, and increasing
the concentration of SMRT by introducing transfected SMRT
was able to overcome the effects of the mutations and rescue
the nuclear localization of the CBF1 EEF233 and KLV249
mutants. However, a truncated SMRT that was deleted for the
C-terminal RID2 domain was unable to mediate nuclear res-
cue. The RID2 domain proved to interact with SKIP. Overex-
pression of CIR could partially compensate for loss of the
SMRT RID2 domain, presumably because CIR interacts
strongly with SKIP and could indirectly tether SKIP back onto
the CBF1-SMRT-CIR complex. Finally, CBF1(6-9), which
contains the SMRT-CIR interaction domain, was cytoplasmic
in transfected cells, while the addition of exon 5 in CBF1(5-9)
was sufficient to convert the protein to a nuclear localization.
Exon 5 (aa 120 to 179) contains sequences required for SKIP
binding to CBF1.

Nuclear targeting is commonly associated with the presence
within the protein of either a short stretch of basic amino acids
(NLS) or two basic motifs separated by a 10-aa spacer (bipar-
tite NLS) that bind to importins and lead to association with,
and transport through, the nuclear pore complex (21). How-
ever, other mechanisms also exist, including localization that is
regulated through intermolecular interactions and complex
formation. For example, interaction with 14-3-3 proteins mod-
ulates subcellular localization by masking export or docking
signal sequences and nuclear localization of the catalytic sub-
unit of telomerase (TERT) is regulated by 14-3-3 proteins
(36). Nuclear localization by association with other NLS-con-
taining proteins that participate in the same functional com-
plex has been described, for example, for proteins involved in
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FIG. 9. NotchIC and EBNAZ2 can translocate CBF1(EEF233) into the nucleus. In indirect immunofluorescence assays in Vero cells, cotrans-
fection of NotchIC (A) or EBNA2 (B) led to the detection of nuclear CBF1(EEF233) (left, green). CBF1 was detected by using rabbit anti-CBF1
and FITC-conjugated donkey anti-rabbit Ig; Flag-NotchIC (red) was detected by using rhodamine-conjugated goat anti-mouse Ig, and EBNA2
(red) was stained with anti-EBNA2 monoclonal antibody and rhodamine-conjugated anti-mouse Ig. (C) EBNA2 (aa 1 to 415), a truncated mutant
protein that lacks the major NLS, retained normally nuclear Flag-CBF1(5-9) (red) in the cytoplasm.

the assembly of virus capsids and in viral DNA replication (4,
11, 41, 56). The short stretch of positive amino acids in CBF1
exon 4 (aa 81 to 85) originally identified as a potential NLS has
not been directly tested for NLS function. Our experiments
suggest that, if active, this KKKKE signal is insufficient for
nuclear transport of CBF1 since the EEF233 and KLV249
mutations, which are located some distance away from this
sequence, result in a cytoplasmic phenotype. Based on the
mutagenesis data, the nuclear localization of CBF1(5-9) and
the protein-protein interactions that mapped to this region of
CBF1, we conclude that CBF1 nuclear localization is a regu-
lated process that is dependent on intermolecular interactions
with the SMRT and SKIP binding partners.

A dependence on SMRT-corepressor interactions for CBF1
nuclear entry has implications for CBF1-mediated gene regu-
lation. If CBF1 enters the nucleus preassembled in a complex
with corepressors, then promoter-bound CBF1 would consti-
tutively confer transcriptional repression. This scenario has the
corollary that activation would then require competitive disso-
ciation of the repression complex by the activators NotchIC
and viral EBNA2. We previously noted that both EBNA2 and
NotchIC interacted with the same region of CBF1 (aa 179 to
361; exons 6 to 9) that was required for repression activity (14,
15) and that the EEF233 and KLV249 CBF1 mutations that
ablate SMRT-CIR interaction also impaired NotchIC interac-
tion, as measured in mammalian and yeast two-hybrid assays,

with the KLV249 mutation being the more severely debilitated
(16). Sakai et al. (45) found that mutations in both the DBD of
CBF1 (RBPJ-k aa 212 to 227, CBF1 aa 186 to 201) and in a
second region that was bounded by the aa 249 mutation
(RBPJ-k aa 275 to 323, CBF1 aa 249 to 297) affected NotchIC
binding. This evidence for overlap of the repressor and activa-
tor interacting domains has been supported by competition
experiments in which overexpression of SMRT led to displace-
ment of the NotchIC and EBNA2 activators (22, 58, 59). Ev-
idence has also been presented for competition between the
EBNAZ2 and NotchIC proteins for CBF1 binding (45). Epstein-
Barr virus EBNAZ2 is a nuclear protein, and it seems most likely
that competition between EBNA2 and the repression complex
for CBF1 binding would occur in the nucleus. An initial model
for Notch signal transduction in drosophila suggested that the
drosophila CSL protein Su(H) was bound to full-length Notch
at the plasma membrane and entered the nucleus with
NotchIC on ligand activation of Notch. This model was based
on the observation that Su(H) was relocated to the cytoplasm
in dually Notch- and Su(H)-transfected S2 cells (9). We found
that transfected NotchIC could relocalize CBF1(EEF233) into
the nucleus in transfected cells (Fig. 9) and that mutant cyto-
plasmic CBF1 redistributes within the cytoplasm to colocalize
with Notch in dually transfected cells (Zhou, unpublished
data), further indicating that interaction between these pro-
teins can occur in the cytoplasm. However, we have been
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FIG. 10. Summary of protein-protein interactions that affect CBF1
nuclear targeting. (A) Schematic of the wt and mutant (mt) CBF1
proteins showing the relative locations of exons 6 to 9 (white box) and
the EEF233 and KLV249 mutations (star) and noting their intracel-
lular localization, i.e., nuclear (N) or cytoplasmic (C). (B) Summary of
experimental data. Transfected proteins are indicated by shading, and
endogenous proteins are unshaded. (i) Increasing the concentration of
SMRT overcomes the destabilized interaction brought about by the
EEF233 or KLV249 mutation and restores nuclear targeting of mutant
CBF1. (ii) Truncated SMRT(1-1290) with the RID2 domain deleted is
unable to mediate this activity. The RID2 domain deletion abolishes
the interaction between SKIP and SMRT. This result suggests that the
presence of SKIP in the SMRT-corepressor complex is important for
nuclear targeting of CBF1. (iii) The addition of transfected CIR to the
situation shown in scheme ii allows partial recovery of nuclear local-
ization. CIR interacts with SKIP and can bring endogenous SKIP to
the SMRT(1-1290) complex. (iv) NotchIC and EBNA2 also mediate
nuclear localization of mutant CBF1 in transfected cells. This
NotchIC-EBNA2-CBF1 interaction recapitulates displacement of the
SMRT-corepressor complex, an event that normally takes place in the
nucleus.

unable to obtain evidence for detectable levels of transfected
wt CBF1 associated with membrane-bound Notch in GFP-
Notch-overexpressing cells. Thus, at least to date, the evidence
favors a nuclear location for NotchIC interactions with wt
CBF1 and corepressor displacement.

Published experiments showing that binding between the
corepressor complex and the NotchIC-EBNAZ2 activator is mu-

NUCLEAR TARGETING OF CBF1 6231

tually exclusive have used overexpression of SMRT to compete
away activation by NotchIC-EBNAZ2. More biologically rele-
vant for the conversion from a constitutive repressive state to
a state of activated gene expression would be a demonstration
that the NotchIC-EBNAZ2 activator can outcompete binding by
the SMRT-corepressor complex. Such a demonstration could
be seen in Fig. 9C, in which normally nuclear CBF1(5-9) was
held in the cytoplasm by an EBNA2 derivative with the region
containing the EBNA2 NLS deleted. The experimental data
have indicated that association with the SMRT-SKIP corepres-
sor is required for CBF1 nuclear localization. If this corepres-
sor complex is displaced by a competing protein that is itself
unable to enter the nucleus, as is the case for the EBNA2(1-
415) variant, then the outcome would be as observed, with
CBF1(5-9) being retained in the cytoplasm. Thus, the intracel-
lular relocalization of CBF1(5-9) also provided additional ev-
idence in support of the competition-corepressor displacement
model for NotchIC-EBNAZ2 transcriptional activation.
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