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Cell cycle regulation of the human Six1 homeoprotein is mediated

by APCC
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The Six1 homeoprotein is an important mediator of
normal development, where it is critical for the prolifera-
tion of precursor cell populations that ultimately consti-
tute the muscle, kidney and inner ear, among other
organs. Interestingly, its overexpression has been observed
in numerous cancers, where it contributes to the
proliferative and metastatic ability of the cancer cells.
Here we show that Six1 not only regulates the cell cycle,
but is itself regulated throughout the cell cycle via
ubiquitin-mediated proteolysis. The protein is present
from the G,/S boundary until mitosis, when it is degraded
via the anaphase-promoting complex (APC) with its
activating subunit Cdhl. However, unlike most identified
APCC™ targets, Sixl does not contain functional
destruction or KEN box motifs that are necessary for its
degradation. Instead, the Six1 protein contains multiple,
as yet undefined, sequences within its N- and C-termini
responsible for its degradation, including an N-terminal
region that binds to Cdhl. Cell cycle regulation of Six1
occurs both transcriptionally and post-translationally via
phosphorylation; therefore, this study demonstrates a
third and novel mechanism of cell cycle-specific regulation
of Six1, underscoring the importance of confining its
activity to a defined cell cycle window from the G{/S
boundary to early mitosis.
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Introduction

Six1 is an important developmental regulator that is
required for the proliferation of progenitor cells during
the development of numerous organs. (Li et al., 2003;
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Zheng et al., 2003; Ozaki et al., 2004). Gene amplifica-
tion and overexpression of Six1 is observed in human
cancers, where it confers developmental properties on
adult cells leading to an increase in both proliferation
and metastasis (Li et al., 2002; Coletta et al., 2004;
Reichenberger et al., 2005; Yu et al., 2006). The
pro-proliferative role of Sixl has been documented in
both breast cancer and in rhabdomyosarcoma, although
it has been most rigorously examined in breast cancer
cells where it plays a role in entrance into and
progression through Sphase and in the G, cell cycle
checkpoint (Ford et al., 1998; Coletta et al., 2004; Yu
et al., 2006).

Similar to many other genes that influence cellular
proliferation, Six1 is itself regulated throughout the cell
cycle both at the transcriptional level (Ford ez al., 1998)
and post-translationally through phosphorylation (Ford
et al., 2000). Here we show that a third level of cell cycle-
specific regulation exists for Sixl, which involves
proteasome-mediated proteolysis.

Targeted degradation of critical regulatory molecules
in the cell cycle is required to maintain the highly
ordered series of events necessary for proper progression
through each cell cycle stage. To achieve cell cycle-
specific degradation, proteins are ubiquitinated, target-
ing them for proteolysis by the 26S proteasome.
Ubiquitination is achieved by a cascade of three
enzymes: a ubiquitin-activating enzyme (E1), a ubiquitin-
conjugating enzyme (E2) and a ubiquitin ligase (E3), the
last providing the substrate specificity for the pathway
(Hershko and Ciechanover, 1998).

The E3 anaphase-promoting complex (APC) is active
during mitosis and G phase, regulating the expression
of many proteins that are important in the control of
anaphase entry and progression, mitotic exit, cytokinesis
and DNA replication (Peters, 2002). The APC is
activated by associating with either of two activating
subunits, Cdc20 or Cdhl. These activators are thought
to provide both timing and substrate specificity to the
APC. Cdc20 becomes active first at the end of
metaphase, allowing APC“*-dependent degradation
of securin, sister chromatid separation and progression
into anaphase. Cdhl is activated in late mitosis and
remains active in Gy. (Peters, 2002). Given their key
roles in cell cycle regulation, it is perhaps not surprising



that many APC substrates have been implicated as
oncogenes (Park et al., 2005).

In this study, we demonstrate that protein levels of the
Sixl1 oncogene fluctuate with cell cycle progression,
increasing throughout S and G, phases, and abruptly
disappearing in late mitosis. Degradation of Sixl is
mediated through the ubiquitin—proteasome pathway
dependent on APC“!, This identifies Six1 as the third
transcription factor targeted by the APC, all of which
play critical roles in development, are overexpressed in
cancers, and may promote tumor progression. Unlike
the other transcription factors, Sixl degradation by
APC™ is independent of known destruction motifs,
suggesting that it contains novel APC“™' recognition
motif(s). Although Six1’s N-terminus binds to Cdhl,
regions contained in both the N- and C-termini
contribute to APC“"-mediated degradation, indicating
that the Sixl degradation motif is complex, as is
observed in other APC targets. This study demonstrates
a third mechanism of cell cycle-specific regulation of
Six1, underscoring the importance of confining Sixl
activity to a defined window of the cell cycle encom-
passing the G/S boundary through early mitosis.

Results

Six1 expression fluctuates in the cell cycle

We have previously shown that Six1 promotes cell cycle
progression (Ford et al., 1998; Coletta et al., 2004), and
that Six1 transcript levels and phosphorylation state are
regulated in the cell cycle (Ford et al., 1998, 2000). As
the expression of many proteins with cell cycle
regulatory functions is controlled by ubiquitin-mediated
proteolysis, we asked whether Six1 protein levels were
also regulated in a cell cycle-specific manner. To this
end, we first examined Six1 protein levels throughout
the cell cycle in 21PT human mammary carcinoma cells,
which express high levels of endogenous Sixl. 21PT
cells, synchronized by serum starvation, were released
into the cell cycle, and Six1 protein levels as well as cell
cycle progression were monitored by Western blot
analysis and flow cytometry. Figure 1 demonstrates
that Six1 protein levels fluctuate dramatically during the
cell cycle, increasing with progression through Sphase
and peaking in G,/M. This pattern of expression is
similar to that observed with cyclin Bl (Figure 1a),
which is known to be degraded in a cell cycle-specific
manner.

We previously observed that Sixl messenger RNA
(mRNA) expression increases with progression through
S phase following release from a mimosine-induced G
arrest (Ford et al., 1998). In addition, Six1 was recently
identified as an E2F1 target (Young et al., 2003), further
suggesting its transcriptional regulation at the G;/S
boundary. Thus, the changes in protein levels observed
throughout the cell cycle could be due to cell cycle-
specific transcriptional regulation of Six1, as opposed to
regulation of protein stability. To determine if observed
fluctuations in Sixl protein levels are in part due to
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Figure 1 Sixl protein expression is regulated in the cell cycle.

(a) Endogenous Six1 fluctuates with cell cycle progression. 21PT
mammary carcinoma cells were synchronized by serum starvation,
and nuclear extracts were collected at the indicated time points
after release as well as from asynchronous cycling cells (async).
Western blot analysis was performed with anti-Six1, anti-cyclin Bl
and anti-$-actin antibodies. The lower panel depicts the percentage
of cells in Gy, S and G,/M phases as determined by flow cytometric
analysis for each time point. (b) Cell cycle changes in Six1 protein
levels are not dependent on transcriptional regulation. MCF7 cells
were transfected with SIXFL to express Sixl constitutively in the
cell cycle, and then synchronized at the metaphase—anaphase
transition by nocodazole block. At the indicated time points after
release, whole-cell lysates were collected and analysed by Western
blot as in (a).

regulation that is post-transcriptional, we transfected a
cytomegalovirus (CMV) promoter-driven Six1 expres-
sion plasmid into MCF7 cells, which express low
endogenous levels of Sixl protein, thus removing the
normal transcriptional control conferred on Six1. After
transfection, the cells were synchronized at the meta-
phase—anaphase transition using nocodazole, and then
released into the cell cycle to examine Sixl levels.
Figure 1b shows the loss of Sixl protein as the cells
progress through mitosis, again with kinetics similar to
endogenous cyclin B1. Thus, although it is still formally
possible that Six]1 mRNA stability may change with
progression through the cell cycle, we have ruled out the
possibility that transcriptional control alone is respon-
sible for changes in Sixl expression through the cell
cycle. This suggests that Sixl protein stability may be
regulated in the cell cycle.
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Six1 is degraded through the ubiquitin—proteasome
pathway

As the kinetics of Six1 degradation are similar to that
observed with cyclin Bl, we investigated whether Sixl,
like cyclin Bl1, is subject to proteasome-mediated
proteolysis. MCF7 cells transfected with Sixl were
treated with 26S proteasome inhibitors, MG132 and
LLNL, or with nonspecific protease inhibitors, LLM
and E64. Sixl protein accumulated in the cells after
treatment with MG132 and LLNL, but not with LLM
and E64 (Figure 2a). Similar experiments were per-
formed to look at endogenous Six1 and, as was observed
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Figure 2 Six] is degraded through the ubiquitin—proteasome
system. (a) Sixl accumulates after inhibition of the proteasome.
MCFT7 cells were treated for 12h with DMSO alone, proteasome
inhibitors LLNL and MG132, calpain protease inhibitor LLM or
cysteine protease inhibitor E64. In the upper panel, MCF7 cells
were transfected with the Six1 expression plasmid SKMFL before
treatment. Western blot analysis was performed on whole-cell
lysates with an anti-Xpress antibody to detect exogenous Six1, and
an anti-f-tubulin antibody as a loading control. In the lower panel,
endogenous Six1 levels were examined in nuclear extracts collected
after treatment. Western blotting was performed with an anti-Six1
antibody, and an anti-histone H1 antibody as a nuclear loading
control. (b) Sixl is poly-ubiquitinated in vivo. MCF7 cells were
co-transfected with His-Six] and HA-ubiquitin (lanes 5 and 6) or
empty vector control (lanes 3 and 4). A 12 h treatment with MG132
was used to inhibit the proteasome, allowing accumulation of
polyubiquitinated substrates (lanes 2, 4, 6). Tagged-Six1 protein
was purified from cell lysates with Ni-NTA beads and subjected to
Western blot analysis. An anti-Xpress antibody was used to detect
total Sixl bound to the beads (bottom panel), while an anti-HA
antibody was used to detect ubiquitinated Six1 (top panel).
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Figure 3 Six1 degradation is mediated by Cdhl. (a) RNAIi
knockdown of Cdhl results in an accumulation of Sixl. MCF7
cells were transfected with shRNA-expressing vectors, pSUPER
(control, lane 1), pPSUPER-Cdh1 (lane 2) or pSUPER-Cdc20 (lane
3). Nuclear extracts were collected 60h post-transfection for
Western blot analysis with anti-Cdhl, anti-Cdc20, anti-Six1 and
anti-f-actin antibodies. (b) Six1 expression is reduced by Cdhl
overexpression, but restored by inhibiting the proteasome. Six1 was
co-transfected with Cdhl (lane 2 and 3) or empty vector (lane 1),
followed by a 12h treatment with MGI132 (lane 3) to block
proteasome-dependent degradation. Protein levels were assessed
by Western blot analysis of whole-cell lysates with anti-Sixl1,
anti-Cdhl and anti-f-actin antibodies.

with exogenous Sixl, an accumulation of the protein
was observed after treatment with LLNL and MG132,
but not LLM and E64 (Figure 2a).

We next examined whether Sixl is tagged with
polyubiquitin chains, as is observed on substrates
targeted for degradation by the 26S proteasome
(Hershko and Ciechanover, 1998). His-tagged Six1 was
co-transfected with hemagglutinin (HA)-tagged ubiqui-
tin into MCF7 cells, after which the cells were incubated
in the absence or presence of MGI132 to inhibit
degradation and enrich for ubiquinated Six1. Six1 was
then purified from cell lysates using nickel beads and
examined for ubiquitination via Western blot analysis
with an anti-HA antibody. Figure 2b demonstrates that
Six1 is indeed ubiquitinated within the cell.

Six1 is degraded via the APC in conjunction with Cdhl

As Six1 expression in the cell cycle mirrors another APC
substrate cyclin B1 (Figure 1), we investigated whether
Six1, like cyclin Bl, is a target of APC-dependent
degradation. Short hairpin RNA (shRNA)-expressing
vectors targeting APC activator subunits Cdc20 and
Cdhl were transfected into MCF7 cells to knockdown
expression of these subunits and determine whether the
absence of either activator would lead to an increase in
Six1 stability. Sixl protein accumulated in cells when



Cdhl was knocked-down, but not when Cdc20 was
knocked-down, suggesting that Six1 is a target of
APCCM! (Figure 3a).

Cdhl is present in limiting amounts in the cell, and its
overexpression can increase APC activity (Fang et al.,
1998). To confirm that Six1 is degraded downstream of
APCC we performed in vivo degradation assays by
transfecting Six1 along with Cdhl into MCF7 cells. Co-
transfection of Six1 with Cdhl results in a reduction in
Six1 protein levels (Figure 3b, lanes 1 and 2), which can
be restored by the addition of the proteasome inhibitor,
MG132 (Figure 3b, lane 3). This confirms that Six1 is
degraded downstream of APC®"!,

Six1 degradation is independent of D-box, KEN box,
A-box and O-box motifs

Most APCC! substrates identified contain destruction
box (D-box) or KEN box motifs that are necessary for
APC-mediated degradation. When these sequences are
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mutated, APC-dependent degradation is blocked. Six1
contains two sequences resembling the KEN box in its
C-terminus, and one potential D-box in its home-
odomain (Figure 4a and b). Point mutations were
generated in full-length Six1 that substitute the critical
residues in these motifs with alanines (Figure 4b), and
these mutants were tested in our Cdhl-overexpression
assay to determine their role in mediating Sixl
degradation. Surprisingly, none of these mutations,
either singly or in combination, prevented degradation
by Cdhl overexpression (Figure 4c).

To date, two APCC! substrates have been described
that do not contain functional D-box or KEN box
sequences, but instead contain novel degradation motifs.
In Xenopus Kid (Xkid) a novel sequence, G-X-E-N,
functions as a APC“"! degradation motif (Castro ef al.,
2003), but has not been found in other APC™M
substrates. We found no sequences resembling the
GxEN motif in Six1. Another novel degradation motif,
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Figure 4 Known Cdhl destruction motifs are not involved in Six1 degradation. (a, b) Six1 contains a weak homology D box, two
weak homology KEN boxes, three O-box type motifs and a mitotic phosphorylation site at serine 204. (b) Mutations were made in full-
length Six1 substituting critical residues in these motifs with alanines, as specified in the right hand column. (¢) Cdhl-mediated
degradation of Six1 is not dependent on the putative D-box, KEN box, O-box motifs or on serine 204 phosphorylation state. Six1
mutants were co-transfected into MCF7 cells with Cdhl or empty vector control, protein levels were assessed by Western blot analysis
of whole-cell lysates with anti-Xpress, anti-Cdh1 and anti-f-actin antibodies. Six1 constructs shown are mutated in all three O-boxes
(30boxmt: lanes 3, 4); KEN box 1 (KEN1 mt: lanes 5, 6); KEN box 1 and D-box (KEN/Dmt: lanes 7, 8); KEN box 1 and 2, and D-box
sequences (KEN1 4+ 2/Dmt: lanes 9, 10); serine 204 to alanine, non-phosphorylatable mutant, (S204A: lanes 11, 12); and serine 204 to

aspartic acid, phospho-mimetic mutant, (S204D: lanes 13, 14).
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Figure 5 The N-terminus of Six! is required for nuclear localization. Xpress-tagged Sixl, and mutants lacking the N-terminus
(ANterm), the homeodomain (AHD) or the C-terminus (ACterm), were transfected into MCF7 cells. Top panels show subcellular
localization of Six1 by immunofluorescence using the anti-Xpress antibody, bottom panels show counterstaining of nuclei by DAPI.

Representative images are shown.

the O-box, was identified in the Drosophila origin
recognition complex large subunit (ORCI1), and also
found in Drosophila Asp and the S. pombe securin
homolog Cut2 (Araki et al., 2005). Only two residues in
the O-box sequence were found to be essential, L-X-X-
X-N. We identified three sequences resembling the
O-box in Six1 (Figure 4a and b), however, mutation of
all three of these O-boxes did not stabilize Six1 when
co-expressed with Cdhl (Figure 4c).

Another degradation motif, the A-box (Q-R-V-L), is
present in the Aurora kinases Aur-A and Aur-B, which
also contain a functional KEN box (Crane et al., 2004;
Nguyen et al., 2005). In Aur-A, a serine residue just
downstream of the A-box is phosphorylated specifically
in mitosis. Mutation of this serine (Ser51) to aspartate
blocks APC-mediated degradation, indicating that
dephosphorylation of this residue is necessary for
degradation (Littlepage and Ruderman, 2002). It has
been suggested that this phosphorylation helps to tightly
control the timing of degradation during mitosis. Six1
does not contain any sequences resembling the QRVL of
the A-box; however, as we have previously shown that it
is hyperphosphorylated during mitosis (Ford et al.,
2000), we investigated whether mitotic phosphorylation
affects Cdhl-mediated degradation in a manner similar
to that observed with the Aurora A kinase. Using
mass spectrometry, serine 204 of Six1 was demonstrated
to be specifically phosphorylated in mitosis (data
not shown). To determine whether this mitotic phos-
phorylation regulates APC“-dependent degradation
of Sixl, we generated both a non-phosphorylatable
mutant of Sixl (Ser 204 to Ala substitution) and a
phospho-mimetic mutant (Ser 204 to Asp substitution).
When these mutants were tested for degradation in
response to Cdhl overexpression, neither stabilized Six1
(Figure 4c), suggesting that the mitotic-specific phos-
phorylation of Sixl at Ser 204 is not involved in
Six1 degradation by APC“'. Overall, our results with
Six1 mutants suggest that, like Xkid and ORCI, Six1
contains novel, degradation signals that are recognized
by APCCE™!,

Oncogene

The Six1 N-terminal and C-terminal sequences both
contribute to Six1 degradation

As Six1 contains no previously characterized degrada-
tion motifs, we created gross deletions of the amino
terminus (ANterm), homeodomain (AHD), or carboxyl
terminus (ACterm) to identify the region(s) necessary
for APCS!-dependent degradation. Before assessing
the contribution of each region to degradation, we
examined the cellular localization of these proteins to
ensure that differences in stability were not owing to dif-
ferences in subcellular localization. Immunocytochem-
istry of MCF7 cells transfected with these Six1 deletion
mutants demonstrated that similar to full-length Six1,
AHD and ACterm were primarily nuclear, whereas
ANterm was largely relocalized to the cytoplasm
(Figure 5). This observation corroborates recent findings
that the nuclear localization sequence (NLS) of Six2,
whose N-terminus is 93% conserved to that of Sixl
(Kawakami et al., 2000), resides in the N-terminus of the
protein (Brodbeck ez al., 2004). The ANterm construct
was therefore redesigned with an NLS (NLSANterm)
and nuclear expression in MCF7 cells confirmed by
immunocytochemistry (data not shown). All mutants
were then examined for stabilization when co-expressed
with Cdhl in MCF7 cells. ANterm and ACterm were
both stabilized in the presence of Cdhl-overexpression,
whereas AHD was degraded similar to full-length Six1
(Figure 6b). This suggests that both the N-terminus and
C-terminus of Six1 contain sequences that contribute to
degradation of Six1 via APC“!'. Smaller deletions and
numerous point mutations spanning the entire N- and
C-termini were made. However, none of these more
limited mutations blocked APC“*'-mediated degrada-
tion (data not shown), suggesting that there are multiple
redundant motifs within both the N- and C-termini.

The N-terminus of Six1 binds directly to Cdhl

Cdhl binds to D-box and KEN box motifs in its
substrates (Burton et al., 2005; Kraft et al., 2005).
Although Six1 does not have functional D or KEN
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Figure 6 Sixl N- and C-termini are both required for efficient
degradation, whereas only the N-terminus binds to Cdhl. (a)
Diagram of Sixl deletions. The conserved Six domain (SD) is
shown in light gray and homeodomain (HD) in darker gray. The
Xpress epitope tag is indicated by a hexagon enclosed X. The SV40
NLS sequence (NLS) was added to the ANterm construct
(NLSANterm) to force nuclear localization. (b) Deletion of either
the N- or C-terminus stabilizes Six]1 when co-expressed with Cdhl.
Full-length Six1 or mutants lacking the Nterm (with an added NLS
to force expression into the nucleus) (ANterm), the homeodomain
(AHD) or the Cterm (ACterm) were co-transfected into MCF7 cells
with Cdhl or empty vector control. Whole-cell lysates were
collected for Western blot analysis with anti-Xpress, anti-Cdhl
and anti-f-actin antibodies. (¢) The N-terminus of Sixl binds to
Cdhl. GST alone, or fused to full-length Six1, the Nterm of Six1
(amino acids 1-138) or the Cterm of Sixl (amino acids 183-284)
were expressed in E. coli, then purified with Glutathione—sepharose
beads. Fusion protein-bound beads were incubated with **S-labeled
in vitro translated Cdhl, washed and then separated by 12% SDS—
PAGE. Fusion proteins were visualized by Coomassie staining
(lower panel), then dried, and bound-Cdhl was visualized by
autoradiography (upper panel).

boxes, we wished to determine whether the Sixl could
bind to Cdhl, as observed for direct targets of APC“!,
Glutathione S-transferase (GST) pull-down assays were
performed with GST-Six1 fusion proteins and recombi-
nant Cdhl. Both full-length GST-Six1 and GST-Nterm
(1-138) bind to Cdhl, whereas the GST-Cterm (183-284)
does not bind Cdhl (Figure 6¢). This suggests that Six1
is a direct target of Cdhl, and that the first 138 amino
acids of the Six1 protein contain a novel degradation
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motif that recognizes and binds to the APC activator
Cdhl. In contrast, the C-terminus does not bind directly
to Cdh1 (Figure 6¢), but is nevertheless also required for
efficient Cdhl-mediated degradation (Figure 6b).

Discussion

Ubiquitin-mediated proteolysis is an important mechan-
ism of confining expression of key cell cycle regulators to
the appropriate cell cycle stages. The E3 ubiquitin ligase
APC directs degradation of many proteins important in
regulating progression through mitosis, exit from
mitosis and events in G;. Our studies show that the
Six] homeoprotein is regulated in a cell cycle-specific
manner by ubiquitin-mediated proteolysis through
APCC™! Targeted degradation of Sixl during late
mitosis and G; indicate the importance of downregulat-
ing its activity during these phases of the cell cycle.

Six1 degradation is independent of known APC
degradation motifs, suggesting that novel APC-target-
ing motifs exist. This is not surprising as known
destruction motifs are poorly defined by only 2-3
critical residues. Recent evidence indicates that Cdhl
and Cdc20 interact specifically with the D-box and KEN
box destruction motifs of their substrates (Burton ez al.,
2005; Kraft et al., 2005). Thus, it is has been suggested
that substrates lacking canonical D-boxes may contain a
three-dimensional interaction surface similar to a D-box
but with differing primary amino acid sequence (Eytan
et al., 2006). Our experiments suggest that the N-
terminus of Sixl contains a novel motif mediating
interaction with Cdhl and directing APC“"-mediated
degradation of Six1, as deletion of the N-terminus
stabilizes Six1 to degradation mediated by APCS!
and GST pull-down experiments indicate that the
N-terminus alone is sufficient for binding to Cdhl.

In addition, Sixl contains a second domain in the
C-terminus that is required for degradation. Our ex-
periments demonstrate that deletion of either the
N-terminus or the C-terminus stabilizes Six1 to degrada-
tion by APC“"'. A double recognition motif such as this
has been found in other APC®! substrates (Castro
et al., 2005) and may be due to the fact that the core
APC, as well as the activators Cdhl and Cdc20,
participate in substrate-binding interactions (Yamano
et al., 2004; Passmore and Barford, 2005; Eytan et al.,
2006). It is thus possible that the N-terminus of Six1
contains a novel motif important for Cdhl binding,
whereas the C-terminus contains an additional element
that binds to the core APC.

This study demonstrates a third mechanism of cell
cycle-specific regulation of Sixl expression; that of
ubiquitin-mediated proteolysis. The concerted action
of the three identified pathways (see Figure 7) confines
Six1 activity to specific stages of the cell cycle. Six1 is
regulated transcriptionally by E2F1 (Young et al.,
2003), and its transcript levels increase as cells progress
into S phase (Ford et al., 1998). This S-phase increase in
Six1 transcription leads to an accumulation of Sixl
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Figure 7 Proposed model of Six1 regulation by multiple mechan-
isms in the cell cycle. Six1 is transcriptionally activated at the G,/S
boundary by E2F1, and transcript levels increase with progression
through Sphase. Sixl protein represented by the light gray oval,
can then be synthesized and bind to regulatory regions of its target
genes during S and Gjphases. Although Sixl is known to
cooperate with cofactors (Kenyon et al., 2005), for simplicity only
Six1 is shown in the diagram. Sixl exists as a phosphoprotein
throughout the cell cycle, but is hyper-phosphorylated during
mitosis, inhibiting its ability to bind DNA. Thus, it appears that
Six1 activity is first downregulated by phosphorylation during
mitosis, then during late mitosis Six1 is degraded via ubiquitin-
mediated proteolysis directed by APC“™. Sixl levels stay low
through Gjphase until downregulation of APC®™ activity,
combined with transcriptional induction of Six1, allows Six1 levels
to increase again at the G,/S boundary.

protein, allowing activation and/or repression of its
transcriptional targets. Six1 activity is then down-
regulated in mitosis by hyperphosphorylation, which
inhibits its ability to bind DNA (Ford ez al., 2000).
Finally, later in mitosis, Sixl is ubiquitinated by
APC targeting it for degradation by the 26S
proteasome. Continued APC®™ activity presumably
keeps Six1 levels low through G, after which levels
increase again at the G;/S boundary owing to increased
transcription and increased protein stability. The multi-
ple mechanisms of Six1 regulation throughout the cell
cycle suggest that it is critical to confine the activity of
this transcription factor to specific cell cycle stages,
where it is expected to play an important role. Indeed,
our previous studies in tissue culture cells have demon-
strated that Six] overexpression can alter progression
through Sphase and also through G,/M (Ford et al.,
1998; Coletta et al., 2004), times when Six1 activity
would be expected to be high. Furthermore, a number of
knockout studies in mice have demonstrated a critical
role for Sixl in the proliferation of precursor cell
populations, leaving no ambiguity about the importance
of Six1 in proliferation in vivo (Zheng et al., 2003; Ozaki
et al., 2004).

The APC is a central coordinator of cell cycle
progression in mitosis and Gj, and the majority of
APC targets are critical regulators of cell cycle related
events (Peters, 2002). Degradation of Six1 by the APC is
notable, as currently only two other transcription
factors, HOXCI10 (Gabellini et al., 2003) and Id2
(Lasorella et al., 2006), have been identified as APC
targets. Like Six1, Id2 is a developmentally important
transcription factor that affects cellular proliferation
and tumor progression (Lasorella ez al., 2001). Similarly,

Oncogene

the homeoprotein HOXCI10 has also been implicated in
cell cycle regulation and is overexpressed in some
cancers (Gabellini et al., 2003). It would be of interest
to determine whether a number of transcription factors
involved in regulating proliferation during development
share this mechanism of regulation, and if disruption of
APC-mediated degradation contributes to their aberrant
expression in cancers.

Our work demonstrates that the Six]1 homeoprotein
and oncogene is a target of APCS™, and that its
degradation is dependent on a novel motif for Cdhl
binding in the N-terminus of the protein. We suggest
that appropriate degradation of Sixl, mediated by the
APC, is an important means of regulating its transcrip-
tional activity appropriately both in the cell cycle and in
development. To date, we have identified three indepen-
dent mechanisms of Six1 regulation in the cell cycle, via
transcription, phosphorylation and degradation. The
existence of these overlapping pathways of regulation is
indicative of the critical importance of confining Six1’s
activity from the G;/S boundary through early mitosis.

Materials and methods

Mammalian cell culture and transfections

MCF7 and 21PT cells were grown as described (Ford et al.,
1998, 2000). The proteasome and other cellular proteases were
inhibited by culturing cells for 12h in the presence of 25 um
MG132 (Sigma, St Louis, MO, USA), 25uM LLM (Sigma),
25 uM LLNL (Sigma) or 25 uM E-64 (Calbiochem, San Diego,
CA, USA) dissolved in dimethyl sulfoxide (DMSO). Transi-
ently transfections were performed using Superfect (Qiagen,
Valencia, CA, USA) according to the manufacturer’s specifi-
cations with a plasmid:superfect ratio of 1:4.

Mammalian expression plasmids

The untagged, full-length Six1 cDNA expression plasmid
(SIXFL) as well as the His and XPRESS-tagged full-length
Six1 cDNA (SKMFL) were previously described (Ford et al.,
1998, 2000). The previously described deletions ANterm, AHD
and ACterm (Ford et al., 2000) were inserted into pcDNA3.1-
HisC (Invitrogen, Carlsbad, CA, USA) to add His and Xpress
tags. NLSANterm was generated using a 5 PCR primer
including the coding sequence for the Simian virus 40 (SV40)
NLS (PKKKRKYV) to amplify the ANterm sequence, and then
inserted into pcDNA3.1HisC. Point mutations in full-length
Six1 (as described in Figure 4) were generated by codon
substitution using PCR mutagenesis and inserted into
pcDNA3.1HisC.

Cell synchronizations

21PT cells were arrested in Go/G; by culturing for 48h in
serum-free Dulbecco’s modified Eagle’s medium plus anti-
biotics, then released into the cell cycle by washing with
phosphate-buffered saline and replacing with normal growth
medium. For the MCF7 synchrony, cells were transfected with
SIXFL, and 8h later treated with 100 ng/ml nocodazole for
13h. A mitotic shake-off was performed, and the cells were
replated in complete medium to release from the arrest. For
both synchronies, the cell cycle profile at each time point was
examined using flow cytometry of propidium iodide stained
cells.



Western blotting, antibodies

Nuclear extracts were prepared as described previously
(Jamieson et al., 1991). Whole-cell lysates (Ford et al., 2000)
and Western blotting was performed as described (Ford et al.,
2000). Anti-cyclin B1 (GNS1), anti-cdc20 (H-175) and anti-
histone H1 (AE-4) antibodies were obtained from Santa Cruz
Biotechnology, Santa Cruz, CA, USA; anti-cdc6 (DCS-180)
and anti-cdhl (DHO1) antibodies from Neomarkers; anti-
p-actin (AC-174) and anti-f-tubulin (2.1) from Sigma; anti-HA
(AU1) from Covance, Berkeley, CA, USA; and anti-Xpress
from Invitrogen. The anti-Six1 antibody was generated as
described previously (Ford et al., 2000).

Identification of Mitotic Phosphorylation Site in SixI
Full-length Six]1 cDNA was subcloned into the pMALC2X
vector (New England Biolabs, Ipswich, MA, USA). pMAL
and pMALSIix1 were bacterially expressed and purified on
amylose resin according to the manufacturer’s protocol (New
England Biolabs). Purified proteins (25-50 ug) (still attached to
the resin) were incubated in interphase or mitotic extracts from
Xenopus laevis oocytes (a gift from Todd Stukenberg) for
30min at room temperature. After incubation, the proteins
were electrophoresed on 10% sodium dodecyl sulfate (SDS)—
polyacrylamide gels, appropriate bands were cut from the gel,
trypsinized, and subjected to ion trap mass spectrometry (Wu
et al., 2000) by William S Lane at the Harvard Microchemistry
and Proteomics Analysis Facility. Protein coverage of the Six1
protein incubated in the interphase extract was 53%, whereas
coverage of the Six1 protein incubated in the mitotic extract
was 36%. Only those peptides that were covered in both
samples (31% of the Six1 protein) were used to assess mitotic-
specific phosphorylation. The mitotic-specific phosphorylated
peptide and residue identified by mass spectrometry was then
confirmed via a targeted ion MS/MS analysis.

In vivo ubiquitination assay

MCEFT7 cells were co-transfected with HA-tagged ubiquitin (a
generous gift from Dr Dirk Bohmann), pcDNA3.1 and/or His-
tagged Six1. Cells were treated with either MG132 or DMSO,
lysed in guanidine hydrochloride buffer (6 M GuHCI, 100 mM
sodium phosphate buffer pH 8.0 and 10 mM imidazole), passed
through a 25G needle to shear the DNA, and then incubated
for 3h at room temperature with Ni-NTA beads (Qiagen).
Beads were washed three times each with guanidine hydro-
chloride buffer, guanidine hydrochloride buffer diluted 1:4 in
25mM Tris pH 6.8/20 mM imidazole and 25mM Tris pH 6.8/
20mM imidazole. Beads, with bound His-tagged Six1l, were
heated at 100°C in 2 x sample buffer supplemented with
200 mM imidazole for 10 min, then analysed by Western blot.

Cdhl overexpression assay

The Xpress-tagged Sixl, or the indicated mutant, was co-
transfected into MCF7 cells with pCMV-HA-Cdhl (a gift
from Dr Kristin Helin) or empty vector. Whole-cell lysates
were prepared 40—48 h post-transfection.
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Immunocytochemistry

MCF7 cells were transfected with Xpress-tagged Six1, or
appropriate mutants. Subsequently, cells were fixed in 0.7%
formaldehyde then permeablized with 0.5% Triton X-100.
Immunofluorescence was performed with an anti-Xpress
antibody (1:000), biotinylated goat anti-mouse immunoglobu-
lin G (1:15) (Calbiochem), and streptavidin-fluorescein (1:100)
(Calbiochem); and then mounted in Vectashield (Vector Labs,
Burlingame, CA, USA) containing 0.1 ug/ml 4'-6-diamidino-2-
phenylindole (DAPI).

RNA interference

pSUPER, pSUPER-Cdc20 and pSUPER-Cdhl plasmids
(Brummelkamp et al., 2002) (gifts from Dr Reuven Agami)
were transfected by electroporation as described previously
(Agami and Bernards, 2000). The protocol was modified for
4mm gap cuvettes to 300 V delivered in 15 pulses with 2ms
duration, 1.5s interval. Nuclear extracts were prepared 60h
post-transfection.

GST pull-down experiments

Full-length Six1 cDNA, the N-terminus (encoding amino acids
1-138) and the C-terminus (encoding amino acids 183-284)
were subcloned into pGEX2T (Pharmacia Biotech). GST-Six1,
GST- Nterm, GST-Cterm, or GST alone were transformed
into DH5a Escherichia coli cells (Invitrogen), and expression
induced for 5h with 100 uM isopropyl-thiogalactopyranoside.
Cells were then resuspended in NETN buffer (Ford and Zain,
1995), lysed by sonication, and centrifuged. The supernatant
was incubated with glutathione—sepharose Beads (Amersham,
Piscataway, NJ, USA) in NETN plus 5% dry milk overnight
at 4°C. The TNT® Coupled Transcription/Translation System
(Promega, Madison, WI, USA) was used with *S-methionine
(Amersham Pharmacia, Piscataway, NJ, USA) to in vitro
translate Cdhl from the pCS-Cdhl vector (a gift from
Dr Marc Kirschner). Radiolabeled Cdhl was incubated with
beads containing bound GST, GST-Six1, GST-Nterm or GST-
Cterm, in binding buffer (S0 mM Tris pH7.5, 120mM NaCl,
2mM ethylenediaminetetraacetic acid, 0.2% Igepal CA-630,
I mg/ml bovine serum albumin (BSA)) for 1h at 4°C. Beads
were washed four times in binding buffer minus BSA, then
heated to 100°C with 2 x sample buffer. Samples were
electrophoresed on a 12% SDS—polyacrylamide gel electro-
phoresis (PAGE) gel, Coomassie stained, dried and visualized
by autoradiography.
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