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Summary

The APC/Cdh1 E3 ubiquitin ligase plays an essential role in both mitotic exit and G1/S transition
by targeting key cell cycle regulators for destruction. There is mounting evidence indicating that
Cdh1 has other functions in addition to cell cycle regulation. However, it remains unclear whether
these additional functions depend on its E3 ligase activity. Here we report that Cdh1, but not
Cdc20, promotes the E3 ligase activity of Smurfl. This is mediated by disruption of an auto-
inhibitory Smurfl homodimer and is independent of APC/Cdh1 E3 ligase activity. As a result,
depletion of Cdh1 leads to reduced Smurf1l activity and subsequent activation of multiple
downstream targets including the MEKK?2 signaling pathway, inducing osteoblast differentiation.
Our studies uncover a cell cycle-independent function of Cdh1, establishing Cdhl as an upstream
component that governs Smurfl activity. They further suggest that modulation of Cdh1 is a
potential therapeutic option for treatment of osteoporosis.

Introduction

The HECT domain-containing E3 ubiquitin ligase Smurfl plays a key role in regulating both
the BMP (bone morphogenetic protein) and the MEKK2-JNK signaling pathways, which
places it as a major negative regulator of osteoblast differentiation and bone mass
accumulation (Yamashita et al., 2005; Zhu et al., 1999). Members of the NEDD4 family of
E3 ligases are characterized by an auto-inhibitory regulatory mechanism mediated by
interaction between two different domains within the same protein (Rotin and Kumar,
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2009), such as the C2 with HECT interaction in Smurf2 (Ogunjimi et al., 2005; Wiesner et
al., 2007), or the WW with HECT interaction in Itch (Gallagher et al., 2006). This inhibition
can be overcome through disruption of the intra-molecular interaction either by competition
binding from antagonists such as Smad 7 (Wiesner et al., 2007), or by post-translational
modifications such as phosphorylation (Gallagher et al., 2006). However, Smurfl lacks this
auto-inhibitory intra-molecular interaction (Ogunjimi et al., 2005). In contrast, a recent study
identified CKIP1 as an activator for Smurfl (Lu et al., 2008), indicating that the E3 ligase
activity of Smurfl is also precisely modulated although the exact molecular mechanisms for
this regulation remain elusive.

As one of the two substrate adaptors for the APC/C (Anaphase Promoting Complex/
Cyclosome), Cdh1 has crucial functions in controlling cell cycle progression and genomic
integrity by targeting multiple downstream molecules including Cyclin B, Securin, Geminin
and Cdc20 for ubiquitination and destruction (Harper et al., 2002; Peters, 2006).
Furthermore, recent studies have demonstrated that in addition to its conventional function
in cell cycle regulation, Cdh1 also plays an important role in DNA damage repair (Gao et
al., 2009; Garcia-Higuera et al., 2008) and cellular metabolism including
deoxyribonucleotide synthesis (Chabes et al., 2003) and glycolysis (Herrero-Mendez et al.,
2009). Unlike most other E3 ligases, Cdh1 is active during “low-kinase periods” within the
cell cycle, including the early G1 and GO (quiescent) phases and in post-mitotic cells
(Gieffers et al., 1999).

Consistent with this notion, recent studies demonstrated that depletion of Cdhl in post-
mitotic neurons enhanced axonal growth (Konishi et al., 2004), which might occur through
impaired destruction of the 1d2 transcription factor (Lasorella et al., 2006). Furthermore,
Cdhl was also found to activate TGF-f signaling by targeting its specific inhibitor, SnoN,
for destruction (Wan et al., 2001). These findings suggested an emerging role for Cdhl in
controlling developmental processes. However, the interesting possibility that Cdhl also
participates in regulating osteoblast differentiation by modulating the BMP signaling
pathway, which shares similar signaling components and is closely related to the TGF-
signaling pathway (Massague, 2008; Rotin and Kumar, 2009) has not been addressed. Here
we report that Cdhl could modulate the activities of Smurfl E3 ubiquitin ligase as well as
its downstream MEKK?2 signaling cascades to influence osteoblast differentiation.
Additionally, we showed that this physiological function of Cdh1 is independent of its E3
ligase activity, but rather due to the ability of Cdh1l to interact with and dissociate the auto-
inhibitory Smurfl dimers. Thus, our studies demonstrate a molecular mechanism regulating
the catalytic activity of HECT-type E3 ubiquitin ligases such as Smurfl, and further expand
our current understanding of Cdh1 functions beyond its APC-dependent roles in cell cycle
regulation.

Cdhlinteracts with Smurfl to promote Smurfl auto-ubiquitination

We found that Smurfl expression levels fluctuate during cell cycle progression and
inversely correlate with Cdhl protein abundance (Figure S1A). Consistent with a potential
role of Cdh1 in regulating Smurfl stability, Smurfl interacts with Cdhl, but not its closely
related family member, Cdc20, both in vivo (Figures 1A, 1C and S1B) and in vitro (Figures
1B and S1C). Accordingly, Cdh1, but not Cdc20, could promote Smurfl destruction, a
process that could be blocked by the proteasome inhibitor, MG132, indicating the
involvement of the 26S proteasome-ubiquitin destruction pathway (Figures 1D and S1D). In
addition, we found that Cdh1 is deficient in promoting Smurf2 destruction, further
illustrating the specificity of this process (Figure 1E). Further, ectopic expression of Smurfl
did not affect Cdh1 abundance, suggesting that Cdh1 is not a Smurfl substrate (Figure S1E).
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However, in contrast to other well-characterized Cdh1 substrates such as Cyclin B (Figure
11) (Clute and Pines, 1999; King et al., 1995), Cdh1-mediated Smurfl destruction depends
on the E3 ligase activity of Smurfl (Figures 1E-F), but not of Cdhl (Figures 1G-H) (Burton
et al., 2005; Schwab et al., 2001), indicating Smurfl is not a Cdhl downstream substrate. In
support of this finding, we did not detect an interaction between endogenous Smurfl and
Cdc27, a core subunit of the APC complex (Figure S1F) (King et al., 1995). On the other
hand, in keeping with previous reports, Cdc27 co-immunoprecipites with Cdhl, Cdc20, the
APC complex core subunit APC2 as well as Cyclin A, a well-characterized APC substrate
(Geley et al., 2001; Rape et al., 2006). These results indicate that unlike Cyclin A, Smurfl
does not interact with the APC complex, and is not a downstream substrate of Cdh1 (Figure
S1G). Smurfl has been reported to undergo auto-ubiquitination, an event which can be
further promoted by CKIP1 (Lu et al., 2008). We next sought to determine whether Cdh1
could also promote the self-destruction of Smurfl through augmenting Smurfl auto-
ubiquitination (Figure S1G). In support of this, we found that Smurfl in vivo auto-
ubiquitination could be further promoted by ectopic expression of either WT-Cdhl1 or AC
box-Cdh1, which is E3 ligase activity-deficient due to its impaired ability to interact with the
APC core complex (Figure 1J) (Burton et al., 2005; Schwab et al., 2001). Conversely,
depletion of endogenous Cdh1 led to a significant reduction in auto-ubiquitination of
endogenous Smurfl (Figure 1K) in vivo. To directly examine whether Cdhl could stimulate
Smurfl E3 ligase activity, we reconstituted Smurfl ubiquitination in vitro using purified E1,
E2 and bacterially-expressed recombinant Smurfl protein. We found that purified
recombinant GST-Cdh1, free of the APC core complex, could promote Smurfl E3 ligase
activity in vitro as efficiently as CKIP1. These results support the hypothesis that Cdh1 can
augment the E3 ligase activity of Smurfl through direct association with Smurfl, and
independent of its own intrinsic E3 ligase function (Figures 1L and S1G-H).

Cdh1l augments Smurfl-mediated destruction of its downstream targets

To further investigate the role of Cdh1 in regulating Smurfl E3 ligase activity, we next
explored how Cdh1 affects the ubiquitination and destruction of well-characterized Smurfl
downstream targets including Smadl, RhoA and MEKK2 (Sapkota et al., 2007; Wang et al.,
2003; Yamashita et al., 2005; Zhu et al., 1999). We found that co-expression of Cdh1 or
CKIP1, but not Cdc20, with Smurfl markedly decreased Smad1 levels (Sapkota et al., 2007;
Zhu et al., 1999) in a dose-dependent manner (Figure 2A). However, in the absence of
transiently expressed WT-Smurfl, or in the presence of an active-site cysteine mutant of
Smurfl (C699A-Smurfl), Cdhl failed to promote the destruction of Smad1l, suggesting that
the E3 ligase activity of Smurfl is required for Cdh1l-mediated Smad1l destruction (Figures
S2A-B). Likewise, co-expression of Cdhl or CKIP1, but not Cdc20, could promote the
ability of Smurfl to degrade its downstream targets RhoA (Figure S2C) (Wang et al., 2003)
and MEKK?2 (Figure 2B) (Yamashita et al., 2005). More importantly, depletion of
endogenous Smurfl with lentiviral ShARNA vectors abolished the ability of Cdh1 to promote
MEKK?2 destruction (Figure 2C), establishing a critical role for Smurfl in Cdhl-mediated
MEKK?2 degradation. However, an E3-ligase-deficient form of Cdhl (Burton et al., 2005),
which failed to degrade Cyclin B (Figure S2D), could still promote MEKK?2 destruction as
efficiently as WT-Cdh1 (Figure S2E). These results indicate that the E3-ligase activity of
Cdh1l is not required for MEKK?2 destruction, thus Cdh1 may augment the catalytic activity
of Smurfl to promote MEKK?2 destruction. In keeping with this idea, in vitro ubiquitination
assays demonstrated that addition of purified recombinant GST-Cdh1 or GST-CKIP1 could
significantly increase the ability of Smurfl to promote the ubiquitination of Smurfl
substrates Smad1l (Figure 2D) and RhoA (Figure S2F).
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Smurfl forms homodimers in vivo

Next we sought to elucidate the molecular mechanisms underlying Cdh1-mediated
activation of Smurfl. Although a cis-interaction between the C2 and the HECT domains of
Smurf2 has been proposed as a model for auto-inhibition of HECT-type E3 ligases (Wiesner
et al., 2007), this is not applicable to Smurfl due to the relatively shorter linker region
between its HECT and C2 domains (Wiesner et al., 2007). Thus it remains largely unknown
how Smurfl catalytic activity is governed. Dimerization has been recently proposed as an
important mechanism to govern the E3 ligase activity of multiple F-box proteins (Barbash et
al., 2008; Tang et al., 2007; Welcker and Clurman, 2007). This prompted us to examine
whether dimerization between two Smurfl molecules could suppress their E3 ligase activity
(Figure 3l). Consistent with this model, we found that Smurfl could dimerize both in vitro
(Figure 3A) and in vivo (Figure 3B). Further investigation revealed that the N-terminal C2
domain is critical to mediate Smurfl dimerization in vitro, as the AC2-Smurfl mutant is
deficient in forming dimers with WT-Smurfl (Figures 3C-D and S3A). These results
support a model analogous to the intra-molecular HECT-C2 interaction observed in Smurf2,
wherein Smurfl might form a head-to-toe dimer where the N-terminal C2 domain of one
Smurfl molecule interacts with the HECT domain of another Smurfl molecule (Figures 3E
and 31). To further examine whether endogenous Smurfl forms dimers or oligomers in vivo,
we performed chemical cross-linking experiments using glutaraldehyde. As shown in Figure
3F, after chemical cross-linking, behaving in a similar fashion as p53 (McLure and Lee,
1998), a significant fraction of endogenous Smurfl migrates as dimers or oligomers (Figure
3F). Furthermore, deletion of the N-terminal C2 domain led to a significant reduction of
Smurfl dimerization in vivo (Figure S3B). The existence of in vivo Smurfl dimerization is
further supported by the gel filtration analysis (Figure 3G). Size exclusion chromatography
showed that endogenous Smurfl mainly migrates as two peaks corresponding to oligomers
(fractions 12-13, with estimated molecular weights of over 700 KD) and monomers/dimers
(fractions 23-27, with estimated molecular weights of 70-150 KD). Additionally, in keeping
with the notion that C2 domain is critical for Smurfl homodimer formation, compared with
WT-Smurfl, AC2-Smurfl has a significant reduction in forming dimers in vivo (Figures
S3C-D).

Cdh1l activates Smurfl through disrupting Smurfl homodimer-mediated auto-inhibition

The existence of Smurfl homodimerization prompted us to determine whether Cdh1 could
disrupt Smurfl dimer formation in vivo. As shown in Figure 3H, in support of a
physiological role for Cdhl in Smurfl dimerization, gel filtration analysis revealed that
depletion of endogenous Cdh1 resulted in a significant shift of eluted Smurfl from the
monomer peak (fractions 25-27, with estimated molecular weights of around 75KD) to
fractions corresponding to Smurfl dimers (fractions 21-23, with estimated molecular
weights of around 150KD). Furthermore, in keeping with their roles as activators of Smurfl
(Figure S4A), ectopic expression of Cdhl and CKIP1 disrupted Smurfl dimer formation in
vivo (Figures 3A and 4A), while Smadl and Smad7 could not (Figure 4A). More
importantly, either WT-Cdh1 (Figure 4B), E3 ligase-deficient Cdh1 (Figure S4B) or CKIP1
(Figure SAC) could disrupt Smurfl dimer formation in a dose-dependent manner in vitro,
supporting the notion that both Cdh1 and CKIP1 activate Smurfl by interfering with its
dimerization-mediated auto-inhibition (Figure 31). To better understand the molecular
mechanisms underlying Cdh1-mediated Smurf1 activation, we investigated the necessary
motifs required for the interaction between Cdhl and Smurfl. Co-immunoprecipitation
experiments revealed that full-length Smurf1 interacts with the C-terminal WD40 domain of
Cdhl (Figure S4D). On the other hand, full-length Cdh1 interacts with the C2 domain of
Smurfl; GST-C2-Smurfl is capable of interacting with Cdhl while GST-AC2-Smurf1 fails
to interact with Cdh1 in vitro (Figure 4C). In support of the critical role of the C2 domain in
Smurfl dimerization, deletion of the C2 domain, which disrupts Smurfl dimerization
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(Figures 3C-D), leads to increased Smurfl E3 ligase activity as displayed by elevated
Smurfl auto-ubiquitination (Figure 4D) and increased capacity to promote RhoA
ubiquitination in vitro (Figure 4E). Furthermore, consistent with the failure of AC2-Smurfl
to interact with Cdh1 (Figure 4C), Cdh1 could not further augment the E3 ligase activity of
AC2-Smurfl in ubiquitinating RhoA in vitro (Figure S4E). Therefore, these results suggest
that similar to Smurf2 intra-molecular auto-inhibition, Smurfl can form homodimers, which
suppress its E3 ubiqutiin ligase activity via an inter-molecular auto-inhibition mechanism.
However, further investigation will be necessary to demonstrate the exact molecular
mechanisms underlying the dimerization and auto-inhibition of Smurf1.

Depletion of Cdh1 leads to inactivation of Smurfl and subsequent induction of Smurfl
downstream pathways

To better understand the physiological role of Cdh1 in governing Smurfl catalytic activity,
we depleted endogenous Cdhl expression by lentiviral infection with multiple ShRNA
constructs targeting Cdh1. We found that depletion of Cdhl in HCT116 cells leads to
upregulation of Smurfl, but not Smurf2 protein levels (Figure 5A). Consistent with the
model that Cdh1 is an activator of Smurfl (Figure S1G), in Cdh1-depleted cells, although
Smurfl abundance is increased, the expression levels of Smurfl downstream targets
including MEKK2 and p-Smad1/5/8 (Sapkota et al., 2007) are increased as well (Figure
5A). These results indicate that the accumulated Smurfl observed following Cdh1 depletion
is in its inactive form. Furthermore, consistent with elevated MEKK2 expression, we found
that depletion of Cdh1 induced the activation of the INK pathway downstream of MEKK2,
leading to a significant induction of p-c-Jun (Yamashita et al., 2005). In contrast, the
MEKK1, MLK3 and p38 pathways were not affected, further demonstrating that Cdh1
specifically regulates the Smurfl/MEKK2/JNK signaling pathway (Figure 5A). Since
depletion of Cdhl has been reported to activate the p53 pathway (Gao et al., 2009), to
eliminate a possible contribution of the p53 pathway to this process, we also depleted Cdhl
in p53-/- HCT116 cells (Figure 5A) or HeLa cells (Figure S5A). In both cell lines, depletion
of Cdh1 leads to specific activation of the MEKKZ2/JNK pathway. Furthermore, a similar
phenotype was observed after depletion of Cdhl in mouse calvarial osteoblasts (Figure 5B-
C) and human T98G cells (Figure S5B). These results altogether support a pivotal role for
Cdh1l in regulating the Smurfl/MEKK?2 signaling pathway in vivo.

To exclude the possible off-target effects of Cdh1-specific ShRNA treatment, we
demonstrated that re-introduction of a non-targeted version of WT-Cdh1 in Cdhl-depleted
T98G (Figure 5D) or HelLa (Figure S5C) cells led to a significant reduction in the expression
of Cdh1 ubiquitin substrate Aurora A (Figures 5D) (Littlepage and Ruderman, 2002) and
PIk1 (Figure S5C) (Lindon and Pines, 2004). However, the reduction of Aurora A or Plk1
abundance is not observed with the expression of various E3 ligase-deficient Cdh1 mutants
including AC box-Cdh1 that is deficient in interacting with the APC complex (Burton et al.,
2005; Schwab et al., 2001), or the N174-Cdh1 mutant that is capable of interacting with the
APC core complex (Pfleger et al., 2001) but lacks the C-terminal substrate-interacting motif
(Figures 5D and S5C). On the other hand, ectopic expression of both WT-Cdh1 and AC box-
Cdh1, but not the N174-Cdh1 mutant that is deficient in Smurfl interaction (Figures 5D and
S5C), or CKIP1 (Figure S5D), efficiently suppressed MEKK?2 and Smurfl abundance in
Cdh1-depleted cells. This result indicates that CKIP1, which interacts with the WW-domain
of Smurfl (Lu et al., 2008), may not functionally compensate for the loss of Cdhl, which
disrupts Smurfl homodimer by interacting with its C2-domain. Furthermore, AC box-Cdh1l
could suppress MEKK?2 and Smurfl abundance as efficiently as WT-Cdh1 (Figures 5D and
S5C), emphasizing that Smurfl activity is governed by APC complex-free Cdh1. This
notion is further supported by the observation that unlike depletion of Cdh1l (Figure 5A-C),
depletion of Cdc20 (Figure S5G-H), or critical subunits of the APC core complex such as
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APC10 (Figure S5I1) or Cdc27 (Figure S5J-K), has no significant effect on Smurfl
abundance or the activity of the Smurfl downstream MEKK2 pathway. Moreover, we found
that depletion of endogenous Cdh1l in Smurfl-/- calvarial osteoblasts failed to further induce
the activation of the MEKK2/JNK signaling pathway, further supporting a critical role for
Smurfl in Cdhl-mediated regulation of the MEKK2/JNK signaling pathway (Figure 5E).

Cdh1 governs osteoblast differentiation through modulating the activity of Smurfl and its
downstream MEKK2 pathway

As the Smurfl/MEKK?2 signaling pathway has been reported to be a major regulator of the
osteoblast differentiation process (Yamashita et al., 2005), we examined the potential role of
Cdhl in osteoblast differentiation. We found that successful depletion of endogenous Cdhl
in mouse calvarial osteoblasts (Figure 6A) leads to increased differentiation as evidenced by
both Fast Blue staining for alkaline phosphatase (ALP) and VVon-Kossa staining for
mineralization (Figure 6B) (Greenblatt et al., 2010; Jones et al., 2006). Consistent with the
enhanced osteoblast differentiation phenotype, expression of characteristic osteoblast
markers including osterix (Osx), osteocalcin (Ocn), and bone sialoprotein (Bsp) (Figure 6C)
were increased in Cdhl-depleted cells. This phenotype is also confirmed by using human
mesenchymal stem cells (hnMSC), which can be differentiated along the osteablast lineage
under osteogenic culture conditions. As shown in Figure S6A-C, Cdh1-depleted hMSC
displayed increased osteoblast differentiation as evidenced by calcein staining for
mineralization (Figure S6B) and the increased gene expression of multiple markers of
osteoblast differentiation (Figure S6C). More importantly, we found that depletion of
Smurfl in hMSC could increase osteoblast differentiation, as evidenced by ALP activity that
was evaluated by quantitative alkaline phosphatase substrate assay (Figure S6D-E).
However, depletion of Cdhl could not further increase ALP activity of Smufl-depleted cells
(Figure S6F), confirming the critical roles of Smurfl in loss of Cdhl-induced osteoblast
differentiation. To further confirm the effects of Cdhl in osteoblast differentiation, we
cultured Cdh1F/F osteoblasts from calvarial bones of neonatal Cdh1F/F mice. As shown in
Figure 6D, increased osteoblast differentiation was observed in Cre-lentivirus infected
Cdh1FF cells, as evidenced by increased ALP activity, mineralization and gene expression
(Figures 6D-E). Similarly, we also differentiated Cdh1F/F bone marrow cells into osteoblasts
and found that Cre lentivirus-induced depletion of Cdh1 could also promote osteoblast
differentiation in Cdh1/F bone marrow cells (Figures S6G-H). Taken together, these data
further illustrated the physiological contribution of Cdhl in osteoblast differentiation.

We next determined whether the E3 ligase activity is necessary for Cdh1 to promote
osteoblast differentiation. To this end we found that, similar to WT-Cdh1, the AC box-Cdhl
mutant could rescue the loss of the Cdhl-induced osteoblast differentiation phenotype while
the N174-Cdh1 mutant, which failed to interact with Smurfl, could not (Figure 6F). These
results are consistent with the observation that both WT-Cdh1 and AC box-Cdh1, but not
N174-Cdhl could efficiently suppress the MEKK2 accumulation phenotype displayed in
Cdh1-depleted HelLa (Figure S5C) and T98G (Figure 5D) cells. Taken together these results
support a critical role of Cdhl in regulating osteoblast differentiation through modulating
the activities of the Smurfl/MEKK?2 signaling pathway, independent of its own APC/C E3
ligase activity.

Discussion

Our present studies provide the experimental evidence for a role of Cdh1 in the regulation of
osteoblast differentiation by controlling Smurfl E3 ligase activity. Furthermore, we
demonstrated that the ability of Cdhl to augment the catalytic activity of Smurfl is
independent of Cdhl's E3 ligase activity. Accordingly, a Cdhl mutant (AC box-Cdh1)
deficient in interacting with the APC core complex failed to degrade conventional APC
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substrates such as Cyclin B or Plk1, but could promote Smurfl activity as efficiently as WT-
Cdhl (Figure 1G-I). We went on to show that the effect of Cdh1 depletion on osteoblast
differentiation could be rescued by ectopic expression of both WT-Cdh1 and AC box-Cdh1,
but not N174-Cdh1 (Figure 6F), likely due to the fact that AC box-Cdh1, but not N174-Cdh1
could suppress MEKK2 and Smurfl abundance as efficiently as WT-Cdh1 (Figures 5D and
S5C). These results support a model where the E3 ligase activity of Smurfl might be
governed by an APC complex-free pool of Cdhl. In keeping with this hypothesis, we found
that in contrast to depletion of Cdhl, depletion of a closely related Cdhl family member
Cdc20, or APC complex core subunits APC10 or Cdc27, had no significant effect on the
activity of Smurfl and its downstream MEKK2 pathway (Figure S5G-K). More importantly,
consistent with this genetic evidence, further biochemical analysis revealed that Cdc27
could immunoprecipitate APC activators Cdhl, Cdc20, APC core subunit APC2 as well as
the APC substrate Cyclin A, but not Smurfl (Figure S1F). This result indicates that Smurfl
does not interact with the APC core complex but rather interacts with the APC-free pool of
Cdhl.

In support of this notion, gel filtration analysis demonstrated that endogenous Cdhl migrates
at two major peaks, with one corresponding to the APC-bound form (fractions 12-13, with
estimated molecular weight over 700KD), while the other relatively spread out peak spans
from fractions 20-26 (with estimated molecular weight of 50-200KD) (Figure 3G). It is
noted that there is some monomer Cdhl migrating at fractions 25-26 (corresponding to
50-60KD free Cdhl). On the other hand, in fractions 23-24, there is detected co-migration
between endogenous Cdhl and Smurfl with an estimated molecular weight of around
120-160KD, which could correspond to possible Smurfl/Cdhl heterodimers (Figure 3G).
Furthermore, in support of a pivotal role for Cdhl in the negative regulation of Smurfl
dimerization, we found that depletion of Cdh1 affects the Smurfl migration pattern in size
exclusion chromatography, resulting in a significant shift of the eluted Smurfl from the
monomer peak (fractions 25-27) to fractions consisting of Smurfl dimers (fractions 21-23)
(Figure 3H). These gel filtration experiments indicate that there is an APC-free pool of Cdhl
existing in vivo and that the APC complex-free Cdhl could possibly form heterodimers with
endogenous Smurfl. However, further investigation is warranted to fully understand the
molecular mechanism(s) that regulates the interaction between Cdhl and Smurfl and
whether this process is cell cycle dependent.

We and others previously showed that Cdh1 affects E2F1 activity by directly interacting
with the Rb tumor suppressor in G1 phase (Binne et al., 2007; Gao et al., 2009), a process
that is also independent of Cdhl's E3 ligase activity. Cdhl forms an E3 ligase complex with
the APC core complex mainly in the late M phase and early-mid G1 phase. In the late G1
phase, it was reported previously that phosphorylation of Cdhl1 by Cdk2/CyclinA dissociates
Cdh1 from the APC core complex (Lukas et al., 1999). Thus, in the remaining phases of the
cell cycle, Cdhl is in an APC complex-free mode. It has also been reported previously that
Cdh1 is highly expressed in terminally differentiated cells including neurons and myocytes
(Gieffers et al., 1999) to regulate neuronal development (Konishi et al., 2004) and
myogenesis (Li et al., 2007). However, these post-mitotic functions of Cdh1 are mainly
attributed to its E3 ligase activity. Our results reveal a biological function for APC complex-
free Cdh1, thus expanding our current understanding of this key molecule. Further
exploration of Cdh1 physiological functions in addition to its E3 ubiquitin ligase activity is
needed to fully understand the physiological role of Cdhl in many cellular processes.

We also noted that CKIP1 has been previously reported to activate Smurfl activity by
interacting with Smurfl's WW domain to promote Smurfl interaction with its downstream
substrates (Lu et al., 2008). Thus we were interested in understanding the physiological
differences between Cdhl and CKIP1 in terms of regulating the Smurfl/MEKK?2 signaling
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pathway to modulate the osteoblast differentiation process. To this end, we compared side
by side the effects of shCdh1 and shCKIP1 in upreglating MEKK?2, a critical downstream
target of Smurfl responsible for triggering osteoblast differentiation. We also performed co-
depletion of endogenous Cdh1 and CKIP1 in HeLa cells to quantify induction of MEKK2
abundance. As illustrated in Figure S5F, we found that depletion of either endogenous Cdhl
or endogenous CKIP1 leads to upregulation of MEKK2, and depletion of Cdh1 appears to
cause a more dramatic induction of MEKK2 than depletion of CKIP1. However, co-
depletion of CKIP1 and Cdh1 did not lead to further upregulation of MEKK?2, indicating
that there is no synergistic effect for Cdh1 and CKIP1 in terms of regulating the Smurf1/
MEKK?2 signaling pathway. Furthermore, we found that ectopic expression of Cdh1, but not
CKIP1 could suppress MEKK?2 induction in Cdhl-depleted HeLa cells (Figure S5D). This
result indicates that CKIP1 could not functionally compensate for the inactivation of Smurfl
by depletion of endogenous Cdh1. On the other hand, both Cdh1 and CKIP1 could reduce
MEKK?2 expression in CKIP-depleted cells (Figure S5E). These results together illustrate
the functional differences between Cdhl and CKIP1 in regulating the MEKK?2 signaling
cascade and excludes a possible functional redundancy between Cdhl and CKIP1.

In support of this notion, biochemical analysis pinpointed the C2 domain of Smurfl as the
critical region mediating Cdh1 interaction (Figure 4C), which differs from CKIP1 that
interacts mainly with the WW-domain of Smurfl. Additionally, we showed that different
from CKIP1, Cdh1 could not promote the interaction between Smurfl and Smad5 (Figure
S4F). Thus we think that Cdh1 mainly regulates Smurfl by dissociating Smurfl
homodimers while CKIP1 could function through enhancing Smurfl interaction with its
downstream substrates (Lu et al., 2008), as well as dissociating Smurfl dimers. However,
we recognize that further study is required to fully understand the different mechanisms
through which CKIP1 and Cdh1 activate the Smurfl E3 ligase activity.

Nonetheless, immunohistochemical (IHC) staining of E14.5 mouse embryo revealed that
Cdhl is expressed in many post-mitotic tissues including brain, heart as well as various
skeletal sites (Figure S6J). Furthermore, the pattern of Cdhl expression in osteoblasts
resembled that of the osteoblast marker gene type I Collagen ol (Figure S6J). This result
supports the notion that similar to CKIP1 (Lu et al., 2008) and Smurfl (Yamashita et al.,
2005), Cdhl is expressed, and likely performs critical functions in the skeletal system. In
addition, we found that during the osteoblast differentiation process, Cdhl levels increased,
concomitant with decreases in the MEKK2 and Smad signaling pathways (Figure S6K-L).
Since Smurfl has been implicated as a negative regulator in late stages of osteoblast
differentiation and bone formation (Yamashita et al., 2005) through downregulating the
activity of the MEKK?2 signaling cascade, these results support the idea that induction of
Cdhl and CKIP1 may activate the E3 ligase activity of Smurfl to play a critical role in
osteoblast differentiation.

Thus, our results show that both CKIP1 and Cdh1 can modulate Smurfl activity in a similar
yet non-redundant fashion, by a mechanism that may involve the disruption of Smurfl
homodimer-mediated auto-inhibition. Although Smurfl shares over 85% homology with
Smurf2 (Lu et al., 2008), it remains largely unknown how Smurfl activity is controlled.
Unexpectedly, we found that the Smurfl dimerization process is different from the intra-
molecular auto-inhibition reported in Smurf2 since the mutation of two conserved
phenylalanine sites in the C2 region of Smurfl did not affect Smurfl dimerization (Figures
S6N-0). However, this process is in many ways analogous to the Smurf2 auto-inhibition
process. This inter-molecular interaction might also involve the interaction between a C2
and a HECT domain that would block the access of the E2 enzyme to the HECT domain
(Wiesner et al., 2007), or the recruitment of substrates to the WW domain (Lu et al., 2008).
Furthermore, it is also subject to other layers of regulation. Thus, our study may provide a
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unified model for the regulation of both Smurfl and Smurf2 activities. These inter-
molecular auto-inhibition mechanisms might also be applied to other HECT-type E3
ubiqutin ligases.

Moreover, Smurfl has been reported to interact with Smurf2 (Fukunaga et al., 2008) and
other HECT-family of E3 ligases (data not shown). Hence, further investigation will be
required to determine whether heterodimer formation could be utilized as a molecular
mechanism to suppress two related HECT-family of E3 ligases. More importantly,
deregulated balance between osteoblast and osteoclast activity leads to abnormal bone mass
(Harada and Rodan, 2003), such as the bone loss in osteoporosis frequently seen in the
elderly. Like the previously reported postnatal osteoblast activity regulator Shn-3 (Jones et
al., 2006), our studies suggest that decreasing Cdh1 abundance may present a potential
therapeutic approach for the treatment of osteoporosis.

Experimental Procedures

Cell Culture and Cell Synchronization

Cell culture, including synchronization and transfection, has been described previously (Gao
et al., 2009; Wei et al., 2004). Lentiviral ShRNA virus packaging and subsequent infection
of various cell lines were performed according to the protocol described previously (Boehm
et al., 2005).

siRNA Treatment

Human siRNA oligos against Cdh1 and Cdc20 have been described previously (Wei et al.,
2004). siRNA oligos were transfected into subconfluent cells with Oligofectamine or
Lipofectamine 2000 (Invitrogen) in accordance with the manufacturer's instructions.

Immunoblots and Immunoprecipitation

Cells were lysed in EBC buffer (50 mM Tris pH 7.5, 120 mM NaCl, 0.5% NP-40)
supplemented with protease inhibitors (Complete Mini, Roche) and phosphatase inhibitors
(phosphatase inhibitor cocktail set I and 11, Calbiochem). The protein concentrations of the
lysates were measured using the Bio-Rad protein assay reagent on a Beckman Coulter
DU-800 spectrophotometer. The lysates were then resolved by SDS-PAGE and
immunoblotted with indicated antibodies. For immunoprecipitation, 800 pug lysates were
incubated with the appropriate antibody (1-2 pg) for 3-4 h at 4 °C followed by 1 h
incubation with Protein A sepharose beads (GE Healthcare). Immuno complexes were
washed five times with NETN buffer (20 mM Tris, pH 8.0, 100 mM NaCl, 1 mM EDTA
and 0.5% NP-40) before being resolved by SDS-PAGE and immunoblotted with indicated
antibodies.

In Vitro Binding Assays

Binding to immobilized GST proteins was performed as described previously (Gao et al.,
2009; Wei et al., 2004).

Real-time RT-PCR Analysis

The cDNA synthesis was performed with the affinityscript gPCR cDNA synthesis kit
(600559) and Brillant 11 SYBR green gPCR Mastermix (600828) from Agilent Technologies
Stratagene. The real-time reverse transcriptase (RT)-PCR reaction was performed with the
Stratagene MX3005P system.
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Histology and Immunostaining

The embryo slides and skeletal tissue slides for in situ hybridization and
Immunohistochemistry were performed as described previously (Zou et al., 2011). TSA-
biotin amplification system (Perkin Elmer Life Sciences) was used for immunostaining.
Anti-Cdhl antibody (Oncogene) was used at a 1:300 dilution for immunostaining.
Digoxigenine (DIG)-labelled type | Collagen ol probes were generated by T7 RNA
polymerase according to manufacturer's protocol.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cdh1l interacts with Smurfl to promote Smurfl auto-ubiquitination
A. Immunoblot (I1B) analysis of 293T whole cell lysates (WCL) and anti-Cdh1l
immunoprecipitates (IP). Mouse 1gG was used as a negative control for the

immunoprecipitation procedure.

B. Autoradiography of 3°S-labelled Smurf1 bound to the indicated GST fusion proteins.
C. Immunoblot (IB) analysis of whole cell lysates (WCL) and immunoprecipitates (IP)
derived from 293T cells transfected with HA-Cdh1 or HA-Cdc20 and Flag-Smurfl
constructs. Thirty hours post-transfection, cells were pretreated with 10 uM MG132 for 10
hours to block the proteasome pathway before harvesting.
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D. Immunoblot (I1B) analysis of whole cell lysates (WCL) derived from 293T cells
transfected with HA-Cdh1 or HA-Cdc20 together with Myc-tagged Smurfl constructs.
Where indicated, 10 uM MG132 was added for 10 hours to block the proteasome pathway
before harvesting.

E. Immunoblot (IB) analysis of whole cell lysates (WCL) derived from 293T cells
transfected with HA-Cdh1 and the indicated Myc-tagged Smurfl or Smurf2 constructs. CA-
Smurfl is an E3 ligase activity-deficient mutant form of Smurfl in which the cysteine
residue in the active site is replaced with alanine.

F. Immunoblot (IB) analysis of whole cell lysates (WCL) derived from 293T cells
transfected with Myc-tagged Smurfl or CA-Smurfl in the presence of increasing amounts
of HA-Cdh1. Where indicated, 10 pM MG132 was added for 10 hours to block the
proteasome pathway before harvesting.

G. Schematic representation of the Cdh1 protein functional domains.

H. Immunoblot (IB) analysis of whole cell lysates (WCL) derived from 293T cells
transfected with Myc-Smurfl and the indicated HA-Cdh1 constructs.

1. Immunoblot (IB) analysis of whole cell lysates (WCL) derived from HeLa cells
transfected with Flag-Cyclin B1 and the indicated HA-Cdh1 constructs.

J. Immunoblot analysis (IB) of whole cell lysates (WCL) and anti-Flag immunoprecipitates
(IP) derived from 293T cells transfected with the indicated plasmids. Twenty hours post-
transfection, cells were treated with the proteasome inhibitor MG132 overnight before
harvesting.

K. Immunoblot analysis (1B) of whole cell lysates (WCL) and anti-Smurfl
immunoprecipitates (IP) derived from HCT116 cells infected with the indicated lentiviral
shRNA constructs. Twenty hours post-infection, cells were selected with 1 pg/ml puromycin
for 72 hours to eliminate non-infected cells. Cells were treated with the proteasome inhibitor
MG132 overnight before harvesting.

L. Purified recombinant GST-Cdh1 augments Smurfl auto-ubiquitination in vitro.
Bacterially expressed and purified GST-Smurfl was incubated with the indicated, purified
recombinant GST-Cdh1 or GST-CKIP1 proteins, E1, E2 and ubiquitin as indicated at 30° C
for 15 minutes. The ubiquitination reaction products were resolved by SDS-PAGE and
probed with the indicated antibodies.

(see also Figure S1)
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Figure 2. The E3 ligase activity of Smurfl is augmented by Cdhl

A. Immunoblot (IB) analysis of whole cell lysates (WCL) derived from 293T cells
transfected with HA-Smad1 together with Myc-tagged Smurfl in the presence of increasing
amounts of Myc-Cdh1 or Flag-CKIP1. Myc-Cdc20 was included as a negative control.

B. Immunoblot (IB) analysis of whole cell lysates (WCL) derived from 293T cells
transfected with HA-MEKK?2 together with Flag-tagged Smurfl in the presence of
increasing amounts of Myc-Cdh1 or Flag-CKIP1.

C. HeLa cells were infected with a shSmurfl lentiviral vector (with shGFP vector as a
negative control) for 24 hours and then selected with 1ug/ml puromycin for 72 hours to
eliminate the non-infected cells. The resulting cell lines were transfected with HA-MEKK?2
in the presence of increasing amounts of Myc-Cdh1. 40 hours post-transfection, whole cell
lysates (WCL) were collected to probe with the indicated antibodies.

D. Purified recombinant GST-Cdh1 augments the E3 ligase activity of Smurfl to
ubiquitinate Smadl in vitro. Bacterially expressed and purified His-Smadl and GST-Smurfl
were incubated with the indicated, purified recombinant GST-Cdhl or GST-CKIP1 proteins,
purified E1, E2 and ubiquitin as indicated at 30° C for 60 minutes. The ubiquitination
reaction products were stopped by the addition of 8 M urea followed by His-tag pull-down
in the presence of 8 M urea to eliminate any possible contamination from Smad1-associated
proteins. The reactions were then resolved by SDS-PAGE and probed with the indicated
antibodies.

(see also Figure S2)
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Figure 3. Smurfl forms dimers in vivo

A. Autoradiography of 3°S-labelled Smurf1 bound to the indicated GST fusion proteins.

B. Immunoblot (IB) analysis of whole cell lysates (WCL) and immunoprecipitates (IP)
derived from 293T cells transfected with HA-Cdh1 and the indicated Smurfl constructs.
Thirty hours post-transfection, cells were pre-treated with 10 uM MG132 for 10 hours to
block the proteasome pathway before harvesting.

C. Schematic representation of the various Smurfl truncation mutants used in these studies.
D. Autoradiography of 3°S-labelled AC2-Smurf1 bound to the indicated GST fusion
proteins.
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E. 293T cells were transfected with the HA-Smurfl HECT construct and 40 hours post-
transfection, whole cell lysates (WCL) were recovered to perform GST pull-down analysis
with the indicated GST-fusion proteins.

F. Immunoblot (IB) analysis of whole cell lysates (WCL) derived from HCT116 cells that
are harvested in 0.5% NP40-containing PBS buffer followed by treatment with 0.01%
glutaraldehyde for the indicated time periods. Anti-p53 immunoblot was included as a
positive control for cross-linking effects.

G-H. Gel filtration experiment to illustrate that Smurfl forms dimers in vivo. Immunoblot
analysis of the indicated fractionations derived from the gel filtration experiment with
HCT116-shGFP (G) or HCT116-shCdhl (H) whole cell lysates harvested in EBC buffer.
Prior to running cell lysates, the molecular weight resolution of the column was first
estimated by running native molecular weight markers (Thyroglobulin ~669KD, Ferritin
~440KD, Aldolase ~158KD, Conalbumin ~75KD and Ovalbumin ~44KD) and determining
their retention times on coomassie-stained SDS-PAGE protein gels.

1. Proposed model of how the Smurfl E3 ligase activity is activated by Cdh1 via disruption
of Smurfl homodimer-mediated auto-inhibition.

(see also Figure S3)
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Figure 4. Cdh1 activates Smurfl through impairing Smurfl homodimer-mediated auto-
inhibition

A. Immunoblot (IB) analysis of whole cell lysates (WCL) and immunoprecipitates (IP)
derived from 293T cells transfected with Flag-Smurfl, Myc-Smurfl and the indicated HA-
tagged Cdh1, CKIP1, Smadl or Smad7 constructs. Thirty hours post-transfection, cells were
pre-treated with 10 uM MG132 for 10 hours to block the proteasome pathway before
harvesting.

B. Autoradiography of 3°S-labelled Smurf1 bound to the indicated GST fusion proteins in
the presence of increasing amounts of 35S-labelled Cdh1.

C. Autoradiography of 3°S-labelled Cdh1 bound to the indicated GST fusion proteins.

D. Deletion of the C2 domain augments Smurfl auto-ubiquitination in vitro. Various
bacterially expressed and purified GST-Smurfl proteins were incubated with purified E1,
E2 and ubiquitin as indicated at 30° C for 15 minutes. The ubiquitination reaction products
were resolved by SDS-PAGE and probed with the indicated antibodies.

E. Deletion of the C2 domain augments the E3 ligase activity of Smurfl towards
ubiquitinating RhoA in vitro. Bacterially expressed and purified His-RhoA and the indicated
GST-Smurfl proteins were incubated with purified E1, E2 and ubiquitin as indicated at 30°
C for 60 minutes. The ubiquitination reaction products were stopped by the addition of 8 M
urea and subsequent His-tag pull-down was performed in the presence of 8 M urea to
eliminate any possible contamination from RhoA-associated proteins before being resolved
by SDS-PAGE and probed with the indicated antibodies.

(see also Figure S4)
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Figure 5. Depletion of Cdh1 leads to inactivation of Smurfl and subsequent activation of Smurfl
downstream MEKK?2 signaling pathway
A. Immunoblot analysis of HCT116-WT or HCT116-p53-/- cells infected with the indicated
lentiviral ShRNA constructs. The infected cells were selected with 1 ug/ml puromycin for 72
hours to eliminate the non-infected cells before harvesting for immunoblot analysis.

B. Immunoblot analysis of primary mouse calvarial osteoblast cells infected with the
indicated lentiviral ShRNA constructs. The infected cells were selected with 1 pg/ml
puromycin for 72 hours to eliminate the non-infected cells and the resulting cells were
cultured for 6 days under osteoblast differentiation media before harvesting for immunoblot

analysis.
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C. Immunoblot analysis of primary murine Cdh1F/F calvarial osteoblast cells, which were
derived from neonatal Cdh1™F mice, infected with a lentivirus encoding Cre to deplete
endogenous Cdhl (empty vector infected cells were used as negative controls).

D. Immunoblot (I1B) analysis of T98G cells infected with the indicated lentiviral ShRNA
constructs together with the indicated pBabe-Hygro-Cdhl1-expression vector. The infected
cells were selected with 1pg/ml puromycin and 200 pg/ml hygromycin for 72 hours to
eliminate the non-infected cells before harvesting for immunoblot analysis.

E. Immunoblot analysis of immortalized WT or Smurfl-/- mouse calvarial osteoblast cells
infected with the indicated lentiviral SARNA constructs. The infected cells were selected
with 1 pg/ml puromycin for 72 hours to eliminate the non-infected cells before harvesting
for immunoblot analysis.

(see also Figure S5)
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Figure 6. Depletion of Cdh1 leads to inactivation of Smurfl and augmentation of the MEKK2
signaling pathway to induce osteoblast differentiation

A-C. Depletion of Cdhl in primary mouse calvarial osteoblasts promotes osteoblast
differentiation. Primary mouse calvarial osteoblast cells were derived from neonatal mice
and infected with the indicated lentiviral SARNA constructs. The infected cells were selected
with 1 pg/ml puromycin for 72 hours to eliminate non-infected cells and the efficiency of
Cdh1 depletion was examined by anti-Cdh1 immunoblot analysis in (A). Afterwards, the
generated cells were incubated in osteoblast differentiation medium for 21 days before the
Fast Blue staining for ALP activity (shown as blue staining) and von Kossa staining for
minerilization (shown as black staining) in (B). Additionally, the Cdh1 knockdown
efficiency and the expression of various characteristic osteoblast markers were determined
by real-time PCR analysis in (C). Three sets of independent experiments were performed to
generate each data point in (C) and the error bars represent means + SD.

D-E. The osteoblast differentiation is also increased in Cre-encoding lentivirus-induced
Cdh1 depletion in primary Cdh1™/F calvarial osteoblast cells (empty vector (EV) lentivirus
was used as a negative control). The infected cells were selected with 1 pg/ml puromycin for
72 hours to eliminate non-infected cells, the resulting cells were then incubated in osteoblast
differentiation medium for 21 days before Fast Blue staining and von Kossa staining in (D).
Cre-encoding lentivirus-induced Cdh1 depletion and the expression of various characteristic
osteoblast markers were monitored by real-time PCR analysis in (E). Three sets of
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independent experiments were performed to generate each data point in (E) and the error
bars represent means + SD.

F. Ectopic expression of WT-Cdh1 and AC-box-Cdh1, but not N174-Cdh1 could suppress
the increased osteoblast differentiation phenotype in Cdh1-depleted primary calvarial
osteoblast cells. Primary calvarial osteoblast cells derived from Cdh1F/F mice were co-
infected with Purolentivirus encoding Cre (or a lentiviral vector encoding EGFP as a
negative control) and the indicated Hygro-lentiviral vector encoding WT-Cdh1 and various
Cdh1 mutants. The infected cells were selected with 1 ug/ml puromycin and 200 ug/ml
hygromycin for 96 hours to eliminate non-infected cells. Afterwards, the generated cells
were incubated in osteoblast differentiation medium for 21 days before von Kossa staining.
(see also Figure S6)
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