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Fig. 5. Simultaneous loss of Kif7 and Sufu leads to loss of
epidermal differentiation and follicular fate in embryonic
epidermis. (A) gPCR analysis reveals significant upregulation of Gli7,
HhipT and GIi2 in DKO keratinocytes compared with control and Sufu
KO keratinocytes. Data are means with error bars representing 95%
confidence intervals (*P<0.05; **P<0.01, one-way ANOVA).

(B,C) Hematoxylin and Eosin staining of DKO dorsal skin at E18.5.

(D-1) DKO skin expresses K14. Impaired expression of differentiation
markers K1 and loricrin in the epithelial lesions of DKO skin. These
lesions are highly proliferative, as revealed by increased Ki-67 and p63
expression. (J-O) Immunostaining reveals a lost of hair follicle markers P-
cadherin and nuclear B-catenin (arrow) in DKO skin at E16.5. Only the
IFE marker E-cadherin and cytoplasmic B-catenin are observed in DKO
skin. (P,Q) In situ hybridization analysis shows the expression of placode
marker Lef1 (arrows) in E16.5 control skin, which is lost in the basaloid
lesions of DKO skin. dp, dermal papilla. Scale bars: 50 um.

BCC, these skin lesions were highly proliferative and expressed
BCC markers, including K14 and cyclin D (Fig. 6J,0,T). In both
mice and human, BCC is characterized by elevated Hh signaling and
a selective upregulation of cyclin D, whereas BFH display lower
expression of Hh target genes and cyclin D compared with BCC
(Grachtchouk et al., 2003). Previous studies suggested that the level
of Hh pathway activation determines the tumor phenotype
(Grachtchouk et al., 2003; Grachtchouk et al., 2011). As Sufu KO
keratinocytes do not display high Hh target gene expression as DKO
keratinocytes and only BFH is observed in Sufit adult epidermis KOs
(Fig. 5A), the crucial threshold required for BCC formation is
probably not achieved by the loss of Sufu alone. Wnt/B-catenin
activation is crucial for Hh-mediated proliferation and BFH, and

Fig. 6. Simultaneous loss of Kif7 and Sufu in adult epidermis
leads to BCC formation. (A-E) Hematoxylin and Eosin staining of Kif7
(A), Sufu (B,C) and Sufu;Kif7 (D,E) mutant skin 7 weeks after
tamoxifen-induced gene deletion. The skin of Kif7-TAM mice appeared
grossly normal, whereas the skin of Sufu-TAM mice mainly displayed
hyperplasia (hyp) and extensive epithelial buds (arrowheads). By
contrast, Sufu;Kif7 mice developed skin tumors, including basaloid
follicular hamartoma (BFH) and basal cell carcinoma (BCC).

(F-Y) Immunohistochemistry shows the expansion of K14- and p63-
expressing cells in BCC and BFH of Sufu;Kif7 TAM-treated skin at 7
weeks (F-O). Expression of cyclin D is not elevated in Sufu TAM-treated
skin or the BFH of Sufu;Kif7 TAM-treated skin (P-T). Nuclear and
cytoplasmic B-catenin staining is observed in Sufu TAM-treated skin and
Sufu,Kif7 TAM-treated skin. Higher magnification of B-catenin staining
in insets (U-Y). bud, budding; hf, hair follicle. Scale bars: 50 um. See
also supplementary material Figs S7-S9.

activated Wnt/B-catenin pathway is observed in superficial BCC in
humans (Yang et al., 2008). Consistent with these observations, we
found increased cytoplasmic and nuclear -catenin in BFH and BCC
of the Sufu;Kif7-TAM treated mice (Fig. 6U-Y). Interestingly,
increased P-catenin was also observed in the skin lesions of our Sufi-
TAM treated mice. Furthermore, non-phosphorylated (active) -
catenin was detected in the protein lysates from Sufit and Sufis;Kif7-
TAM treated skin, while little or no expression was present in the
lysates from Kif7-TAM or Sufu-ethanol treated skin (supplementary
material Fig. S9). These results support the observation by others and
provide in vivo evidence that Sufu plays a key role in suppressing
the Wnt/B-catenin pathway in the adult skin (Meng et al., 2001; Min
etal., 2011). Interestingly, we found that the Wnt/B-catenin pathway
is only activated in the adult, but not the embryonic, skin of Sufu
mutants. We speculate that the temporal requirement for the Wnt
pathway is distinct, which possibly can be attributed to differences
in environmental cues/factors that cooperate with Sufu for Wnt
pathway activation. Taken together, our results here highlight the
importance of the overlapping tumor suppressor functions of Sufu
and Kif7 in preventing BCC formation.
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DISCUSSION

In this study, we demonstrate the distinct and overlapping functions
of Sufu and Kif7 during skin development and tumorigenesis. We
provide molecular insight into the roles of Sufu and Kif7 on Gli2
regulation using the skin as a model system. Our results illustrate
that Sufu and Kif7 play opposing roles in Shh signaling through
the regulation of Gli2 subcellular distribution, and that Kif7
performs distinct Sufu-dependent and -independent functions.
These two regulators of Shh signaling are pivotal to skin
development and tumorigenesis. In their absence, hair follicle fate
is completely lost in embryonic epidermis and keratinocytes in
adult epidermis are transformed to form BCC.

Sufu represses Gli proteins via distinct
mechanisms

The output of mammalian Hh signaling is determined by the
activity of Gli proteins, which are regulated at both the
transcriptional and post-transcriptional levels (Hui and Angers,
2011). Sufu acts as a negative regulator of Hh signaling by forming
complexes with all three Gli proteins and inhibiting their
transcriptional activator function (Ding et al., 1999; Barnfield et al.,
2005). Gli3 is processed by the proteasome into an N-terminal Gli3
repressor when the Hh pathway is inactive, and Gli3 repressor
formation is largely compromised in Sufii”~ embryos. In addition,
Sufu also plays a role in the stabilization of Gli2 and Gli3 by
antagonizing the action of Spop, a nuclear speckle protein and an
adapter of the cullin 3-based ubiquitin E3 ligase that promotes the
degradation of full-length Gli2 and Gli3, but not Glil (Chen et al.,
2009; Wang et al., 2010). Thus, Sufu regulates the activity of Gli
proteins through multiple mechanisms, including processing and
stabilization.

Here, we illustrate another important regulatory function of
Sufu, which is to control the subcellular distribution of Gli2. In
cultured mesenchymal cells, Hh pathway stimulation promotes the
dissociation of cytoplasmic Sufu-Gli complexes and the subsequent
nuclear translocation of Gli activators (Humke et al., 2010).
However, the function of these cytoplasmic Sufu-Gli complexes
and the role Sufu plays in the nuclear entry of Gli activators are
largely unexplored. Gli2 activator is pivotal for Shh signaling in the
skin. We show that endogenous Sufu forms inhibitory cytoplasmic
complexes with Gli2 in keratinocytes to prevent the nuclear entry
of Gli2 (Fig. 7A). We propose that the Sufu-Gli2 complex is crucial
for limiting the transcriptional activity of Gli in the IFE where the
Hh pathway is normally repressed (Fig. 7B). Despite the potent
inhibitory role of Sufu on Hh pathway activity in the skin, tumor
studies here indicate that loss of Sufu alone is not sufficient for
robust Gli activation to induce BCC formation.

In vitro studies have suggested that Sufu represses the activity
of Gli transcription factors through cytoplasmic retention of Glil
and Gli2 (Ding et al., 1999; Barnfield et al., 2005), and by
recruiting co-repressor complexes in the nucleus (Cheng and
Bishop, 2002). Our data here revealed that the regulatory actions
of Sufu on Glil and Gli2 are distinct. First, although the
cytoplasmic sequestration of Gli2 is Sufu dependent, Sufu plays
a less crucial role in the cytoplasmic localization of Glil. Our
finding is consistent with the results from a previous report that
the majority of overexpressed Glil was localized in the
cytoplasm of Sufi”~ MEFs, similar to those found in wild-type
MEFs (Svird et al., 2006). Previous studies indicate that Spop is
involved in the degradation of Gli2 and Gli3, but not Glil, and
suggest that Sufu opposes the activity of Spop to stabilize Gli
proteins (Chen et al., 2009; Wang et al., 2010). Consistent with
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Fig. 7. The overlapping and distinct roles of Sufu and Kif7 in Gli2
regulation during embryonic skin development and
tumorigenesis. (A) In keratinocytes, Sufu inhibits Gli2 activity through
formation of cytoplasmic Sufu-Gli2 complexes. Kif7 acts in a Shh-
dependent manner to maintain Gli2 activity by promoting the
dissociation of Sufu-Gli2 cytoplasmic complexes and subsequent Gli2
nuclear translocation. (B) In the embryonic skin, Sufu is a potent
negative regulator that suppresses Hh pathway activation in the IFE and
possibly in the hair follicle. Kif7 plays dual regulatory roles in Shh
signaling; in addition to its positive role in maintaining Hh pathway
activity in the hair follicle, Kif7 acts negatively to inhibit Gli2 activity in
the IFE in the absence of Sufu. (C) Sufu and Kif7 act cooperatively to
regulate Gli2 levels for normal growth in the adult skin (wild type).
Inactivation of Sufu and Kif7 drives BCC formation.

this model, Gli2 protein was significantly reduced in Sufu KO
keratinocytes, suggesting that Sufu is involved in the
stabilization of Gli2, but not of Glil.

Kif7 promotes nuclear entry of Gli2

We and others have identified kinesin motor protein Kif7 as
another key regulator of Gli transcription factors (Cheung et al.,
2009; Endoh-Yamagami et al., 2009; Liem et al., 2009). Similar to
its Drosophila counterpart Costal 2 (Cos2), Kif7 plays dual
regulatory roles in Hh signaling: it acts negatively in controlling
Hh target gene expression during early neural tube development
and in MEFs, whereas it promotes Shh-dependent floor-plate
development and Thh-dependent chondrocyte development (Hsu et
al., 2011). Hh signaling promotes the translocation of Kif7 to the
tip of primary cilium in cultured mesenchymal cells, and Gli2 and
Gli3 do not accumulate at the ciliary tip of Kif7”’~ MEFs,
suggesting that Kif7 might act as a ciliary motor in the transport of
Gli proteins along the primary cilium (Endoh-Yamagami et al.,
2009; Liem et al., 2009). However, our recent study demonstrates
that Kif7 is not required for the ciliary localization of Gli2 and Gli3
in chondrocytes (Hsu et al., 2011). In fact, both Gli2 and Gli3
accumulate at the ciliary tip of Kif7’~ chondrocytes when
compared with wild-type chondrocytes, which show little or no
Gli2 and Gli3 ciliary staining. although this discrepancy remains to
be addressed, it is probably related to the opposing roles of Kif7 in
Hh signaling in MEFs versus chondrocytes. In chondrocytes, Kif7
promotes Ihh signaling through negative regulation of Sufu: Kif7 7/~
chondrocytes show elevated level of Sufu protein and, importantly,
reduction of Sufu gene dose alleviates the reduction of Hh pathway
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activity in these cells (Hsu et al., 2011). The role of Kif7 on Sufu-
Gli2 interaction in chondrocytes is unknown.

Our results here indicate that Kif7 is also a positive regulator of
Hh signaling in keratinocytes. In contrast to chondrocytes, there is
no obvious change in the level of Sufu protein in Kif7”~
keratinocytes. Despite this, we found a consistent increase of Sufu-
Gli2 complexes in Kif7”~ keratinocytes. In addition, there is a
drastic reduction of nuclear Gli2 in these cells. These observations
are consistent with the notion that the association/dissociation of
cytoplasmic Sufu-Gli2 complexes are involved in the regulation of
the nuclear entry of Gli2 and that Kif7 plays a crucial role in these
processes (Fig. 7A). How does Kif7 modulate Sufu-Gli2
complexes? In Drosophila, Cos2 binds to both the N-terminal and
C-terminal domains of Ci, and Sufu competes with Cos2 for
binding to the N-terminal region of Ci (Wang and Jiang, 2004). We
speculate that, in the absence of Kif7, more Gli2 will be accessible
to bind Sufu, leading to the increase of Sufu-Gli2 complexes in
Kif7”~ keratinocytes. Intriguingly, Kif7 can perform a negative
regulatory role in Hh signaling when Sufu function is absent. Hh
pathway activity is further augmented in Sufit KO keratinocytes
when Kif7 is deleted. Thus, Kif7 clearly possesses both Sufu-
dependent and Sufu-independent functions in Hh signaling in
chondrocyte as well as in keratinocytes. Future experiments will be
necessary to determine how Kif7 suppresses Hh target gene
expression independently of Sufu.

Spatial requirement of Kif7 and Sufu during skin
development

Studies in MEFs demonstrated that Kif7 localization is dependent
on the presence or absence of Hh ligand, suggesting that the
function of Kif7 function may be regulated by Hh stimulus (Endoh-
Yamagami et al., 2009; Liem et al., 2009). We speculate that the
function of Kif7 in keratinocytes is spatially dependent on the
location of Shh, which is normally restricted to the distal tip of the
developing hair follicle (Fig. 7B). In these Shh-receiving cells, Kif7
promotes Hh signaling through the dissociation of Sufu-Gli2
complex. In IFE cells, which do not receive Shh signals, Sufu is
present to maintain the Shh pathway in an ‘off” state. In these cells,
Kif7 acts cooperatively with Sufu as a negative regulator (Fig. 7B).
We propose that the negative regulatory action of Sufu masks that
of Kif7 and that only in the absence of Sufis can the inhibitory
function of Kif7 be revealed. Consistent with the role of Kif7 as an
inhibitor of the Hh pathway, overexpression of Kif7 could block
the actions of a constitutively activated Smo in vitro and in ovo
(Cheung et al., 2009). Although we do not observe a drastic effect
of Kif7 on Gli2 protein levels in Kif7”~ keratinocytes, Kif7 appears
to play a role in the degradation of Gli2 as Kif7”~ embryos exhibit
elevated Gli2 protein levels (Cheung et al., 2009; Endoh-
Yamagami et al., 2009; Liem et al., 2009). Further analysis will be
needed to decipher the molecular mechanism underlying the dual
regulatory activities of Kif7 on Gli2.

Deletion of Sufu is not sufficient to induce BCC

The role of Sufu in tumorigenesis is complex. It has been reported
that whereas Sufir”’~ mice are not prone to tumorigenesis, Sufii"’~
mice in the p53-null background results in robust formation of
medulloblastoma in the cerebellum, highlighting a key role for
Sufu in tumor suppression in the cerebellum (Lee et al., 2007).
However, loss of p53 has minimal effects on the latency, cellular
phenotype and proliferation capacity of basaloid skin lesions in
Sufir"”~ mice (Lee et al., 2007; Heby-Henricson et al., 2012). These
observations illustrate that the different thresholds of sensitivity to

transformation between cerebellum and skin. We show here
convincingly that loss of Sufu in embryonic as well as adult
epidermis does not transform keratinocytes into BCC. Histological
and marker gene analyses indicate that loss of Sufis only results in
BFH. Our results suggest that the level of Hh pathway activation
in Sufu KO keratinocytes can only drive BFH formation but is not
robust enough to induce BCC. Importantly, additional ablation of
Kif7 in Sufu KO keratinocytes drastically increases the incidence
of BFH and the majority of double knockout mice succumb to
BCC. Thus, our studies indicate a pivotal role for Kif7 in
determining tumor outcome in the skin and illustrate the novel
overlapping functions of Sufu and Kif7 in BCC suppression (Fig.
7C). Whether the overlapping functions of Sufu and Kif7 in tumor
suppression is specific to the skin or can be observed in other
tissues awaits future inducible tissue-specific KO mouse studies.
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