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ARTICLE INFO ABSTRACT

Keywords: The Sonic Hedgehog (Hh) signal transduction pathway plays a critical role in many developmental processes and,
KCTD1 when deregulated, may contribute to several cancers, including basal cell carcinoma, medulloblastoma, colo-
Hedgehog

rectal, prostate, and pancreatic cancer. In recent years, several Hh inhibitors have been developed, mainly acting

KCASH1 on the Smo receptor. However, drug resistance due to Smo mutations or non-canonical Hh pathway activation
KCTD11 . 11s . . . . .

KCASH2 highlights the need to identify further mechanisms of Hh pathway modulation. Among these, deacetylation of the
KCTD21 Hh transcription factor Glil by the histone deacetylase HDACI increases Hh activity. On the other end, the
KCASH3 KCASH family of oncosuppressors binds HDACI, leading to its ubiquitination and subsequent proteasomal
KCTD6 degradation, leaving Glil acetylated and not active.

HDAC1 It was recently demonstrated that the potassium channel containing protein KCTD15 is able to interact with
Medulloblastoma KCASH2 protein and stabilize it, enhancing its effect on HDAC1 and Hh pathway.

Cancer KCTD15 and KCTD1 proteins share a high homology and are clustered in a specific KCTD subfamily. We
Ubiquitination

characterize here KCTD1 role on the Hh pathway. Therefore, we demonstrated KCTD1 interaction with KCASH1
and KCASH2 proteins, and its role in their stabilization by reducing their ubiquitination and proteasome-
mediated degradation. Consequently, KCTD1 expression reduces HDAC1 protein levels and Hh/Glil activity,
inhibiting Hh dependent cell proliferation in Hh tumour cells. Furthermore, analysis of expression data on
publicly available databases indicates that KCTD1 expression is reduced in Hh dependent MB samples, compared
to normal cerebella, suggesting that KCTD1 may represent a new putative target for therapeutic approaches
against Hh-dependent tumour.

Protein-stability

Introduction The activation of the Hh pathway occurs following the interaction
between the Hh ligand and the membrane receptor Patched 1 (Ptchl).

The Sonic Hedgehog (Hh) signal transduction pathway plays a crit- This binding interrupts the inhibitory action of Ptchl on the Smooth-
ical role in developmental processes and embryogenesis. In adult tissues, ened (Smo) coreceptor, allowing the release of the transcription factors
the Hh pathway is critical for the maintenance of stem cells, homeo- Glil, Gli2, and Gli3. Then, they migrate to the nucleus where promote
stasis, and tissue regeneration, but when deregulated may lead to can- the expression of a several genes involved in cell proliferation, survival,
cerogenesis [1]. angiogenesis, and invasion [1,2] highlighting the pathway’s key
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and drug administration; SME, scalp-ear—nipple syndrome; CHX, cycloheximide; WB, western blotting; siRNA, small-interfering RNA; sgRNA, single-guide RNA; EdU,
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function in tumorigenesis processes. Indeed, alterations in Hh signaling
components and non-canonical hyperactivation of Glil are present in
many tumour types including basal cell carcinoma, medulloblastoma
(MB), colorectal, prostate, pancreatic cancer [3]. Furthermore, several
evidence suggested an emerging role of Hh signaling in immune cross-
talk and modulation. Indeed, Hh regulates immunosuppressive mecha-
nisms such as enhanced regulatory T-cell formation and production of
immunosuppressive cytokines [4].

In recent years, some molecules have been identified to inhibit the
Hh pathway, mainly acting on Smo receptor which have been approved
by the FDA for therapeutic applications. However, resistance to the drug
and relapse are often present, due to further Smo mutations inducing
resistance or to the presence of non-canonical Hh pathway activation,
independent of the binding of Smo antagonists [5]. Therefore, it is
necessary to identify mechanisms of Hh pathway modulation down-
stream of the Smo receptor, and preferentially at the level of the Gli
transcription factors. Indeed, the Gli activity is controlled also by the
post-translation modification such as phosphorylation, ubiquitylation
and acetylation[6]. Glil acetylation is a mechanism that prevents its
migration into the nucleus and its transcriptional activity, while its
deacetylation by the histone deacetylase HDAC1 increases its activity
[7]. In turn, HDACI protein levels are modulated by the KCASH family
of proteins (KCASH1XC™1! KCASH2KCTP2! and KCASH3¥C™P6), KCASH
proteins have been identified as part of a Cullin E3 ubiquitin ligase
complex which binds the histone deacetylase HDACI, leading to its
ubiquitination and subsequent proteasomal degradation [8].

Therefore, modulation of the KCASH family may represent a novel
therapeutic strategy. This could be achieved by different approaches:
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among them the identification of transcriptional modulators that may be
activated to drive the expression of KCASH genes [9], or the identifi-
cation of protein stability or activity modulators, which in turn could be
overexpressed or mimicked by small molecules.

Interestingly, it was recently demonstrated that the potassium
channel containing protein KCTD15 can interact with KCASH2 through
its BTB/POZ domain, enhancing its stability and playing an inhibitory
effect on the Hh pathway-driven tumour cell proliferation [10].

However, analysis of publicly available expression databases did not
highlight a strong inverse correlation between KCTD15 and Glil
expression. This observation can be explained by the fact that KCTD15 is
not a direct modulator of the Hedgehog pathway, but acts through the
modulation of KCASH2, adding complexity and background noise to the
analysis. At the same time, we hypothesize that other players, yet un-
covered, may be involved in this regulatory mechanism.

KCTD1 encodes a KCTD protein which belongs to the same KCTD
subfamily as KCTD15 [11]. These proteins share a homology of 81.4% in
the BTB/POZ protein-protein interactor domain and 79.8% overall [12].
KCTD1 and KCTD15 have been suggested to have common character-
istics, such as the inability to bind Cul3 and therefore to assemble an E3
ubiquitin ligase that is able to ubiquitinate and lead to proteasomal
degradation its targets [13].

Given KCTD1 and KCTD15 similarities, we evaluated KCTD1
expression in normal and Hh-dependent tumour samples and charac-
terized KCTD1 activity on KCASH proteins and on the Hh pathway,
identifying a novel promising target for therapeutic approaches against
Hh-dependent tumour.

Fig. 1. KCTD1 suppresses the Hedgehog sig-
nalling (A) KCTD1 is downregulated in SHh-
dependent MB samples. Expression levels of
KCTD1 in normal cerebellum dataset and SHh-
dependent MB analysed on R2 platform, as
indicated in main text (****p<0.0001). (B)
Upper panel: KCTD1 expression decreases Glil-
responsive element driven luciferase activity.
Luciferase assays were performed on lysates
from HEK293T cells transfected with 12x-
GliRE-Luc alone or with Glil, KCTD1 and pRL-
TK Renilla (as a normalizer). Data are shown
as mean ratios normalized to Renilla luciferase
activity. Lower panel: KCTD1 and Glil protein
levels were analysed by WB using Glil and
KCTD1 antibodies. p-Actin protein was used as

a normalizer. (C) Transcriptional activity of
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KCTD1 inhibits the Hedgehog signalling reducing Glil activity

The relevance of KCTD1 in Hh dependent tumorigenesis was evalu-
ated by the analysis of KCTD1 mRNA expression data from public da-
tabases. Indeed, these showed a significant reduction of KCTD1
expression in MB samples of the Hh group (n = 73) [14] compared to
control cerebellar samples (****p < 0,0001; n=9; Fig. 1a) [15]. The
downregulation of KCTD1 was further confirmed by analysis of a larger
group of MB [16] (Fig. Sla; **p < 0,01).

Next, we verified whether KCTD1 expression affects Glil-dependent
transcription: indeed, the expression of exogenous KCTD1 significantly
decreased the transcriptional activity of a Glil-responsive luciferase
reporter (Fig. 1b). In agreement with these results, HEK293T cells
overexpressing KCTD1 presented a reduced expression of the endoge-
nous Hh target Glil, which is the most reliable readout of Hh activity.
Furthermore, other known Hh targets where modulated: PTCH1, the Hh
transmembrane receptor, responsible for a negative feedback loop;
cyclin D1, which is involved the progression of cell proliferation; N-Myc,
important regulator of the early stages of cell cycle progression and
Sox2, known as a master transcriptional regulator of stemness (Fig. 1c)
[17-21]. Notably, KCTD1 overexpression did not affect significantly
Gli2 and Gli3 protein levels (Fig. S1b, c).

KCTD1 modulates KCASH1 and KCASH2 protein stability

The ability of KCTD1 to suppress the activity of Glil, and its ho-
mology with KCTD15 prompted us to investigate whether KCTD1 can
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inhibit the Hh signalling by controlling the stability of KCASH2 [10].
KCTD1 overexpression in HEK293T cells promotes a dose-dependent
increase in KCASH2 protein levels, modulating both exogenous and
endogenous protein (Fig. 2a, b).

Since KCASH2 shares several structural and functional features with
its paralogues, KCASH1 and KCASH3, we evaluated whether KCTD1
overexpression can induce stabilization of the other KCASH family
members.

Exogenous expression of KCTD1 increases both exogenous and
endogenous KCASH1 protein levels (Fig. 2¢, d), while it does not affect
KCASHS3 protein levels (Fig. 2e).

Analysis of protein-protein interaction between KCTD1 and KCASH
proteins

To evaluate biochemically the interaction between KCASH family
members and KCTD1, we expressed and purified the different proteins
and performed microscale thermophoresis [22].

The expression and purification for all the proteins was carried out as
already described elsewhere [23-25] except for KCASH2. KCASH2
protein was purified by a two-step procedure consisting of a GST- af-
finity chromatography, a proteolytic digestion in the presence of
thrombin followed by a further GST-affinity chromatography, and
finally a gel filtration. The final yield of KCASH2 was of 2 mg/L.

To get insight into the structural integrity of KCASH2, the protein
conformation was investigated by far-UV Circular dichroism (CD)
spectroscopy. The spectrum revealed not only that the protein is

Fig. 2. KCTD1 expression increases KCASH2
and KCASH1 protein levels but does not
modulate KCASH3. (A) HEK293T cells were
transfected with HA-tagged KCASH2 and
different amounts of KCTD1. After 24 h were
lysed and analysed by WB using anti-HA and
-KCTD1 antibodies. p-Actin protein was used as
a normalizer. (B) HEK293T were transfected
with empty vector or KCTD1 expressing vector;
24 h later, cells were lysed and endogenous
KCASH2 proteins was analysed by WB. p-Actin
was used as loading control. (C) HEK293T cells
were transfected with Myc-tagged KCASH1 and
different amounts of KCTD1, then lysed and
analysed by WB using anti-Myc and -KCTD1
antibodies. f-Actin protein is shown as a
normalizer. (D) HEK293T were transfected with
empty vector or KCTD1 expressing vector; 24 h
later, cells were lysed and endogenous KCASH1
was analysed by WB. Vinculin was used as
loading control. (E) HEK293T cells were trans-
fected with HA-tagged KCASH3 and different
amounts of KCTD1, 24 later lysed and analysed
by WB using anti-HA and -KCTD1 antibodies.
B-Actin protein was used as a normalizer.
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correctly folded, but also resembles the one typical of an alpha-peta-
structured protein as expected from three-dimensional model derived
from Alphafold predictions (Fig. S2a) [26].

The thermal stability of KCASH2 was also explored by far-UV CD
spectroscopy following CD signal at 220 nm. Although a detailed ther-
modynamic characterization was hampered by protein precipitation
upon unfolding, this study indicates that the domain is stable up to 63 °C
(Fig. S2b). Comparing with KCASH1 [23] which displays a Tm of 45 °C,
KCASH2 shows an 18 °C higher Tm indicating that KCASH2 is signifi-
cantly more stable.

MST analyses showed that the C-terminal BTB/POZ containing
fragment of KCTD1 (BTB/POZ1) binds KCASH2 with a good affinity (Kp
3.9 £+ 0.3 pM; Fig. 3a) comparable with the affinity observed for the
BTB/POZ domain of KCTD15 (BTB/POZ15) binding to KCASH2 (Kp of
6,6 M + 1,3 pM; Fig. S3a-b). The data observed for the interaction
between the BTB/POZ15 and KCASH2 where consistent with the pre-
viously demonstrated ability to co-immunoprecipitate of the two full
length proteins [10]. Interestingly, analysis of the affinity between
BTB/POZ15 and BTB/POZ-KCASHI1 seems to suggest a good affinity also
between these two proteins (Fig. S3c). It must be noted that in previous
work the interaction between the two full length proteins, expressed in
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cell cultures, could not be demonstrated [10], suggesting that the
C-terminal regions of the two proteins may negatively affect their
interaction, potentially through conformational changes or
post-translational modifications.

As expected, BTB/POZ1 binds also KCASH1 with an affinity (Kp 0.8
+ 0.1 pM) comparable to KCASH2 (Fig. 3b and S4a-b).

Interestingly, BTB/POZ1 can interact with the BTB/POZ domain of
KCTD15 (Kp: + 0,9 pM + 0,05 pM); and this interaction is confirmed
with the same affinity when using the full length KCTD1 (flKCTD1),
confirming that in this context the interactions are driven mainly by the
BTB/POZ domains (Fig. S5a, c).

In vitro co-immunoprecipitation assay (Co-IP), following the over-
expression of Flag-tagged KCTD1 and HA-tagged KCASH2, Myc-tagged
KCASH1 in HEK293T cells, confirmed that KCTD1 interacts with these
proteins (Fig. 3c, d).

KCTD1 increases KCASHI1 and KCASH2 half-life by inhibiting their
proteasome-dependent degradation

We hypothesized that KCTD1 increases KCASH2 and KCASH1 sta-
bility by inhibiting their degradation.

Fig. 3. KCTD1 can bind both KCASH2 and
KCASH1 proteins. (A) MST fluorescence signal
(fraction bound) of BTB/POZ1 plotted against
increasing concentration of KCASH2. (B) MST
fluorescence signal (fraction bound) of BTB/
POZ1 plotted against increasing concentration
of BTB/POZ11. (C) Co-IP assays were per-
formed on total lysates from HEK293T cells
transfected with expression vector encoding for
Flag-tagged KCTD1 and immunoprecipitated
(IP) with anti-Flag agarose beads. IP samples
and a fraction of the total lysate were separated
on SDS-PAGE gels. Blots were immunoblotted
(IB) with anti-KCASH2 antibody and reblotted
with anti-KCTD1 antibody. (D) Co-IP assays
were performed on total lysates from HEK293T
cells transfected with expression vectors
encoding Flag-tagged KCTD1 and the immuno-
precipitated (IP) with anti-Flag agarose beads.
IP samples and a fraction of the total lysate
were separated on SDS-PAGE gels. Blots were
immunoblotted (IB) with anti-KCASH1 anti-
body and reblotted with anti-KCTD1 antibody.
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To verify this hypothesis, HEK293T cells were transfected with a
control or a KCTD1 expressing plasmid, then treated with cycloheximide
(CHX), an inhibitor of protein synthesis.

In the control transfected cells, KCASH2 exhibited a half-life between
6 and 12 hours, while KCASH1 displays a half-life shorter than 2 hours
(Fig. 4a, b). This result is coherent with the higher protein stability of
KCASH2 shown in Fig. S2.

In KCTD1 overexpressing cells, KCASH2 and KCASH1 half-life was
significantly extended (Fig. 4a, b) compared to control cells, suggesting
that KCTD1 interferes with KCASH protein turn over. Of note, KCTD1
expression has a relatively stronger effect on KCASH1 stability, allowing
it to reach a half-life similar to KCASH2 protein.

We hypothesized that KCASH proteins degradation may be mediated
by the proteasome, similarly to other KCTD family members, such as
KCTD10 [27].

As shown in Fig. 4c and d, in untreated cells the exogenous expres-
sion of KCTD1 results in increased levels of KCASH2 and KCASH1 (see
lane 1 versus lane 2) comparable to levels that can be seen after treat-
ment with the proteasome inhibitor MG132 (lanes 3 and lane 4).
Interestingly, following MG132 treatment, the expression of KCTD1
does not further raise KCASH levels, indicating that KCTD1 mechanisms
of action interferes with proteasome mediated degradation.

Coherently with this hypothesis, we observed that KCTD1 can
decrease the ubiquitination of KCASH2 and KCASH1 which is known to
be fundamental for protein targeting to the proteasome [28] (Fig. 4e, f).

KCTD1 reduces HDAC]1 protein levels through KCASH1 and KCASH2

Since KCASH oncosuppressors are known to regulate the Hh pathway
through promotion of HDAC1 degradation, we wondered whether
KCTD1 overexpression affects the modulation of HDAC1. For this pur-
pose, HEK293T cells were transfected with increasing amounts of the
vector encoding Flag- tagged KCTD1. The overexpression of KCTD1
leads to an increase in KCASH1 and KCASH2 and a decrease in HDAC1
protein levels (Fig. 5a).

Although KCTD1 shares a considerable degree of similarity with the
KCASH protein family in the BTB/POZ domain, it was observed that
KCTD1 is not able to interact with Cul3 [13]. We confirmed these data
by Co-IP in HEK293T cells expressing Flag-tagged KCTD1 (Fig. 5b). We
next performed Co-IP experiments to verify if KCTD1 has a direct
interaction with HDAC1. As expected, KCTD1, as KCTD15, does not
co-immunoprecipitate with HDACI, indicating that KCTD1 acts on
HDAC1 indirectly, through the modulation of KCASH1 and KCASH2
(Fig. 5¢).

Next, we verified if the expression of KCTD1 promotes HDAC1
ubiquitination. For this purpose, we performed ubiquitination assays on
cell lysates from HEK293T cells transfected with the HA-tagged HDAC1
and Myc-tagged Ubiquitin, in presence or absence of Flag-tagged
KCTD1. As expected, the presence of KCTD1 promotes the ubiquitina-
tion of HDAC1 (Fig. 5d) which will lead to its proteasomal degradation.
The effect of KCTD1 on Glil was confirmed not only at the basal level of
Hh activity, but also after the stimulation of the Hedgehog pathway with
the Smo agonist SAG [29], which increased significantly Glil expres-
sion. Also in this condition, KCTD1 overexpression was able to increase
KCASH1 and KCASH2 protein levels and turn off the Hh pathway
significantly (Fig. 5e).

Based on our observations, the ability of KCTD1 to induce HDAC1
degradation and inhibit Hh activity (and therefore Glil expression)
seems to relay on the presence of KCASH2 and KCASH1. Indeed, when
we silenced KCASH1 expression in KCASH2 KO cells (generated using
Crispr/Cas9; Fig. S6), generating a double knock-out, the effects of
KCTD1 overexpression on Glil and HDAC1 protein levels were abol-
ished (Fig. 5f).

Neoplasia 43 (2023) 100926

KCTD1 expression inhibits Hedgehog dependent cell proliferation in
medulloblastoma cells

To evaluate the relevance of KCTD1 in the Hh signaling in a tumoral
context, we used a Hh dependent MB cell line (DAOY). Overexpression
of KCTD1 led to an increase of endogenous KCASH1 and KCASH2 pro-
tein levels and a concomitant reduction in Hh activity, measured by
monitoring Glil protein levels (Fig. 6a, b). Similarly, KCTD1 expression
reduced the expression of Hh target genes, such as Glil, Ptch1, Cyclin D2
and Sox2. [17,21,30] (Fig. 6¢). Furthermore, overexpression of KCTD1
in DAOQY cells reduced their proliferation, as monitored by EdU incor-
poration assay (Fig. 6d).

The interplay between KCTD1-KCASHs-HDAC1 was confirmed also
in a second human medulloblastoma cell line, the D283-Med (D283).
D283, although not considered properly a Hh-dependent cell line (it is
often classified as Group 3/4 MB), have been previously shown to
respond to Hh inhibition [31] and to HDAC inhibition [32] providing a
good enough model. Data on the D283 cells confirmed an increase of the
levels of KCASH1 and KCASH2 following KCTD1 overexpression, and a
consequent reduction of HDACI levels (Fig. 6e). At the same time, we
could demonstrate a reduction of cell proliferation following over-
expression of KCTD1, both with the EAU incorporation assay and the
Ki67 marker of proliferation (Fig. 6f and Fig.S7). The reduction of D283
cell proliferation is coherent with a previous observation on D283 cells,
following KCASH1 overexpression [33].

Discussion

Here we report the identification and characterization of KCTD1 as a
novel positive modulator of the KCASH family of oncosuppressors,
revealing a new function for KCTD1 as a suppressor of the Hedgehog
pathway.

KCTD1 was first identified as a transcriptional repressor of AP2« [12,
34,35].

It was also demonstrated that mutations of the KCTD1 gene, espe-
cially at the level of the BTB/POZ domain, are associated with the onset
of SEN, a rare autosomal dominant disease, characterized by cutis
aplasia of the scalp, syndactyly, anomalies of the external ears and nails;
and malformations of the breast [36,37]. Although part of the pheno-
type of the SEN (i.e. cutis aplasia) could be linked to the potential
suppression of AP2a transcriptional activity, other ectodermal abnor-
malities are likely a consequence of altered KCTD1 activity on other
developmental pathways.

Recently, a role for KCTD1 in cancer has been suggested, proposing
that KCTD1 in colon adenocarcinoma cell lines may act as a tumour
suppressor, due to its ability to downregulate f-catenin, a central player
in the WNT/f-catenin signalling pathway [38].

KCTD1 is part of KCTD family and is clustered in clade A together
with KCTD15. These two proteins share an 80% homology [12] and both
have been involved in the onset of neurodevelopmental disorders [39].

Previous data have shown that KCTD15 is involved in the Hh mod-
ulation, acting as stabilizer of the oncosuppressor KCASH2 [10]. Given
the high similarity of KCTD1 and KCTD15, we investigated if KCTD1
may play an analogous role in this context.

We demonstrate here that KCTD1 can stabilize and consequently
increase the KCASH2 protein levels. Interestingly, while KCTD15 mod-
ulates only KCASH2, KCTD1 can bind to and stabilize also KCASHI.
Although KCTD1 is not able to interact directly with KCASH3, it has to
be noted that KCASH3 does not bind directly HDAC1 but acts on it only
through heterodimerization with KCASH1 [8]. Consequently, modula-
tion of KCASH1 and KCASH2 is sufficient to affect also KCASH3 activity.

We also report that KCASH1 and KCASH2 stability is regulated by
ubiquitination and proteasomal degradation and that KCTD1 binding to
KCASH1 and KCASH?2 interferes with their ubiquitination. This effect
may be mediated by a change of KCASHs conformations which may
affect their protein-protein interaction capability or may mask their
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confirmed in a pathological setting. Indeed, overexpression of KCTD1 in
human MB cell lines increases KCASH1 and KCASH2 protein levels,

ubiquitination sites.
As a consequence of KCASH1 and KCASH2 stabilization, KCTD1

overexpression leads to an increase of HDAC1 ubiquitination and pro-
teasomal degradation, acting as a negative regulator of the Hh pathway.
The contribution of KCTD1 in the control of the Hh pathway was also

reducing HDACI levels and suppressing Hh signaling and MB cell
proliferation.
Furthermore, in silico analysis of expression data on publicly
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available databases indicates that KCTD1 expression is reduced in Hh
dependent MB samples, compared to normal cerebella. Of note, KCTD1
expression is reduced also in WNT dependent MB samples (see Fig. S1),
coherently with the recently described role for KCTD1 in modulating
also the p-catenin/WNT pathway [38]. Furthermore, the observation of
a downregulation of KCTD1 also in the worst prognosis Group 3 MB,
which is often characterized by Myc amplification [40], hints to further
not yet identified anti tumoral functions of KCTD1, including the ability
of this gene to negatively modulate the transcriptional machinery [16].

According to our data and published literature, it is important to
highlight that KCTD1 may act at the crossroads of different pathways
involved in development and cancerogenesis. Interestingly the pheno-
type observed in KCTD1 mutated SEN patients does not appear to be due
only to alteration of the AP2a signaling but is likely to be associated to
alteration of other signalling. Indeed, athelia has been associated also to
alterations in the WNT signalling [41]. Likewise, anomalies in the Hh
pathway, may lead to a pattern of developmental defect that partially
overlap with the SEN syndrome. In particular, the presence of alteration
of keratinocyte homeostasis (leading often to Basal Cell carcinomas) and
syndactyly are common features of the Gorlin-Goltz syndrome, a rare
autosomal dominant disorder caused by mutations in the Hedgehog
signalling pathway [42].

Similarly, the observation of altered mobility and stemness in cells
lacking KCTD1 [38], may be due not only to alterations in the WNT
pathway, but also in the Hh pathway, which is involved in cell stemness
and metastasis [43].

The data presented here, by identifying the new Hh modulator
KCTD1, contributes to a deeper understanding of the mechanism
modulating KCASH proteins, and in turn their ability to suppress Glil
activity. This information may provide the bases for new therapeutic
approaches against Hh dependent tumours.

Materials and methods
Cell culture and transfection

Medulloblastoma cell line DAOY (ATCC HTB-186) was cultured in
Minimum Essential Medium (Gibco-Thermo Fisher Scientific, Massa-
chusetts, United States) supplemented with 10% heat-inactivated foetal
bovine serum (FBS), 1% sodium pyruvate, 1% non-essential amino acid
solution, 1% L-glutamine, and 1% penicillin/streptomycin.

Medulloblastoma cell line D283 Med (ATCC HTB-185) was cultured
in Minimum Essential Medium (Gibco-Thermo Fisher Scientific, Mas-
sachusetts, United States) supplemented with 20% heat-inactivated
foetal bovine serum (FBS), 1% sodium pyruvate, 1% non-essential
amino acid solution, 1% L-glutamine, and 1% penicillin/streptomycin.

DAOY and D283 Med cells were transfected with Lipofectamine Plus,
according to the manufacturer’s instructions (Invitrogen-Thermo Fisher
Scientific, California, United States).

HEK293T cells (ATCC CRL-3216) were cultured in Dulbecco Modi-
fied Eagle Medium (Gibco) supplemented with 10% FBS, 1% L-gluta-
mine and 1% penicillin/streptomycin. HEK293T cells were transfected
with Lipofectamine 2000, according to the manufacturer’s instructions
(Invitrogen).

Mycoplasma contamination in cells cultures was routinely screened
by using PCR detection kit (Applied Biological Materials, Richmond, BC,
Canada).

HEK293T cells were transfected with using Lipofectamine 2000
(Invitrogen, Carlsbad,

CA, USA) according to the manufacturer’s instructions. DAOY cells
were transfected with Lipofectamine Plus, according to the manufac-
turer’s instructions (Invitrogen-Thermo Fisher Scientific, California,
United States).
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Reagents

Cycloheximide (CHX) was provided by SERVA (Heidelberg, Ger-
many). MG-132 was purchased from Sigma-Aldrich (Darmstadt, Ger-
many). HEK293T were incubated with 200ug/ml CHX for 2h, 6h and 12
h; and with MG-132 (5 pM) for 16 h.

Hyperconfluent HEK293T cells pre-starved for 24 h in serum-free
DMEM medium were treated with 200 nM Smoothened Agonist (SAG,
Sigma-Aldrich, Steinheim, Germany) for 48 h.

Gene silencing using small-interfering RNA (siRNA)

KCTD11/KCASH1 RNA interference (siRNA) was performing using
Silencer® Select Pre-designed siRNA (16708A, Ambion-Thermo Fisher
Scientific). The gene silencing effects were evaluated by Western
blotting.

Plasmids

The following plasmids were used: 12X Gli-Luc and pRL-TK Renilla
(kind gift from R. Toftgard, Karolinska Institutet, Stockholm); pCDNA
Cul3-myec (kind gift M. Pagano, New York University school of Medicine,
NY); c-Flag pcDNA3 (20011; Addgene), pEGFP-N1 was obtained from
Clontech (Takara, Saint-Germain-en-Laye, France). pCMV-KCTD1-Flag;
PCXN-hKCASH1/KCTD11-Myc; pCXN2-hKCASH2/KCTD21-HA; pCXN2-
h KCASH3/KCTD6-HA; pCDNA3.1-HDAC1-HA; pCDNA3.1-Gli2-Flag;
PCDNA3.1-Gli3-Flag were generated with standard cloning techniques
and verified by sequencing.

Luciferase activity assay

Dual luciferase assay reactions were prepared using Firefly Lucif-
erase Assay Kit 2.0 (Biotium, California, USA), following manufacturer’s
instructions. Luciferase activity was quantified using GloMax® Discover
Microplate Reader (Promega). Results are expressed as Luciferase/
Renilla ratios.

RNA extraction and reverse transcription-quantitative polymerase chain
reaction (RT-qPCR)

Total RNA from cells was extracted using TRizol (Invitrogen) and
RNA Clean & Concentrator™-5 (R1014, Zymo Research, California,
USA). cDNA synthesis was performed using the High-Capacity cDNA
reverse transcription kit (BI0-65054, Meridian Bioscience, Ohio, USA)
according to the manufacturer’s instructions. Quantitative real-time
PCR analysis of CCND1, CCND2, N-Myc, Sox2, Ptchl and Glil
messenger RNA (mRNA) was performed on cDNAs employing TagMan
gene expression assay (Applied Biosystem - Thermo Fisher Scientific)
and using the ViiATM7 Real-Time PCR System (Applied Biosystem) as
previously described [44]. All results were normalized to the endoge-
nous controls: TBP (4326322E), 82M (4326319E), HPRT (4326321E)
and B-Actin (4326315E, Applied Biosystem).

Western blot and co-immunoprecipitation assay

Western blotting (WB) was performed by lysing cells in denaturing
buffer SDS-urea (50 mM Tris HCl pH 7.8, 2% SDS, 10% glycerol, 10 mM
Na4P207, 100 mM NaF, 6 M urea, 10 mM EDTA). Extracts were then
sonicated, quantified, and loaded onto SDS—polyacrylamide gel. The gel was
then transferred to a nitrocellulose membrane (#NBAOS85C001EA, Perki-
nElmer), which was then blocked with 5% milk in TBS-T (Tris HCl with
0.1% Tween 20) and incubated with primary antibodies overnight and HPR-
conjugated secondary antibodies, diluted in 5% milk solution. Detection of
the HRP signal was performed by using ECL (#K-12045-D50, Advansta).

For the Co-immunoprecipitation, the cells were lysed with buffer
containing 50 mM Tris-HCl pH 7.6, 1% deoxycholic acid sodium salt,
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150 mM NacCl, 1% NP40, 5 mM EDTA, 100 mM NaF, supplemented with
phosphatase inhibitor and Halt Protease Inhibitor cocktail (Thermo
Fisher Scientific). The lysates were incubated with Flag beads (A2220;
Sigma-Aldrich Merck, Darmstadt, Germany) and HA beads (A2095;
Sigma-Aldrich Merck, Darmstadt, Germany) for 2 h at 4°C . Control
samples were saturated with anti-Flag peptide (F3290; Sigma-Aldrich
Merck) or with HA Synthetic Peptide (26184; Thermo Fisher Scienti-
fic). Beads were washed extensively with lysis buffer, and the complexes
were evaluated by WB analysis. We used the antibodies listed below:
mouse monoclonal antibody against p-actin (AC-15, A5441, Sigma-
Aldrich Merck), mouse monoclonal anti-Vinculin (SC-73614; Santa
Cruz Biotechnology), rabbit monoclonal anti-KCTD21/KCASH2
(AB192259; Abcam, Cambridge, UK), rabbit polyclonal anti-KCTD1
(PA5-24877; Invitrogen), rabbit polyclonal anti-KCTD11/KCASH1
(PA5-41088; Invitrogen), rabbit monoclonal anti-HDAC1 (H3284;
Sigma-Aldrich Merck), rabbit polyclonal anti-Glil (2553; cell signal-
ling); mouse monoclonal anti-Cul3 (SC-166110; Santa Cruz Biotech-
nology), mouse monoclonal anti-HA (SC-7392; Santa Cruz
Biotechnology), mouse monoclonal anti-Flag M2 (F3165; Sigma-
Aldrich), rabbit monoclonal anti-c-Myc (C3966; Sigma-Aldrich
Merck). Secondary antibody anti-mouse (SC-516102) or anti-rabbit
(SC-2357), conjugated with HRP were from Santa Cruz.

Ubiquitination assay

The HEK293T cells, after 24 h from transfection, were lysed in a
solution containing RIPA buffer (50 mM Tris-HCl at pH 7.6, 150 mM
NacCl, 0.5% sodium deoxycholic, 5 mM EDTA, 0.1% SDS, 100 mM NaF, 2
mM Tetrasodium pyrophosphate and 1% NP-40) supplemented with
protease and phosphatase inhibitors. Lysates were subjected to immu-
noprecipitation with HA beads (Sigma-Aldrich Merk, A2095) for 2
hours, at 4°C, with rotation. The immunoprecipitated proteins were then
washed five times with the RIPA lysis buffer, resuspended in sample
loading buffer, boiled for 5 min, resolved in SDS-PAGE, and then sub-
jected to immunoblot analysis.

CRISPR/Cas9

sgRNA (single-guide RNA) specific for KCASH2 gene was designed
using the informatics platform Benchling (Benchling, 2019, htt
ps://benchling.com). PAM sequence (NGG) was located before the
stop sequence. The sg-RNA was cloned into the LentiCRISPRV2-puro
vector (Addgene plasmid #52961). HEK293T transfected cells were
selected with Puromycin and subcloned to single-cell to obtain a line
KCASH2 Knock-out. Subsequently, the absence of KCASH2 was
confirmed through sequencing.

Proliferation assay and Immunofluorescence

An assay kit (C10337; Invitrogen) was adopted to inquire the cell
proliferation ability. D283 Med cells were transferred to coverslips pre-
coated with Poly-L-Lysine (10ug/ml in ddH2O, catalogue number
P6516, Sigma-Aldrich). DAOY and D283 Med cells were transfected
with the indicated plasmids and incubated with EAU buffer at 37 °C for
1 h, fixed with 4% formaldehyde for 15 minutes and permeabilized with
0.1% Triton X-100 for 20 min. EAU solution was added into culture
followed by the staining of nuclei with Hoechst. To identify KCTD1-Flag
and PCDNA-Flag we used the Anti-Flag antibody (F7425, Sigma
Aldrich); To detect the presence of Ki67 was used the Ki-67 Antibody (H-
300): sc-15402 (Santa Cruz Biotechnology); the secondary antibody
Alexa Fluor 594 (A-11012, Thermo Fisher Scientific). Images were ac-
quired by a fluorescence microscope.

Production of recombinant proteins

KCTD1 FL, BTB/POZ1, BTB/POZ11 and BTB/POZ15 proteins were
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produced as described elsewhere [12,23,25,45].

The BTB/POZ domains of the potassium channel tetramerization
domain proteins prevalently assume pentameric states [45].

The full-length sequence of KCASH2 was cloned in pGEX4T3 using
the restriction sites BamHI and EcoRI. The recombinant protein GST-
KCASH2 was purified by a GST-Trap FF (Cytiva, Milan, Italy). The
fraction of interest was dialyzed against 50 mM Tris/HCl pH 7.5, 150
mM NaCl, 1 mM DTT at 4°C and successively digested with the specific
protease (Thrombin, SIGMA Aldrich). Successively, the sample was
loaded again on the GST-affinity chromatography and finally obtained
pure on a gel-filtration chromatography (Superdex 200 10 x 300,
Cytiva, Milan, Italy).

Circular dichroism

KCASH2 CD spectra were recorded at 20°C using a Jasco J-1500
spectropolarimeter equipped with a Peltier thermostatic cell holder. Far-
UV measurements (190-260 nm) were carried out using a 0.1-cm path
length cell in 10 mM Tris, 50 mM NaCl, 1 mM DTT, pH 7.4, at a protein
concentration of 10 pM. Thermal denaturation was performed from 20
to 100°C with an increment of temperature of 1°C/min~1 monitoring
CD signal at 220 nm. CD spectra were averaged over at least three in-
dependent scans and the baseline corrected by subtracting the buffer
contribution.

Microscale thermophoresis

MST experiments were performed on a Monolith NT 115 system
(Nano Temper Technologies) using 60 % LED and 20 % IR-laser power.
BTB/POZ15 and BTB/POZ1were labelled with reactive dyes using N-
Hydroxysuccinimide (NHS)-ester chemistry, which reacts efficiently
with the primary amines of the proteins to form a stable dye-protein
conjugate. For labelling, protein concentration was adjusted to 20 pM
in labelling buffer (Nano Temper Technologies), while the dye concen-
tration was adjusted to a threefold concentration of the protein (60 pM).
The proteins and the fluorescent dye solution were incubated for 60 min
at room temperature in the dark. A 16-point serial dilution (1:1) was
prepared for KCASH2 or BTB/POZ KCASH1 (BTB/POZ11) or KCTD1FL
or BTB/POZ1 at the final concentration ranged from 30 uM to 0.00183
pM. The samples were filled into Premium capillaries and the mea-
surements were conducted at 25°C in 20 mM NaP, 200 mM NaCl, 1 mM
DTT, 0.05 % Tween-20 pH 7.4 buffer. An equation implemented by the
software MO-S002 MO Affinity Analysis provided by the manufacturer
was used for fitting baseline-corrected fraction bound values at different
peptides concentrations.

Public dataset gene expression analysis

R2-Genomics analysis and visualization platform (http://r2.amc.nl)
were used for gene expression analysis as previously described [46].
Data were also analysed with the GraphPad Prism software.

Statistical analysis

The statistical significance of differences between tested groups was
analysed using Student’s t-test and statistical significance was set at
*p < 0.05, **p < 0.01 or ***p<0.001. Results are expressed as mean
+ S.D. All experiments were replicated biologically at least three times.

Data availability
All data generated or analysed during this study are included in this

published article, or available in the public databases indicated in the
article.
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