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Abstract

Structural defects in cilia have robust effects in diverse tissues and systems. However, how
ciliary length changes influence signaling output are unknown. Here, we examined the
functional role of a ciliary length control mechanism whereby FBW7-mediated destruction of
NDE1 positively regulated ciliary length, in mesenchymal stem cell differentiation. We show that
FBW?7 functions as a master regulator of both negative (NDE1) and positive (TALPID3)
regulators of ciliogenesis, with an overall positive net effect on cilia formation, MSC
differentiation, and bone architecture. Deletion of Fbxw7 suppresses ciliation, Hedgehog
activity, and differentiation, which are rescued in Fbxw7/Nde1-null cells. However, despite
formation of abnormally long cilia in Nde7-null cells, MSC differentiation is suppressed. NDE1
promotes MSC differentiation by increasing the activity of the Hedgehog pathway by direct
binding and enhancing GLI2 activity in a cilia-independent manner. We propose that ciliary
structure-function coupling is determined by intricate interactions of structural and functional

proteins.
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Introduction

The primary cilium is a solitary, antenna-like, sensory organelle protruding into the extracellular
space . It is present in virtually all cell types of the human body functioning as a signaling
center for receptor tyrosine kinases, G protein coupled receptors, the Hedgehog, Notch, and
Wnt pathways 2. A unique feature of the primary cilium is its ability to oscillate out of phase
with the cell cycle, as primary cilia are formed when cells exit the cell cycle, whereas they start
disassembling upon entry into the cell cycle "-'2. This oscillatory pattern of cilia enables cells to
coordinate multiple signaling pathways with the cell cycle. It has been suggested that changes
in ciliary length may influence the output of cilia signaling pathways > '*, but the mechanisms

underlying this coordination of cilia structure and function are complex and not well understood.

One of the signaling pathways that requires intact primary cilia for maximal activity is the
Hedgehog pathway '* '8, In the absence of the Hedgehog ligand, GLI2 and GLI3 transcription
factors are proteolytically processed at the base of the cilium to generate transcriptional
repressors, GLI2R and GLI3R. In the presence of Hedgehog ligand, proteolytic cleavage is
inhibited allowing the accumulation of full length GLI2 and GLI3 (GLI2A or GLI3A) that initially
translocate to the tip of the cilium and subsequently in the nucleus, where they activate
transcription of target genes *> 7. Some target genes are activated by simple removal of GLI2R
and/or GLI3R from their promoters, while others require transactivation mediated by GLI2A
and/or GLI3A. Although all details of pathway activation have not been completely defined, it is
well-established that the primary cilium provides the structural framework for maximal
Hedgehog activity in vertebrates. This property makes it an ideal pathway to study mechanisms
of coupling of ciliary structure and signaling output. Because of fundamental roles of the
Hedgehog pathway in multiple systems, including the skeletal system and especially
mesenchymal stem cell differentiation to osteoblasts and/or chondrocytes '8, functionality of this
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pathway can be further used in the context of stem cell differentiation in response to changes in

ciliary structure.

Bone marrow derived MSCs are a progenitor cell source that has the ability to differentiate into
multiple cell lineages, including osteoblasts, adipocytes, and chondrocytes '*2'. In addition,
MSCs contribute to the formation of the niche for hematopoietic stem cells in the bone marrow,
which give rise to all blood cell types. Reciprocal interactions between MSCs and HSCs govern
the differentiation process of numerous cell types and defects in MSC differentiation can have
widespread effects ranging from osteopenia and chondrodysplasias to obesity and cancer
metastasis. MSCs possess a primary cilium and previous work has shown that it is essential for
the differentiation of these cells to osteoblasts ?2. However, exact effects of cilia per se, ciliary
length, and contribution of cilia-based signalling and their underlying mechanisms in MSC

differentiation are not completely understood.

We have identified an endogenous program regulating ciliary length in terminally differentiated
cells 3. This program involves FBW?7, the recognition receptor of the SCFFBW7 E3 ubiquitin
ligase. FBW?7 has established roles in maintenance, self-renewal and differentiation of several
adult stem cell types including cancer initiating cells 2> 24, but the contribution of cilia to these
effects is unknown. We previously showed that FBW7 mediates its effect on ciliary length by the
timely destruction of NDE1, a negative regulator of ciliogenesis 2°, upon cell cycle exit. NDE1 is
phosphorylated by CDK5 at a specific site, which is in turn recognized by FBW?7 ligase and
targeted for degradation through the Ubiquitin-proteasomal system (UPS). The gradual
destruction of NDE1 allows ciliogenesis to proceed normally and cilia to reach their appropriate
length 3. In the present study, we wished to understand how FBW7 and its target, NDE1, can

affect cilia function and whether FBW7 mediates its effects on stem cell differentiation via its
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effects on cilia. We find that deletion of Fbxw7 in MSCs suppressed osteoblast differentiation.
Consistently postnatal deletion of Fbxw?7 in mice resulted in reduced bone formation and mild
osteopenia in 3-month-old mice. Mechanistic experiments expand the role of FBW7 to the
proteasomal degradation of a positive regulator of ciliogenesis (TALPID3) in addition to NDE1.
TALPID3 is present at the mother centriole, positively regulates the Hedgehog pathway, and is
required for ciliogenesis 26-2°. NDE1 is also present at the mother centriole, its effect on the
Hedgehog pathway had been unknown, and is a negative regulator of ciliogenesis. We show
that NDE1 physically interacts with GLI2 and increases the transcriptional activity of the
Hedgehog pathway. These data suggest that mechanisms controlling ciliary length and
signalling are tightly intertwined, maintaining both structural and functional integrity of primary
cilia that is essential in osteoblastogenesis. Because FBW?7 is one of the most commonly
mutated tumour suppressors, TALPID3, a gene mutated in patients with Joubert Syndrome, and
NDE1 a microcephaly gene, our data have implications in understanding the pathophysiology of
all these diseases which although, they seem unrelated, they may share a common root in

defective ciliary structure-function coupling.
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Results

Postnatal deletion of Fbxw?7 leads to changes in bone architecture The role of Fbxw?7 in
osteoblast differentiation in vivo has not been determined. Because of embryonic lethality of
Fbxw7-null mice *°, we used the tamoxifen-inducible UbcCrefR™ driver to delete Fbxw?7 later, in
postnatal mice and examined bone architecture of the distal femur in 12-week-old male mice
using microcomputed tomography (uCT). Bone volume fraction (BV/TV), connectivity density
and trabecular number (Tb.N), were significantly decreased (Fig. 1a-d), whereas trabecular
separation (Tbh.Sp), a parameter that reflects overall space between trabeculae, was increased
(Fig. 1e). No difference between wild type and mutant mice was detected in trabecular thickness
(Th.Th) (Fig 1f). Serum bone-specific alkaline phosphatase levels (BALP) (Fig. 1g), but not
Tartrate resistant acid phosphatase (TRAcP) (Fig. 1h) were reduced in mutant mice indicating
that reduced bone mass may have been primarily caused by reduced osteoblast differentiation

and/or function.

Deletion of Fbxw?7 reduces ciliation in MSCs or MSC-like cell types Ex vivo cultures of
MSCs derived from the bone marrow of UbcCre®R2;Fbxw7" mice were used to test whether
deletion of Fbxw7 can affect ciliation and differentiation of MSCs to osteoblasts. In terms of
ciliation, we specifically examined CD106+ MSCs, called skeletal stem cells (SSCs), which give
rise to osteoblasts, adipocytes, and chondrocytes 332 333 Ex vijvo deletion of Fbxw?7 via 4-
hyrdroxytamoxifen (4-OHT) treatment in serum starved primary cultures of mouse SSCs
(CD106* MSCs) resulted in the reduction of the percentage of ciliated cells compared to
untreated cells (Fig. 2a,b). Because MSC cultures can be highly heterogeneous, we also
examined the effect of FBW7 depletion using RNAI in transiently transfected C3H10T1/2 cells,
an MSC-like stem cell line *3¢. Depletion of FBW7 led not only to a reduction in the percentage

of ciliated cells, but also a reduction in ciliary length in remaining ciliated cells (Fig. 2e-g).
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Reduced levels of ciliation were also observed in mouse embryonic fibroblasts (MEFS)
transiently transfected with a Fbxw7-specific sgRNA construct (Fig. 2c,d).These data were
consistent with our previous results in h\TERT-RPE1 cells '3, that FBW7 has an essential role in

ciliary length control.

Fbxw7 deletion suppresses differentiation of MSCs to osteoblasts Primary cultures of
UbcCrefR™; Fbxw7™ MSCs allowed us to delete Fbxw?7 at either a stem cell stage by inducing
deletion before treatment with differentiation media (Fig. 3a), or at a stage where cells had
already been committed to differentiate, by inducing deletion after addition of differentiation
media (Supplementary Fig. 1). Deletion of Fbxw7 in MSCs before induction of differentiation
resulted in significant suppression of osteoblast differentiation (Fig. 3b), as demonstrated by
Alizarin red S staining. In addition, mRNA levels of four out of five osteogenic markers examined
were significantly reduced at all time-points after osteogenic induction (Fig. 3c-e). On the other
hand, deletion of Fbxw?7 after osteogenic induction resulted in a milder suppression of
differentiation (Supplementary Fig. 1). Tamoxifen treatment did not have an effect on cells in
which Fbxw?7 was not floxed (Supplementary Fig. 2). In sum, these results suggested that
FBW?7 promoted osteoblast differentiation by acting predominantly at the stage of osteoblast
lineage commitment rather than by supporting maintenance of already committed pre-

osteoblasts.

In contrast to what was seen in osteoblasts, deletion of Fbxw?7 before adipogenic treatment
promoted adipogenic differentiation of MSCs isolated from UbcCrefR™; Fbxw7™ mice
(Supplementary Fig. 3). However, deletion of Fbxw7 after commitment to adipogenesis showed

a trend to increase differentiation without reaching statistical significance (Supplementary Fig.
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3). These results indicated that deletion of Fbxw7 did not generally impair the ability of MSCs to
differentiate, but it rather skewed differentiation towards the adipogenic lineage at the expense
of osteoblastic differentiation. This type of effect suggested that FBW?7 contributes to stem cell

lineage determination rather than affecting committed cell types.

FBW?7 regulates ciliary length through NDE1 in the C3H10T1/2 stem cell line Since we
established a cellular role of FBW7 in osteoblast differentiation, we next determined whether
this role was mediated via an effect on cilia and NDE1. Thus, first we tested whether deletion of
both Nde1 and Fbxw7 would rescue reduced ciliation and ciliary length induced by loss of
Fbxw?7 alone, as previously shown in hnTERT-RPE1 cells 3. This hypothesis was tested in the
cell line C3H10T1/2 for several reasons. First, these cells are multipotent and have been
extensively used as a surrogate cell culture system to model osteoblast, adipocyte, or
chondrocyte differentiation in vitro 3% *. Second, they express FBW7 and NDE1, but not NDEL1
(Supplementary Fig. 4). NDEL1 is a homolog of NDE1 that functions redundantly to NDE1 in
ciliogenesis " 3. This effect has been described in vivo and is believed to account for the much
milder phenotype of Nde7-null compared to Ndel7-null mice restricted only to neuronal cell
types 3. Most relevant to our study, NDEL1 is not a substrate of FBW7 and therefore it would
evade FBW7-mediated degradation. Finally, the Hedgehog pathway drives osteoblast
differentiation of C3H10T1/2 cells and therefore, cilia-based signaling is functionally relevant in

these cells 441,

We generated three stable lines, lacking Fbxw?7, Nde1, or both using CRISPR/Cas9 gene
editing. Inactivation of these genes was confirmed by both Sanger sequencing of the edited

locus and protein analysis (Supplementary Fig. 4). Because current batches of the NDE1
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antibody recognize an additional band in mouse lysates, we used MEFs from Nde1” mice to
identify the band corresponded to NDE1. The lower band detected by the NDE1 antibody
corresponded to NDE1 (Supplementary Fig. 4). Cells lacking Fbxw7 showed a reduction in the
percentage of ciliated cells and ciliary length in remaining ciliated cells (Fig. 4), as shown in
SSCs (Fig. 2a,b). Deletion of Nde1 did not increase the percentage of ciliated cells 24 h after
serum starvation, but rather ciliary length, as we had previously shown in NIH3T3 and hTERT-
RPE1 cells %. In double mutant cells, the percentage of ciliated cells was similar to wild type

levels, while ciliary length was significantly higher than wild type cells.

FBW?7 regulates functional integrity of cilia in C3H10T1/2 cells While experiments above
showed that the FBW7/NDE1 module is essential for cilia structure, they could not inform us
about cilia function. Thus, we tested whether cilia per se are essential for osteoblast
differentiation. We inhibited cilia formation by two means, CRISPR/Cas9-mediated inactivation
of the Ift88 gene or treatment of cells with Ciliobrevin A, an inhibitor of cytoplasmic dynein,
Hedgehog pathway, and cilia formation #2. Cells lacking cilia failed to differentiate to osteoblast-
like cells, as determined by expression of alkaline phosphatase (ALP), a well-established
marker of osteoblast differentiation in these and other multipotent cells (Supplementary Fig. 5).
Osteoblast differentiation was severely reduced in single Fbxw7 and Nde1-deleted cells
compared to wild type cells, but partially restored in double mutant cells (Fig. 5a-d). In addition,
we used MLN4924, an inhibitor of Cullin-dependent ligases, including FBW7 #3. Initiation of
treatment of wild type C3H10T1/2 cells with MLN4924 before osteogenic induction resulted in
suppression of differentiation. However, initiation of MLN4924 treatment only after osteogenic
induction had no effect on differentiation (Supplementary Fig. 6). These data were consistent
with data using 4-OHT-inducible deletion of Fbxw7 in MSCs (Fig. 3 & Supplementary Fig. 1),

suggesting that SCFF®WV7 activity at the pre-commitment stage, but not after commitment, is
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more relevant to osteoblast differentiation. Further, because effects of single knockouts were
partially corrected in double mutant cells, these results supported the hypothesis that the FBW?7-
mediated degradation of NDE1 is essential for osteoblast differentiation. To test whether cilia
were functional in double mutant cells, cells were treated with Ciliobrevin A (Fig. 5f-h) or
transiently transfected with an Ift88-specific sgRNA (Fig. 5e). Indeed, ALP levels were
dramatically suppressed in these cells, suggesting that deletion of Fbxw7 and Nde1 led to the
formation of functional cilia (Fig. 5). While the reduced level of differentiation in FBW7 depleted
cells could be consistent with the reduced percentage of ciliated cells and ciliary length, the
reduced level of differentiation in Nde 7-null cells was unexpected based on effects on cilia alone
and suggested that knocking out NDE1 uncoupled structure from function. Similar results were
obtained in another clone of C3H10T1/2 cells lacking Nde1, ruling out clonal effects. Based on
these data, we reasoned that while deletion of Nde1 led to abnormally long cilia, these cilia were

not functional, yet they acquire some level of functionality in double mutant cells.

Considering the central role of the Hedgehog pathway in osteoblast differentiation and the
dependence of this pathway on structural integrity of primary cilia > " '8, we transfected all four
cell lines with a Gli-reporter construct and determined basal level activity of the Hedgehog
pathway. As shown in Fig. 6a, pathway activity correlated with differentiation levels. We
reasoned that low activity of Hedgehog in Fbxw7-null cells was due to decreased levels of
ciliation and reduced ciliary length. However, since Nde7-null cells have normal ciliation and
even longer primary cilia compared to wild type, we hypothesized that functionality of cilia-
related Hedgehog effectors might have been compromised. Thus, we tested whether
overexpression of various forms of GL12 or GLI3 could rescue differentiation in Nde1-null cells
(Fig. 6b,c and Supplementary Fig. 5). Full length or constitutively active GLI2 increased
differentiation in these cells, suggesting the possible defects in GLI2-mediated signaling may
account for the impaired cilia functionality in Nde7-null cells 7-44. Interestingly, overexpression
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of a constitutively active full-length GLI3 construct (GLI3 P1-P6) had no effect in Nde1-null cells
7. while acting as a dominant negative allele in Fbxw7-null cells (Supplementary Fig. 5),
highlighting the importance and specificity of GLI2 in cilia-mediated osteoblastogenesis in this
system. Here, it is interesting to note that it was not GLI3R that could account for the dominant
negative effect of GLI3 P1-P6 on Fbxw7-null cells, because this GLI3 form is resistant to

proteolytic cleavage.

NDE1 physically interacts with and increases the transcriptional activity of GLI2
Hedgehog activity was decreased in Nde 7-null cells despite the presence of cilia. This prompted
us to test whether NDE1 increased the activity of GLI2 and physically interacted with GLI2.
Transient transfection in C3H10T1/2 and HEK293T cells indicated that GLI2 activity was
increased in the presence of NDE1 (Fig. 6d,e) and NDE1 co-immunoprecipitated with GLI2 (Fig.
6f). These data could help explain the reduced GLI activity in Nde 7-null cells and further indicate
that while NDE1 functions as a negative regulator of ciliogenesis, it functions as a positive
regulator of cilia based signaling such as Hedgehog signaling, coupling ciliary structure and

function.

Identification of TALPID3 as a possible target of FBW7 Because osteoblast differentiation
was partially rescued in double mutant cells, while cilia appeared grossly structurally similar to
cilia of Nde7-null cells, we reasoned that positive regulator(s) of the Hedgehog pathway might
be additional potential targets of FBW?7 that could accumulate in double mutant cells providing
some degree of rescue. Screening all known positive regulators of the Hedgehog pathway for
the presence of optimal FBW7 phosphodegrons, we identified Fused and TALIPD3 as potential
targets. We proceeded with TALPID3, because it had 4 optimal FBW7 phosphodegrons (Fig.
7d). In addition, TALPID3 is required for early stages of cilia formation and organization of
transition fibers to assemble the ciliary gate at the base of the cilium ?”, which would be

11


https://doi.org/10.1101/2020.12.18.423369

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.18.423369; this version posted December 18, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

consistent with the small but significant increase in ciliary length in double mutant cells. As
predicted, all FBW?7 isoforms co-immunoprecipitated with TALPID3, albeit at different levels
(Fig. 7a,b). Ubiquitinylation experiments in HEK293T cells suggested that co-expression of
TALPID3 with wild type, but not ubiquitin ligase dead FBW7 mutants, resulted in increased
ubiquitinylation of TALPID3 (Fig. 7c). Interestingly, an N-terminally truncated form of FBW?7 that
has been widely used for functional studies was stabilized when co-transfected with TALPID3,
suggesting that binding of TALPID3 to FBW7 may have blocked its auto-ubiquitylation 4°
supporting the idea that TALPID3 is a genuine target of FBW7 (Fig. 7a). Consistent with the
positive effect of TALPID3 on Hedgehog signaling and osteoblast differentiation, transient
depletion of Talpid3 mRNA in wild type or double mutant Fbxw7/Nde1 cells, resulted in marked
reductions of both functional read-outs (Fig. 7e-l). Efficient depletion of mouse TALIPD3 by
Talpid3 siRNA was confirmed in transfected C3H10T1/3 cells (Supplementary Fig. 4). These
data suggest FBW?7 controls the abundance of TALPID3 in addition to NDE1 and the
coordinated effect of these, and possibly other yet unidentified proteins can contribute to the

cilia structure-function coupling in cells lacking Fbxw?7.
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Discussion

While it is known that reduction in ciliary length can result in severe phenotypes in diverse
tissues and systems, it is not clear how changes in ciliary length can influence signaling output
resulting in these robust phenotypes. We have shown earlier that the FBW7-mediated
proteasomal degradation of NDE1 functions as a rheostat for ciliary length 3. Results from our
present study suggest that ciliary signaling output is tuned to ciliary length by direct physical
interactions of proteins that mediate structural roles with proteins mediating functional roles (Fig.
9). This conclusion is based on the following lines of evidence. First, FBW7 controls the
abundance of both positive and negative regulators of ciliogenesis, TALPID3 and NDE1,
respectively. Second, NDE1 physically interacts with GLI2 increasing its transcriptional activity.
Third, the FBW7/NDE1/TALPID3/GLI2 network of protein-protein interactions and activities is
essential for both cilia formation and differentiation of MSCs to osteoblasts and postnatal
deletion of Fbxw7 leads to reduced bone mass and osteoblast activity (Fig. 8). While the
differentiation of MSCs to osteoblast was utilized as a model system to decipher molecular and
cellular mechanisms of cilia structure and function, our results have implications in the
pathophysiology of not only bona-fide ciliopathies, such as Joubert syndrome (TALPID3) “¢, but

also of emerging ciliopathies such as cancer (FBW7) 4“8 and microcephaly (NDE1) 3.

Our approach to mechanistically determine structure-function relationships of primary cilia
entailed the identification of a functional assay for the primary cilium in cell culture that would
also bear physiological relevance in the whole organism. Several lines of evidence have
suggested that primary cilia are essential for the differentiation of MSCs to osteoblasts 4%,
Therefore, we determined whether the FBW7-mediated degradation of NDE1 can also affect

ciliary function in this context. Our data showed that deletion of Fbxw?7 in primary MSCs and
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C3H10T1/2 suppressed both ciliation and differentiation. Consistently, postnatal deletion of
Fbxw7 in mice reduced bone mass and levels of BALP, a marker of osteoblastic activity in the
serum. Double deletion of Fbxw7 and Nde1 in C3H10T1/2 cells rescued cilia formation and
osteoblast differentiation. Treatment of the double mutants with ciliobrevin A or triple deletion of
Fbxw?7, Nde1, and Ift88 eliminated rescued cilia and suppressed differentiation. These data lead
us to propose that the FBW7/NDE1 module had a functional role in the differentiation of MSCs
to osteoblasts, and such a role was mediated at least in part, via an effect on cilia. However, we
unexpectedly found that cells lacking Nde 7 showed a block in differentiation despite the fact that
cilia were present in these cells. These results indicated that restoring ciliary length does not
automatically mean that cilia function is also restored. Further mechanistic experiments led to
two key observations: 1) TALPID3, a positive regulator of ciliogenesis and Hedgehog activity, is
a target of FBW7 and 2) NDE1 is a positive regulator of GLI2 and a negative regulator of ciliary
length. These data lead us to propose a model in which, FBW7 controls structural integrity of
cilia by regulating the abundance of NDE1 and TALPID3. Other yet unidentified candidates also
could be playing important roles. Upregulation of NDE1 in Fbxw7-null cells (Supplementary Fig.
4) had a dominant effect on ciliary length over TALPID3, leading to an overall reduced number
of cells with cilia and a reduction of ciliary length in remaining ciliated cells. Reduced ciliation
impacts on Hedgehog activity limiting its activity and resulting in a suppression of differentiation.
In Nde1-null cells, while ciliation levels are normal, if not enhanced, Hedgehog activity and
specifically, GLI2 activity is reduced because of a direct effect of NDE1 on GLI2 protein and
activity. Overexpression of GLI2, but not GLI3 in Nde 7-null cells rescued differentiation. In
double mutant cells, the partial rescue in Hedgehog activity could be attributed to an activation
of GLI2 triggered by a possible stabilization of TALPID3 levels, due to the loss of FBW?7. This
increase in TALPID3 could further promote ciliogenesis in the absence of NDE1 and increase
Hedgehog activity directly, as has been shown previously by others 28 or indirectly. This model
is consistent with our data unraveling an interplay between cilia structure and cilia function.
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Knowledge obtained from our study could have important implications in conditions where

Hedgehog activity is upregulated such as in tumors.

FBWY is one most commonly mutated tumor suppressors. Tumorigenicity induced by the
inactivation or loss-of-function mutations in FBW?7 depends on cell context and relevance of
target protein(s) **. Based on our current and previous data showing that depletion of FBW7
affects structure and function of primary cilia ', it is tempting to speculate that part of the
tumorigenic program induced upon the loss of functional FBW?7 could be attributed to cilia and
cilia-based signaling. We envision that loss of functional FBW7 could promote tumorigenicity in
GLI2-dependent tumors or tumors that arise independently of Hedgehog signaling and they do
not require an intact cilium for initiation and/or progression. However, loss or inactivation of
Fbxw?7 could have an antitumor or protective effect in Hedgehog-dependent tumors including
tumors dependent on inactivating mutations in PTCH1 or activating mutations in SMO, which
both require an intact cilium for tumor growth. Inactivating mutations in PTCH1 and activating
mutations in SMO have been detected in 73% or 20%, respectively, of patients with basal cell
carcinoma (BCC), a stem cell-based malignancy accounting for ~90% of all solid tumors. Five
percent of BCC patients in this study also had inactivating mutations in FBXW?7 5. It would be
interesting to know whether tumor aggressiveness correlated with the presence or absence of
PTCH1 or SMO with FBXW7 mutations. According to our model, patients with both mutations

(PTCH and FBXW?7 or SMO and FBW?7) should have better prognosis.

NDE1 is mutated in patients with primary microcephaly. We had proposed earlier that loss of
NDE1 in radial glial progenitors may have caused a delay in G1 to S transition due to

abnormally long cilia ?°. This hypothesis was supported by in vivo experiments in rats, in which
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NDE1 was depleted in utero %. Our current data raise the possibility that reduced Hedgehog
activity could also contribute to the delay in cell cycle progression in this context, leading to
premature cell cycle exit and depletion or reduction of the radial glial progenitor pool size.
Interestingly, bi-allelic loss-of-function variations in SMO or Hedgehog acyl-transferase (HHAT)
genes in humans led to many developmental anomalies including microcephaly ¢ °7. While it is
unknown whether microcephaly in humans caused by inactivating mutations in NDET is due to
abnormally long cilia and/or reduced Hedgehog activity (GLI2), our data lend support to this
idea. We attributed the delay in G1-to-S transition in NIH 3T3 and hTERT-RPE1 cells to
abnormally long cilia and the extra time needed to disassemble these cilia before progressing
into S. The present data lead us to refine this hypothesis to include the possibility that the
reduced rate of serum-induced G1/S entry could be attributed to attenuated GLI2 activity in
Nde1-null cells. Whether this is a specific effect of NDE1 on GLI2 or a general property of all or

a subset of negative regulators of ciliogenesis is a subject of future studies.

Joubert syndrome represents a genetically and phenotypically heterogeneous group of
disorders characterized by hypoplasia of the cerebellar vermis and other neurologic symptoms.
Additional features include skeletal abnormalities, retinal dystrophy, and renal anomalies.
TALPID3 is mutated in patients with Joubert syndrome 23, which specifically show
hydrocephaly, short-rib thoracic dysplasia 14 with polydactyly, and other skeletal malformations
46 Molecular studies in model cell culture systems have shown that TALPID3 is a mother
centriolar protein, required for ciliogenesis, and positively regulates Hedgehog signaling activity.
Several studies have shown that TALPID3 is required for basal body docking at early stages of
ciliogenesis 2% 2”. However, the specific cell type(s) mediating these in vivo effects have not
been identified. Our data show that TALPID3 could be a possible target of FBW7 along with

NDE1. However, the net effect on cilia in cells lacking Fbxw?7 is a reduction in the number of
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ciliated cells and reduced ciliary length in remaining ciliated cells, suggesting that NDE1 has a
dominant effect on ciliogenesis. From a cilia-centric point of view, it appears that Joubert
syndrome 23 and microcephaly may be mediated by diametrically opposite mechanisms, where
Joubert Syndrome 23 is caused by loss of cilia, while microcephaly may be caused by
abnormally long cilia. However, our data indicate that they are both caused by the failure to
couple cilia structure with function, as both diseases seem to share a common defect to

maintain a certain level of Hedgehog activity despite cilia being structurally very different.

Finally, our data show that mechanisms mediating ciliary length are relevant in progenitor/stem
cell differentiation. Our experiments employing time-dependent deletions of Fbxw?7 before or
after commitment to osteoblast differentiation suggest that it may primarily function at the stage
which stem cells commit to a certain lineage. This observation was further supported by the
positive effect of Fbxw7 deletion on adipogenesis. Interestingly, RNAi-mediated depletion of
FBW?7 in the myoblastic stem cell-like line, C2C12 had a positive effect on osteoblast
differentiation in response to Bone Morphogenetic Protein 2 (BMP2) treatment *8. The different
role of FBW7 in osteoblast formation in these cells versus ours can be explained by different
routes of osteoblast differentiation. For example, FBW7 may have a negative role in the
differentiation of a myoblast-type progenitor to osteoblast, while a positive effect on the
differentiation of an MSC to an osteoblast. Despite differences in differentiation mechanisms of
different stem-like lines in vitro, our mouse data support the positive effect of FBW7 on
osteoblast differentiation. We show that FBW7 had an essential role in MSC differentiation to
osteoblasts ex vivo and postnatal deletion of Fbxw?7 altered bone architecture in 12-week-old
male mice. Osteoblast, but not osteoclast, metabolic activity is reduced in these mice. These
data lead us to suggest that FBW7 can have an essential role in MSC differentiation to

osteoblasts, at least in the animal model used in our studies. Previous studies in MSCs showed
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that deletion of Fbxw7 led to an upregulation of NOTCH2, which led to the increased production
of the macrophage CCL2 cytokine that promoted metastasis *°. No effects on osteoblast
differentiation using ex vivo cultures or bone architecture were determined in these mice. Itis
conceivable that FBW7 can have multiple effects on MSCs affecting both differentiation and
cytokine production and additional indirect effects on other cell types such as hematopoietic

stem cells cannot be excluded.

Overall, our study identified a protein-protein interaction network with an essential role in
coupling cilia structure with function. Although the studies were performed in a model system of
stem cell differentiation, which is highly amenable to in vitro, ex vivo, and in vivo approaches of
cell differentiation, and in which primary cilia have an established role, new mechanistic
information was generated that could help understand cilia function not only in normal
conditions, such as stem cell differentiation but also in diverse diseases such as cancer,

microcephaly, and Joubert syndrome.
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Methods

Cell Culture

HEK293T and C3H10T1/2 cells were obtained from ATCC (C3H10T1/2, Clone 8, CCL-226™).
HEK293T cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum. C3H10T1/2 cells were cultured with Eagle’s Basal Medium (BME)
plus 10% heat inactivated fetal bovine serum. Mesenchymal stem cells (MSCs) isolated from
the bone marrow of mice, as reported previously €, were cultured with a-MEM medium
supplemented with 15% heat inactivated embryonic stem cell qualified fetal bovine serum, 0.22
gr NaHCO3/100 ml media and 1% Penicillin/ Streptomycin/ L-Glutamine (P/S/G, Corning
Product Number:30-002-Cl). Mouse Embryonic Fibroblasts (MEFS) were maintained in
Dulbecco’s Modified Eagle’s Medium (DMEM) plus 10% heat inactivated fetal bovine serum, 1%
P/S/G and 1% MEM Nonessential Amino Acids (Corning cellgro, #25-025-Cl). MSCs were
serum starved with a-MEM medium supplemented with 0.5% heat inactivated embryonic stem
cell qualified fetal bovine serum, 0.22gr NaHCO3/100mI media and 1%P/S/G, whereas
C3H10T1/2 cells and MEFs were serum starved with reduced serum medium OPTI-MEM | (1X)
(Gibco, 31985070). For osteoblast differentiation, C3H10T1/2 cells and MSCs were treated
with Mesencult ™ Osteogenic Stimulatory Kit (STEMCELL TECHNOLOGIES, #05504).
Furthermore, MSCs were treated with Mesencult ™ Adipogenic Differentiation Kit (STEMCELL
TECHNOLOGIES, #05507) in order to induce adipogenic differentiation. The isolation of MSCs
from the bone marrow of 4 weeks old mice was performed based on an established protocol for

the isolation and culture of these cells ©°.
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Mouse embryonic fibroblast cultures were prepared as follows: Pregnant females were
euthanized when embryos were 13.5-14.5 days old. The uterine horns containing embryos were
removed from the mouse and placed in a dish contained sterile PBS on ice. Then the dish was
transferred to a new dish that contained PBS in the hood. The uterine wall was teared opened
and embryos were moved to 6-well dishes contained sterile PBS. The head of the embryo was
removed and used for genotyping. The red tissue was removed in the body cavity and
discarded. The remainder of the embryo was used to make MEFS. Each embryo was minced
with forceps and transferred to a 15ml conical flasks containing 5ml of trypsin. Furthermore, the
cells got into suspension by pipetting up and down and the flask stayed in 37°C incubator for 5
minutes. The cell suspension was transferred in another tube with pre warmed MEF medium
and the aforementioned process was repeated 4 times in order to resuspend all the cells. Then
the cells were centrifuged and the pellet was re-suspended in 25ml media and plate in a 150mm

plate.

Reagents

Ciliobrevin A was purchased from Tocris (#4529) and MLN4924 (Pevonedistat, # HY-70062)
was purchased from MedChemExpress (MCE). Paraformaldehyde (#J19943-K2) and Prolonged
Diamond DAPI (#P36966) were purchased from Thermofisher. Finally, 4-hydroxytamoxifen was
purchased from Sigma (#H6278) and SAG was purchased from Abcam (#ab142160). The
working concentration of: a) ciliobrevin A is 50uM, b) SAG is 1ug/ml, c) 4-hydroxytamoxifen for

the ex vivo experiments is 2ug/ml and D) MLN4924 is 0.25 or 0.5uM.
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Plasmids

hNde1 cDNA was obtained from Open Biosystems and was subcloned into a pFLAG-CMV-2
vector (Kim et al. 2011). Myc-GLI2, HA-GLI3P1-4A-FLAG, HA-GLI3P1-6A-FLAG, Myc-GLI2
delta N, MYC-FBW?7 plasmid were obtained from Addgene. TALPID3-DDK-MYC was obtained
from ORIGENE. FBW7a-HA, FBW7B-HA, FBW7y-HA, FBW7a-HAAF, FBW7a-HAR*%¢C were
designed by having a 4xHA tag at the C-terminus. Gli-BS plasmid was a gift from Dr. Brad

Yoder (UAB, AL).

CRISPR-CAS9 knockout

C3H10T1/2**7K0 and C3H10T1/2"%"%° clones were generated as follows: C3H10T1/2 cells
were transfected with a lentiviral vector encoding Cas9, resistance to puromycin and single
guide RNA (sgRNA) sequences specific for Fbxw7 (5'- CACCGATGAAGTCTCGCTGGAACTG-
3’) or Nde1 (5-CACCGACTCCAGCTCCATGCGAAGG -3’). After transfection, the cells
underwent serial dilutions and were plated under puromycin selection (1 ug/ml) for 3 weeks.
After selection, single colonies were extracted and grown. For the generation of the
C3H10T1/2Mxw7KONde1KO glone, a C3H10T1/27%7KO clone was co-transfected with the
aforementioned lentiviral vector encoding Cas9, resistance to puromycin and a single guide
RNA (sgRNA) sequence specific for Nde1 (5-CACCGACTCCAGCTCCATGCGAAGG -3’) and
with an empty vector encoding resistance to G418 in order to be able to select
C3H10T1/2Fxw7KONde1kOgiones. The G418 concertation that was used for the selection of the
double KO clones was 1 mg/ml. For the generation of C3H10T1/8° clones the same
methodology was applied: C3H10T1/2 cells were transfected with a lentiviral vector encoding

Cas9, resistance to puromycin and single guide RNA (sgRNA) sequences specific for IFT88 (5’-
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CACCGCAACCCAGCCTATGATACTG-3’) The resulting clones were evaluated for deletion of

the genes of interest by DNA sequencing or/and Western blotting.

Transient transfection

siRNAs were transfected into C3H10T1/2 cells using RNAIMAX reagent (Invitrogen) or using
Lipofectamine 2000 (Invitrogen) if co-transfected with plasmids according to the manufacturer’s
instructions. Transfections with plasmids in C3H10T1/2 were done by using Lipofectamine LTX
with PLUS™ Reagent (Invitrogen). Transient transfections were done in 293T cells by using

calcium phosphate method, as previously described (Kim et al, 2011).

siRNA sequences

Mouse Fbxw7 -specific smart pool siRNA was obtained from Dharmacon (#L-041553-01-0005).
Non-targeting siRNA pool was obtained from Dharmacon (#D-001810-10-05). Mouse Talpid3 -

specific smart pool siRNA was obtained from Dharmacon (#L-043740-01-0005).

Immunoblotting

HEK293T cells, wild type C3H10T1/2 cells, C3H10T1/27*0 C3H10T1/2"*"*°and C3H10T1/2
Foxw7KONdeTKO clones were lysed in 1% Triton X-100, 150mM NaCl, 10 mM Tris-HCl at pH 7.5,
1mM EGTA, 1TmM EDTA, 10% sucrose and a protease inhibitor cocktail (Roche Applied
Science), phosphatase inhibitor cocktail (PhosSTOP EASYpack, ROCHE) at 4C for 30 min. Cell
lysates were separated with SDS-PAGE. Antibodies were used against ALP (Thermofisher,
1:200), NDE1 (Proteintech, 1:1,000), B-tubulin (Santa Cruz, 1:1,000), TALPID3 (Proteintech

1:1000), HA (Santacruz 1:1000), MYC-Tag (Cell Signaling), FLAG (Sigma 1:1000), FBW7
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(Bethyl Laboratories. A301-720A; A301-721A 1:500), NDEL1 (Proteintech, 1:1000), GAPDH
(GeneTex, 1:2000) and IFT88 (Proteintech, 1:000). Densitometric quantification was performed

with the Licor Image Studio software.

Immunoprecipitation

Wild type C3H10T1/2, Fbxw7-null C3H10T1/2, Nde1-null C3H10T1/2 or double mutant cell
lysates were incubated with a-FBW?7 antibody (Abnova) overnight to immunoprecipitate FBW?7.
The antigen-antibody complexes were then incubated with Protein G Sepharose beads for 3
hours in 4°C and were analyzed for the presence of FBW7 by Western blot. The same
immunoprecipitation conditions were applied for the interactions between GLI2-NDE1, or
TALPID3 and FBW?7. In the GLI2-NDE1 interactions cell lysates were incubated with the FLAG
antibody, and in the TALPID3-FBW?7 interaction cell lysates were incubated either with a-

TALPID3 or with a-HA.

Indirect immunofluorescence

MSCs, Mouse embryonic fibroblasts and C3H10T1/2 cells were grown on glass coverslips and
fixed in 4% paraformaldehyde, permeabilized in 0.1% Triton X-100 in PBS, blocked in 3% heat-
activated goat serum (or donkey serum for ALP) /0.1% Triton X-100 in PBS (blocking buffer),
and incubated overnight with primary antibodies diluted in blocking buffer at 4°C. Primary
antibodies were used against mouse acetylated a-tubulin at 1:1,000 (Sigma Aldrich, 1:1000),
CD106 (Abcam, 1:200) or goat ALP (Thermofisher, 1:50). Cells were washed three times with
PBS and incubated for 2 h at 4°C with appropriate combinations of AlexaFluor-conjugated
secondary antibodies (Invitrogen,1:2000) for 2 hours at 4C protected from light. Excess of

secondary antibodies were removed by four washes in PBS Samples were mounted with
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Diamond DAPI (Thermofisher) to counterstain the nuclei. Images were obtained with an
Olympus FV1000 confocal microscope and processed with ImageJ software for ciliary length

measurements.

Quantitative polymerase chain reaction (QPCR)

RNA was extracted and purified from Wild type mesenchymal stem cells or Fbxw7 null-MSCs at
different time points of osteogenic treatment or at 5days of adipogenic treatment using Trizol
reagent (Invitrogen). RNA was reverse-transcribed to cDNA and samples were amplified by
gPCR. mRNA levels of the genes of interest were normalized to wild type via the AACt method.
Primers used for gPCR were Fbxw7 Fw: 5- ACTGGAGAATTTTGGCTGAGGAT-3, Fbxw7 Ruv:
5- ATGGGCTGTGTATGAAACCTGG-3’, Runx2 Fw: 5- CCGAAATGCCTCCGCTGTTA-3,
Runx2 Rv: 5- TGAAACTCTTGCCTCGTCCG-3’, OSX Fw: 5-GATGGCGTCCTCTCTGCTTGA-
3’, OSXRv: 5- CAGGGTTGTTGAGTCCCGCA-3’, ALP Fw: 5-
GCAAGGACATCGCATATCAGC-3, ALP Rv: 5- TCCAGTTCGTATTCCACATCAGT-3’, OCN
Fw: 5- AGCGGCCCTGAGTCTG-3’, OCN Rv: 5- CTGGGCTGGGGACTGA-3', Optn Fw:
AGCTTGGCTTATGGACTGAGG, Optn Rv: AGACTCACCGCTCTTCATGTG, GAPDH: Fw: 5'-
AAAATGGTGAAGGTCGGTGTG-3', GAPDH: Rv: 5- AATGAAGGGGTCGTTGATGG-3,
CEBP1a: Fw: 5-GGGAACGCAACAACATCGC-3', CEBP1a: Rv: 5-
GCGGTCATTGTCACTGGTCA-3, Adiponectin: Fw: 5- GCAGAGATGGCACTCCTGGA-3',
Adiponectin: Rv: 5- CCCTTCAGCTCCTGTCATTCC-3, PPARy: Fw: 5'’-
GTGGGGATAAAGCATCAGGC-3, PPARy: Rv: 5- TCCGGCAGTTAAGATCACACC-3, TBP:

Fw: 5-TCTACCGTGAATCTTGGCTGT-3’, TBP: Rv: 5- GTCCGTGGCTCTCTTATTCTCA-3'.
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Osteogenic differentiation

Osteogenic differentiation induction was performed as follows: Mesenchymal stem cells or
C3H10T1/2 cells were trypsinized and seeded in a 96-well or 24-well plate respectively. When
100 % confluency was reached, the medium was replaced with osteogenic induction medium
(STEMCELL TECHNOLOGIES, #05504). The osteogenic differentiation for mesenchymal stem
cells was evaluated by Alizarin Red S staining at days 14 and 21 and 28 days of differentiation
and quantitative real-time PCR of various osteogenic marker genes at these days. Alkaline
phosphatase (ALP) staining was used as an indicator of osteoblast differentiation in C3H10T1/2

at 5 days of osteogenic treatment. Triplicate tests were conducted in each experiment.

Alizarin Red S Staining

Mesenchymal stem cells were differentiated to osteoblasts with the osteogenic induction
medium. Then, cells were washed with PBS, fixed with 4% paraformaldehyde and incubate at
room temperature for 15minutes. The fixative was then removed and cells were washed twice
with PBS. Then samples were incubated with Alizarin Red Solution at room temperature for
20minutes. After 20 minutes of incubation, the dye was removed and the cells were gently
washed three times with ddH20. After the last wash plates were let to dry and were ready for

image acquisition at the dissection microscope.

Alkaline Phosphatase Staining

Undifferentiated C3H10T1/2 cells show weak alkaline phosphatase (ALP) activity whereas
differentiated osteoblasts show very high activity of ALP. ALP activity is therefore a good

indicator of osteoblast differentiation. One BCIP/NBT tablet (SigmaFast™ BCIP-NBT, Sigma
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Aldrich) was dissolved in 10ml distilled ddH20 to prepare the substrate solution which detects
ALP by staining the cells blue-violet when ALP is present. It should be stored in the dark and
used within 2hours. The washing buffer was made by adding 0.05% Tween 20 to PBS without
Ca*'Mg*™ (Corning, #21-040-CM). Cells were washed one time with PBS and fixed with 4%
paraformaldehyde for 60 seconds. After the fixation, cells were washed with washing buffer and
then treated with BCIP/NBT substrate solution at room temperature in the dark for 10 minutes.
The staining process is being observed every 2-3 minutes. Cells are then washed with 1x with
washing buffer and 1x with PBS respectively. After the last wash, the staining results were

analyzed at the dissection microscope.

Adipogenic differentiation

Adipogenic differentiation induction was performed as follows: Mesenchymal stem cells were
trypsinized and seeded in a 96-well plate respectively. When 100 % confluency was reached,
the medium was replaced with Mesencult ™ Adipogenic Differentiation Kit (STEMCELL
TECHNOLOGIES, #05507). The adipogenic differentiation for mesenchymal stem cells was
evaluated by Oil Red O staining and quantitative real-time PCR of adipogenic marker genes at 5

days of differentiation.

Oil O Red Staining

Oil Red O was purchased from Sigma (#0-0625). The stock solution was made by adding 0.35g
Oil Red O in 100ml of isopropanol. The Oil Red O working solution was made by mixing 6ml of
Oil Red O stock solution with 4ml of ddH20, let it at room temperature for 20minutes followed by

filtering. Cells were washed 1X with PBS and fixed with 4% of paraformaldehyde for 15 minutes
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at room temperature. Cells were washed twice with ddH20 and then 1X with 60% isopropanol
for 5 minutes at RT. After the aspiration of isopropanol cells should be dried completely and
then incubated with Oil Red O working solution for 10minutes at room temperature. The next
step is the washing of cells 4X with ddH20 and the acquisition of the images acquisition of the

images at the dissection microscope.

Hedgehog Activity

Hedgehog Activity was analyzed in C3H10T1/2 or HEK293T cells by using a GLIBS reporter
plasmid, expressing firefly luciferase in a manner dependent on the activity of Hedgehog
pathway. Full growth medium was replaced 24h after transfection and cells were lysed in lysis
buffer (Promega) 48h after transfection. Cell lysates were incubated with Stop & Glo substrates

(Promega) and luciferase activity was measured in a Synergy Neo2 reader (Biotek).

Ubiquitinylation assay

HEK293T cells were transiently co-transfected with TALPID3-DDK-MYC and with or pcB6-His
ubiquitin (provided by R. Baer), FBW7a-HA, FBW7a-HAAF, FBW7a-HAR4EC |n

vivo ubiquitinylation assay was done according to Dipak et al (2015).

Micro-Computed Tomography (UCT) Analysis

All procedures were conducted based on the requirements of the IACUC. In this study,
UbcCrefR™: Fhxw7" male mice were crossed with Fbxw7” female mice (all mice have C57BI/6-
background). For the deletion of Fbxw7, nursing dams were intraperitoneally injected with 4-

Hydroxy-Tamoxifen from postnatal days 2 to 6 (P2-P6) as previously described 8'. Then mice at
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12 weeks old were sacrificed, soft tissue was removed and femur was analyzed at the UCSF
CCMBM Skeletal Biology and Biomechanics Core for changes in 3-dimension structural

parameters.

ELISA

Serum was obtained from 12-week-old mice and analyzed by ELISA for Mouse Bone Specific
alkaline phosphatase (BALP, MyBiosource, #MBS281206) and Mouse Tartrate-Resistant Acid
Phosphatase 5b (TRACP-5b, MyBiosource, #MBS701767) levels according to the

manufacturer’s protocols.

Statistics

The statistical analyses were performed by Software GraphPad Prism 8.3. Student’s t test or
one-way ANOVA were performed for the quantification analysis of the results based on the

number of comparison groups, followed by the proper ad hoc test.
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Figure Legends
Figure 1. Postnatal deletion of Fbxw?7 leads to changes in bone architecture.

a) Representative three-dimensional reconstitution analysis of the architecture of metaphyseal
trabecular bone in the distal femur of 12-week-old Fbxw7” or UbcCreERT2; Fbxw7" mice

treated with 4-Hydroxy-tamoxifen (4OHT). Scale bars: 100 pm.

b-f) Quantitative uCT analysis of skeletal parameters: BV/TV (Bone volume fraction) (b),
Connectivity density (c), DT-Tb.N (Trabecular number) (d), DT-Tb.Sp (Trabecular separation)
(e) and DT-Tb.Th (Trabecular thickness) (f) of the metaphyseal trabecular bone in the distal
femur of 12-week-old Fbxw7” (n=10) or UbcCretR"2:Fbxw7" (n=8) mice treated with 4OHT.

Data are presented as means + SEM. Student’s t-test, **p < 0.01, ***p < 0.001.

g-h) ELISA analysis for bone formation (Mouse Bone-specific alkaline phosphatase, BALP) (g)
or bone resorption (Mouse Tartrate-resistant acid phosphatase 5b, TRAcP-5b) (h) markers in
the serum of 12-week-old Fbxw7” (n=7) or UbcCreERT2; Fbxw7" (n=7) mice treated with

40HT. Data are presented as means + SEM. Student’s t-test, *p < 0.05.

Figure 2. Deletion of Fbxw?7 reduces ciliation in MSCs, MEFs and C3H10T1/2 cells.

a-b) Representative images of MSCs isolated from the bone marrow of UbcCre<"?; Fbxw7"
mice, ex vivo treated with ethanol (mock) or 40HT in ethanol, serum starved for 24h and
stained for the SSC marker CD106 (green) and primary cilia (acetylated a-tubulin, red) (a).
Percent of CD106+ cells with cilia in mock or 4OHT treated cells isolated from 4 different
UbcCrefR™; Fbxw7™" mice at 4 weeks of age (b). 100 mock- and 100 4OHT-treated CD106*
SSCs were analyzed per mouse. Scale bars: 5 um. Scale bars in insets: 2 ym. Data are

presented as means + SEM. Student’s t-test, *p < 0.05.
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c-d) Representative images of mouse embryonic fibroblasts (MEFs) transfected with GFP and
pcDNA3 or Fbxw7-specific sgRNA (sgFbxw7), serum starved for 24h and stained for primary
cilia (acetylated a-tubulin, red) (c). Percent of ciliated MEFs treated with the indicated constructs
d). 100 GFP* MEFs were analyzed for each group per experiment (n=3). Scale bars: 2 ym.

Data are presented as means + SEM. Student’s t-test, *p < 0.05.

e) Representative images of C3H10T1/2 cells transfected with GFP and the indicated

constructs, and serum starved for 24h. Scale bars: 2 ym.

f,g) Percent of ciliated cells (f, n=3) and ciliary length (g) of cells in (e). Data are presented as

means + SEM. Student’s t-test, ****p < 0.0001.

Figure 3. Fbxw?7 deletion before osteogenic induction severely suppresses differentiation

of MSCs to osteoblasts.

a) Diagram showing an experimental setup for ex vivo deletion of Fbxw?7. Isolation of MSCs
from the bone marrow of UbcCrefR™; Fbxw7" mice (1) was followed by 40HT-induced deletion

of Fbxw7 (2), osteogenic induction (3) and analysis of osteoblast differentiation (4).

b-e) Osteoblast differentiation of UbcCre~"2: Fbxw7"-derived MSCs treated with mock or 40HT
before osteogenic induction (n=3 different mice). Differentiation was measured at 14, 21 and 28
days after osteogenic induction via Alizarin Red S staining (b) and mRNA levels of osteoblast
differentiation markers Runx2, Osterix (Osx), Osteocalcin (Ocn), Osteopontin (Opnt) and
Alkaline phosphatase (Alp) at 14 (c), 21 (d) and 28 days (e) after osteogenic induction. mMRNA
levels of Fbxw7 were analyzed to confirm deletion of the gene. Data are presented as means +

SEM. Student’s t-test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 4. FBW?7 regulates ciliation and ciliary length through NDE1 in the C3H10T1/2 stem

cell line.

a-b) Ciliation analysis of wild type, Fbxw7KO, Nde1KO and Fbxw7Nde1KO C3H10T1/2 cells
after 24h of serum starvation. Representative images of the indicated cells stained for primary
cilia (acetylated a-tubulin, red) (a). Percent of ciliation in the indicated C3H10T1/2 cells (b). 100-
150 cells were analyzed per experiment (n=3). Scale bars: 5 ym. Data are presented as means

+ SEM. One-way ANOVA with Dunnett’s multiple comparisons test, ****p < 0.0001.

c-d) Ciliary length analysis of wild type, Fbxw7KO, Nde1KO and Fbxw7Nde1KO C3H10T1/2
cells after 24h of serum starvation. Representative images of the indicated cells stained for
primary cilia (acetylated a-tubulin, red) (c). Ciliary length in the indicated C3H10T1/2 cells (d).
The number of cells measured per group is indicated at the bottom of each bar. Scale bars: 2
pMm. Data are presented as means + SEM. One-way ANOVA with Dunnett’s multiple

comparisons test, ****p < 0.0001.

Figure 5. FBW7-NDE1 axis affects osteoblast differentiation via effects on primary cilia in

C3H10T1/2 cells.

a,b) Representative images for ALP staining (a) and ALP immunofluorescence (red) (b) of wild
type, Fbxw7KO, Nde1KO and Fbxw7Nde1KO C3H10T1/2 cells (n=3). 2X indicates

magnification of corresponding 1X images. Scale bars: 5 pm.

c,d) Expression levels of ALP in indicated cells (c) and summary data (d). Data are presented

as means + SEM. One-way ANOVA with Dunnett’s multiple comparisons test, ****p < 0.0001.
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e,f) ALP staining after transfection of Fbxw7Nde1KO C3H10T1/2 cells with pcDNAS3 or an /ft88-
specific sgRNA (e) or after treatment with DMSO or Ciliobrevin A (f). 2X indicates magnification

of corresponding 1X images.

d,h) Expression levels of ALP in Fbxw7Nde1KO C3H10T1/2 cells after treatment with DMSO or
Ciliobrevin A (g). Summary data of (g) are shown in (h). Data are presented as means + SEM.

Student’s t-test, **p < 0.01

Figure 6. Hedgehog pathway activity in single and double mutant cells and its

modulation by NDE1.

a) Summary data of Hedgehog pathway activity measured as luciferase activity after
transfection of wild type, Fbxw7KO, Nde1KO and Fbxw7Nde1KO C3H10T1/2 cells with a Gli-
reporter construct (n=3). Data are presented as means £ SEM. One-way ANOVA with Dunnett's

multiple comparisons test, *p < 0.05, ***p < 0.001, ****p < 0.0001.

b,c) Representative ALP staining (b) and protein expression levels (c) of wild type and Nde1KO
C3H10T1/2 cells transfected with the indicated constructs and treated with or without

Smoothened agonist (SAG).

d,e) Summary data of Hedgehog pathway activity measured as luciferase activity after
transfection of C3H10T1/2 (d) or HEK293T cells (e) with a Gli-reporter construct and the
indicated constructs (n=3). Data are presented as means + SEM. One-way ANOVA with

Dunnett’s multiple comparisons test, ****p < 0.0001.

f) Physical interaction of GLI2-myc and NDE1-FLAG constructs in HEK293T cells.
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Figure 7. Identification of TALPID3 as a target of FBW7 and GLI2.

a,b) Physical interaction of TALPID3-myc with the indicated constructs of FBW7 in HEK293T
cells. Black and red asterisks in (a) indicate TALPID3-myc and FBW7-myc, respectively. Red,

blue and green asterisks in (b) indicate FBW7a, -B and -y, respectively.

c) Ubiquitinylation assay of TALPID3-myc in HEK293T cells after co-transfection with 6-His-

tagged Ubiquitin and the indicated HA-tagged FBW?7 constructs.

d) Predicted FBW7 phosphodegron motifs in mouse TALPID3.

e,f) Summary data of Hedgehog pathway activity measured as luciferase activity after
transfection of wild type (e) and Fbxw7Nde1KO (f) C3H10T1/2 cells with a Gli-reporter
construct and Talpid3 siRNA or control siRNA (n=3). Data are presented as means + SEM.

Student’s t-test, **p < 0.01, ****p < 0.0001.

g-i) Expression levels of ALP in wild type C3H10T1/2 cells, transfected with control siRNA or
Talpid3 siRNA, at 0 days, 3 days and 5days of osteogenic differentiation (g) and summary data

(h,i). Data are presented as means + SEM. Student’s t-test, **p < 0.01, ***p < 0.001.

j=1) Expression levels of ALP in Fbxw7Nde1KO C3H10T1/2 cells, transfected with control siRNA
or Talpid3 siRNA, at 0 days, 3 days and 5 days of osteogenic differentiation (j) and summary

data (k,l). Data are presented as means + SEM. Student’s t-test, ****p < 0.0001.

Figure 8. Working model.

Working model depicting the role of the FBW7-NDE1-TALPID3 pathway in primary cilia

structure, Hedgehog pathway activity, and osteoblast differentiation.
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