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The Sonic hedgehog (Shh) signaling pathway controls a vari-
ety of developmental processes and is implicated in tissue home-
ostasis maintenance and neurogenesis in adults. Recently, we
identified Ulk3 as an active kinase able to positively regulate Gli
proteins, mediators of the Shh signaling in mammals. Here, we
provide several lines of evidence that Ulk3 participates in the
transduction of the Shh signal also independently of its kinase
activity. We demonstrate that Ulk3 through its kinase domain
interacts with Suppressor of Fused (Sufu), a protein required for
negative regulation of Gli proteins. Sufu blocks Ulk3 autophos-
phorylation and abolishes its ability to phosphorylate and posi-
tively regulate Gli proteins. We show that Shh signaling desta-
bilizes the Sufu-Ulk3 complex and induces the release of Ulk3.
We demonstrate that the Sufu-Ulk3 complex, when co-ex-
pressed with Gli2, promotes generation of the Gli2 repressor
form, and that reduction of the UIk3 mRNA level in Shh-respon-
sive cells results in higher potency of the cells to transmit the
Shh signal. Our data suggests a dual function of Ulk3 in the Shh
signal transduction pathway and propose an additional way of
regulating Gli proteins by Sufu, through binding to and suppres-
sion of Ulk3.

The evolutionarily conserved Hedgehog (Hh)® signaling
pathway controls a variety of developmental processes through
regulation of cell proliferation and differentiation (1). In adults,
the pathway is implicated in tissue homeostasis maintenance
and stem cell proliferation (2, 3). Because inappropriate activa-
tion of the HH pathway contributes to various congenital
abnormalities and tumorigenesis in humans, investigations of
the molecular signaling mechanisms should shed light not only
on developmental but also on important pathological issues.
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The hh signaling pathway was initially discovered in Drosophila
melanogaster (4). Molecular mechanisms of the Hh signal
transduction have been intensively investigated using fly, fish,
chick, and rodent models. Despite well described mechanisms
of hh signaling in Drosophila, intracellular events induced by
Sonic Hedgehog (Shh, one of three mammalian homologues of
hh) have remained unclear in many aspects.

The Hh signaling is initiated by binding of the morphogen
Hh to its receptor Patched1 (Ptchl), a 12-pass transmembrane
protein. This results in the attenuation of the inhibitory effect of
Ptchl on another transmembrane protein, Smoothened (Smo),
allowing the latter to transfer the signal into the cell through
induction of the signaling machinery responsible for activation
of the Hh target genes (3). Initiation of the signaling occurring
on the cell membrane is rather similar in invertebrates and
vertebrates (5, 6).

In vertebrates the Shh signal aims at controlling the activities
of transcription factors Glil, Gli2, and Gli3 (6, 7). Glil is the
strongest activator and the GliI gene is a transcriptional target
of Shh activity. As Glil is generally not expressed in non-stim-
ulated cells, it serves as a marker of Shh activity and is thought
to contribute to the maintenance of signaling (8, 9). Both Gli2
and Gli3 contain an N-terminal repressor domain and a C-ter-
minal activator domain, whereas Gli3 is the strongest repressor
and Gli2 is a primary activator of the Shh target genes (10). In
the absence of Shh, full-length Gli2 and Gli3 are subjected to
proteosomal degradation or undergo partial proteolysis result-
ing in generation of C terminal-truncated repressor forms,
Gli2/3%¢P (11, 12). In Shh-stimulated cells the proteolysis is
repressed and full-length Gli proteins are converted to tran-
scriptional activators, Gli*“", followed by their translocation to
the nucleus where they take part in transcriptional activation of
target genes. In fact, it has been suggested that the balance
between activator and repressor forms of Gli proteins deter-
mines the transcriptional outcome (13, 14).

Genetic studies suggest that the PEST domain containing
protein Sufu is a major negative regulator of Gli proteins in
mammals (15, 16). Notably, sufu '~ mutant flies are viable (17),
whereas Sufu-deficient mice die at 9.5 days post coitus with
multiple defects resulting from abnormal up-regulation of Hh
signaling (15, 16). Mammalian Sufu controls Gli proteins by
direct binding and sequestering them in the cytoplasm (18 —20).
This interaction is believed to contribute to the generation of
Gli2/3%°P that is preceded by the phosphorylation of full-length
Gli2/3 by PKA, glycogen synthase kinase 383, and casein kinase
1(12,21-24). However, recent findings have demonstrated that
Sufu binding to full-length Gli2 and Gli3 protects them from
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complete proteosomal degradation, which in turn contributes
to the accumulation of a pool of Gli2 and Gli3 proteins ready to
be converted to transcriptional activators (25). The dual func-
tion of Sufu suggests the existence of several pools of Sufu,
regulating Gli proteins context dependently.

In Drosophila, the divergent functions of Gli proteins are
performed by one hh signal-dependent transcription factor,
Cubitus interruptus (26). The activity of C. interruptus is con-
trolled by a multimolecular complex associated with microtu-
bules (so-called Hedgehog signaling complex or HSC). HSC
contains a scaffolding protein costal2 (cos2), and putative ser-
ine/threonine kinase fused (fu), and sufu (27-30). HSC,
through cos2 and sufu, binds C. interruptus and controls its
stability, subcellular localization, and activity in an hh signal-
dependent way (31, 32). In the absence of hh ligand, HSC is
responsible for retaining the full-length C. interruptus in an
inactive state and also participates in the generation of a C-ter-
minal-truncated repressor form of C. interruptus. In the hh-
stimulated cells, HSC dissociates, and full-length C. interruptus
is released to perform transcriptional activation.

Fu is known as one of the central regulators of C. interruptus
activity. Genetic studies suggest a positive role of fu, as loss of fu
leads to Hh pathway activation (33, 34). Indeed, the predomi-
nant role of fu is to antagonize the negative effect of sufu (35).
Fu and sufu are able to interact, and the fu domain responsible
for this interaction has been mapped to amino acids residues
306 —436 (27). Fu comprises an N-terminal kinase domain and
a C-terminal regulatory domain and has been shown to play
both kinase activity-dependent and -independent (regulatory)
roles (36-38). In the absence of hh ligand, fu is inactive and
subjected to autoinhibition through its regulatory domain (39).
This domain is also required for processing of full-length C.
interruptus into the transcriptional repressor form (37). How-
ever, when the pathway is activated, fu becomes phosphory-
lated (40). Moreover, it has been shown that phosphorylation of
cos2, sufu, and smo in response to the pathway activation
depends on fu kinase activity and full activation of the hh path-
way requires fu kinase (28, 31, 41-43). Thus, fu plays an Hh
ligand-dependent dual role in regulation of C. interruptus
activity.

At present, a similar Gli-containing signaling complex has
not been described in vertebrates. In contrast to the compre-
hensive role of fu, its mammalian homologue Stk36 has no or a
limited role in the Shh pathway, as it is dispensable for proper
embryonic development in mouse (44, 45). Although Stk36 was
shown to some extent rescue the negative effect of Sufu on
Gli-dependent transcription (46), no evidence of physical inter-
action between Sufu and Stk36 has been provided.

Recently, we have demonstrated that serine/threonine
kinase ULK3 is able to regulate GLI proteins positively in a
kinase activity-dependent manner (47). ULK3 shares sequence
similarity with serine/threonine kinases fu and STK36. We
have shown that ULK3 directly phosphorylates GLI proteins,
enhances their transcriptional activity in cell culture, and pro-
motes the nuclear translocation of GLI1.

In this study, we demonstrate that ULK3 kinase has a
intramolecular self-regulation property. In addition to the
previously demonstrated phosphorylation/activation of GLI,
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ULK3 has a kinase-independent regulatory role in the SHH
pathway. By RNAj, it is demonstrated that reduction of the
Ulk3 mRNA level results in a higher response of cells to the Shh
signal. We show that ULK3 through its kinase domain (KD)
physically interacts with SUFU, and that the ULK3-Sufu com-
plex is sensitive to SHH signaling. Interaction with Sufu inhibits
the catalytic activity of ULK3, preventing its autophosphoryla-
tion and subsequent phosphorylation of GLI proteins. More-
over, the SUFU-ULK3 complex, when co-expressed with GLI2,
induces generation of the GLI2 repressor form, whereas none of
those proteins alone is able to do that. Finally, we propose a
model unraveling the role of Ulk3 in the regulation of Gli
proteins.

EXPERIMENTAL PROCEDURES

Expression Constructs—ULK3FLAG, ULK3(K139R), and
GLI2FLAG were described in Ref. 47, GLI2GFP was described
in Ref. 48, and SUFUmyc described in Ref. 20. The pSV40-3-gal
construct used for luciferase assay data normalization was
described in Ref. 49. pCI-GFP (Promega, Madison, WI) and
pBABEpuro (Addgene, Cambridge, MA) were kindly provided
by Dr. Rune Toftgard. The sequence for small interfering RNA1
(siRNAL,5'-TATCTACCTCATCATGGAG-3') was chosen to
be specific for human, mouse, and rat U/k3 nt 258 —276 and the
sequence of siRNA2 (5'-ACGAAACATCTCTCACTTGGA-
3") was specific for mouse and rat U/k3 nt 390 — 410 (numbering
is given relative to translation initiation codon ATG). Expres-
sion constructs siRNA1pSUPER and siRNA2pSUPER were
generated according to the pSUPER RNAi System Protocol
(OligoEngine, Seattle, WA). The part of mouse Ulk3 cDNA
containing the sequences specific for siRNAs was amplified by
PCR from mouse hippocampus ¢cDNA and cloned into the
ULK3FLAG construct between Stul and Eco721 sites (nt 91 and
513, respectively). Constructs ULK3(A301-365), ULK3(A373—
446), ULK3-KD (amino acids 1-270), and ULK3-CT (amino
acids 271-472) were generated from ULK3FLAG by PCR using
the Pfu Turbo DNA polymerase system (Stratagene, La Jolla,
CA) according to the manufacturers’ recommendations. Con-
struct pULK3-Ubi was generated by subcloning the ULK3
coding sequence from ULK3FLAG into modified bacterial
expression vector pET24d (Novagen, Darmstadt, Germany)
containing the sequence encoding decahistidine-tagged Sac-
charomyces cerevisiae ubiquitin protein.

Antibodies—The following antibodies were used for WB: M2
anti-FLAG-HRP (Sigma), anti-GFP-HRP (Rockland), anti-GFP
(Clontech, Saint-Germain-en-Laye, France), and H-300 anti-
Sufu (Santa Cruz, CA). Antibodies used for IP were C-15 anti-
Sufu (Santa Cruz), anti-FLAG-M2 (Sigma), and c-myc 9E10
(Santa Cruz) conjugated with agarose. The secondary antibod-
ies used were HRP-conjugated goat anti-mouse and goat anti-
rabbit Ig (Jackson Laboratories, West Grove, PA).

Bacterial Expression and Purification of Proteins—SHH is
described in Ref. 50. ULK3-Ubi fusion protein was expressed in
Escherichia coli strain BL21-CodonPlus™-RP at 30 °C in LB
broth containing 10% glycerol and induced overnight with 0.1
mM isopropyl 1-thio-B-p-galactopyranoside. Fusion protein
was purified using Ni-CAM HC resin (Sigma) according to the
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manufacturer’s recommendations except that all buffers con-
tained 10% glycerol.

Cells Culture—HEK293, NIH3T3, and Shh-Light2 (Shh-L2)
cells were propagated as previously described (47). Stable cell
lines were generated as described in Ref. 50 and propagated in
Shh-L2 cell medium supplemented with 2 ug/ml of puromycin
(Sigma). Approximately 24 h prior to transfections or induction
with SHH, the cells were plated onto appropriate growth
dishes. Rat cerebellar granular cells (RCGCs) were isolated
from P6 rat pups, as described (51), and plated on dishes pre-
coated with 0.1 mg/cm? of poly-L-lysin (Sigma). Cells were
propagated in Neurobasal medium supplemented with B-27
(Invitrogen), 78 ng/ml of p-glucose, 20 mm KClI (Sigma), 20 um
glutamine, and 100 ug/ml of penicillin/streptomycin (Invitro-
gen). All cells were grown at 37 °C and 5% CO.,,

Overexpression Studies—Shh-L2 cells and stable cell lines
derived from Shh-12, HEK293, and NIH3T3 cells were trans-
fected using polyethylenimine transfection agent (PEI) (Inbio,
Tallinn, Estonia) as described (50). After transfection, HEK293
and NIH3T3 cells were propagated in the normal growth
medium for 48 h. Shh-L2 cells were handled as previously
described and subjected to luciferase assay (50). The obtained
firefly luciferase data were normalized with 3-galactosidase val-
ues. For assessment of efficiency of siRNAs, HEK293 cells were
co-transfected with the UIk3FLAG construct, pCI-GFP plas-
mid, and either siRNA1pSUPER or siRNA2pSUPER constructs
(40 + 40 ng + 1500 ng/3-cm plate, respectively). Stable cell
clones were co-transfected with 100 ng of UIk3FLAG and 50 ng
of pCI-GFP on a 3-cm plate. RCGCs were transfected using
Amaxa Rat Neuron Nucleofector kit (Lonza, Basel, Switzer-
land) according to the manufacturer’s instructions. We used 2
pg of plasmid per ~2 ml of RCGCs. For detection of the GLI2
repressor form, HEK293 cells were transfected with 1 pg of
GLI2GFP, 0.6 pug of ULK3FLAG or ULK3(K139R), and 0.4 g of
SUFUmyc plasmids or the respective empty vectors. Alterna-
tively, the FLAG-tagged GLI2 construct was used in combina-
tion with His-tagged ULK3 and SUFUmyc encoding plasmids.
Cells were incubated 48 h, lysed using RIPA lysis buffer supple-
mented with Protease inhibitor mixture (Roche Applied Sci-
ence), and subjected to WB using anti-GFP antibody or M2
anti-FLAG antibody.

Quantitative Real Time PCR—Total RNA from Shh-L2 and
stable cell lines was isolated using RNAqueous kit (Ambion,
Austin, TX) and total RNA from RCGC was isolated using the
RNeasy micro kit (Qiagen) according to the manufacturer’s
instructions. cDNA was synthesized from 1 pg of total RNA
using SuperScriptlll reverse transcriptase (Invitrogen) accord-
ing to the manufacturer’s recommendations. The levels of U/k3
and G/il mRNAs and mRNA of the housekeeping gene Hprt
used for normalization were detected in triplicates by quantita-
tive real time PCR (qRT-PCR) using qPCR Core kit for SYBR
Green (Eurogentec, Seraing, Belgium) with Lightcycler 2.0
(Roche Applied Science) according to the manufacturer’s
instructions. Data were analyzed with Lightcycler 4.05 software
(Roche). The data are expressed as the average mean = S.E. of
three independent measurements. The following primers were
used: Ulk3 sense, 5'-ACGAAACATCTCTCACTTG-3'; Ulk3
antisense, 5'-TGCTGGGCAAAGCCAAAGTC-3’; Glil sense,
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5'-ACGTTTGAAGGCTGTCGGAA-3'; Glil antisense, 5'-
CACACGTATGGCTTCTCATT-3'; Hprt sense, 5'-CAGTC-
CCAGCGTCGTGATTA-3'; and Hprt antisense, 5'-AGC-
AAGTCTTTCAGTCCTGTC-3'.

Statistical Analysis—Statistical analysis was carried outand p
values were calculated using ¢ test (Two Sample Assuming
Equal Variances).

Immunoprecipitation—Cells were lysed and immunopre-
cipitation (IP) was performed as previously described (47).
HEK293 cells were transfected with FLAG-tagged con-
structs expressing ULK3, ULK3(K139R), ULK3(A301-365),
ULK3(A373-446), or ULK3-KD and the myc-tagged con-
struct expressing SUFU (each 2.5 ug) on 6-cm plates. For
negative controls, expression constructs were substituted
with the respective empty vectors. FLAG-tagged constructs
were immunoprecipitated using anti-FLAG-M2 affinity gel
and myc-tagged SUFU was precipitated using anti-myc
affinity gel according to the manufacturer’s instructions.
Cell lysates were incubated with the antibodies for 2 h at
room temperature with gentle agitation. Immunocomplexes
were subjected to WB using M2 anti-FLAG-HRP antibody
and H-300 anti-myc antibody. Endogenous Sufu was immu-
noprecipitated from NIH3T3 cells using C-15 anti-Sufu
antibody conjugated with agarose beads. Cells were tran-
siently transfected with 10 ug of ULK3FLAG or empty vector
and, if indicated, induced with 12 nm SHH for 48 h on 10-cm
plates. Cell lysates were incubated with the antibody over-
night at 4 °C with gentle agitation. Inmunocomplexes were
subjected to WB using H-300 anti-Sufu antibody or M2 anti-
FLAG-HRP antibody.

In Vitro Kinase Assay—In vitro kinase assay was performed as
described (47). Briefly, FLAG-tagged ULK3, ULK3(K139R),
ULK3-KD, ULK3-CT, and GLI2FLAG proteins were overex-
pressed in HEK293 cells, immunoprecipitated using anti-
FLAG-M2 affinity gel, washed 3 times with TBS, 2 times with
kinase buffer and resuspended in 30 ul of kinase buffer. Aliquots of
2 ul were used for in vitro kinase assay. One-half of the myc immu-
nocomplexes was washed twice with kinase buffer and subjected
to in vitro kinase assay in the presence of ULK3-Ubi and separately
immunopurified FLAG-tagged ULKS3, if indicated.

Mass Spectrometry Analysis—For detection of ULK3 auto-
phosphorylation sites, ULK3FLAG and ULK3(K139R) were
expressed in HEK293 cells. The proteins were immunopurified
using anti-FLAG-M2 affinity gel. ULK3FLAG and ULK3-Ubi
proteins were subjected to in vitro kinase assay. The reaction
was stopped by adding Laemmli buffer containing 100 mm
DTT. ULK3FLAG protein, not subjected to the in vitro kinase
assay, was used as a control. Proteins were resolved by SDS-
PAGE and visualized by Coomassie Blue staining. The bands
were excised from the gel and in-gel digested with modified
sequencing grade trypsin (Promega), as described previously
(52). Peptides from in-gel-digested samples were purified with
StageTips1 and analyzed by LC-MS/MS using an Agilent 1200
series nanoflow system (Agilent Technologies, Santa Clara,
CA) connected to a LTQ Orbitrap mass spectrometer (Thermo
Electron, Bremen, Germany) equipped with a nanoelectrospray
ion source (Proxeon, Odense, Denmark). Up to five data-de-
pendent MS/MS spectra were acquired in centroid in the linear
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ion trap for each FTMS full-scan spectrum. Fragment MS/MS
spectra from raw files were extracted as MSM files and then
merged to peak lists using Raw2MSM version 1.72 selecting the
top six peaks for 100 Da. MSM files were searched with the
Mascot 2.2 search engine (Matrix Science, London, UK) against
the protein sequence data base composed of ULK3 sequences
and common contaminant proteins such as trypsin, keratins
etc.

RESULTS

Silencing of Ulk3 Gene Expression by RNAi Suggests a Nega-
tive Role of UIk3 in the Transduction of Shh Signal—To inves-
tigate the role of Ulk3 in Shh signal transduction, we suppressed
Ulk3 expression by RNAi. We designed two siRNA-expressing
constructs, siRNA1pSUPER and siRNA2pSUPER. The effec-
tiveness of the siRNAs was estimated by overexpressing
UIK3FLAG with siRNA1pSUPER and siRNA2pSUPER con-
structs in HEK293 cells. pCI-GFP plasmid expressing GFP was
co-transfected to estimate the efficiency of transfection.
Expression of FLAG-tagged Ulk3 and GFP was detected by WB
analysis using anti-FLAG and anti-GFP antibodies, respec-
tively. The experiment was repeated three times and the data of
a representative experiment are shown in Fig. 1A4. Both siRNAs
were able to suppress Ulk3 expression, whereas siRNA1 dem-
onstrated higher efficiency than siRNA2.

To study the effect of UIk3 silencing on Shh signal transduc-
tion, we used RCGCs that are known to be Shh responding cells
(53). RCGCs were isolated from P6 rat pups and immediately
transfected with an empty vector, siRNA1l- or siRNA2-
encoding constructs in two replicates. One replicate of each
transfection was induced by the SHH protein. The level of Ulk3
and Glil mRNA was measured in triplicates using qRT-PCR
and normalized by Hprt mRNA expression level. The average
mean of three independent experiments = S.E. is shown in Fig.
1B. The normalized level of Ulk3 mRNA is shown in the left
panel. The level of Ulk3 mRNA in non-induced cells trans-
fected with empty vector was set as 100%. Addition of SHH did
not affect the level of Ulk3. Transient expression of both
siRNAs could suppress Ulk3 mRNA expression by ~30%.
Addition of SHH did not significantly affect the extent of U/k3
silencing.

Normalized level of Glil mRNA in the same samples is
shown in the right panel of Fig. 1B. As the level of Glil mRNA
was below the detection limit in non-induced cells, we con-
cluded that GliI is not expressed in RCGCs. The level of Glil
mRNA in cells transfected with empty vector and induced with
SHH was considered 100%. Transfection of siRNAIpSUPER
and siRNA2pSUPER constructs followed by SHH induction,
elevated the Gl/il mRNA expression levels by 43 and 32%,
respectively. It should be noted that siRNA1, as the more potent
silencer of Ulk3 expression, triggered higher induction of G/i1
mRNA expression.

To corroborate our findings in RCGCs and achieve higher
levels of suppression of Ulk3 mRNA expression, we generated
stable cell lines expressing the Ulk3-specific siRNA1 and
siRNA2 in the Shh-responsive cell line Shh-L2. We co-trans-
fected either of the two siRNA constructs together with the
pBABEpuro construct into Shh-L2 cells. In total 38 puromycin-
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resistant clones (23 clones obtained using siRNA1 and 15
clones obtained using siRNA2) from two independent experi-
ments were picked, propagated, and divided in three parts: the
first part was plated and induced by SHH to be analyzed using
luciferase assay, the second part was frozen for total RNA iso-
lation and the third part was propagated further.

The levels of Ulk3 mRNA and mRNA of the housekeeping
gene Hprt used for normalization were measured using qRT-
PCR. The level of Ulk3 mRNA, normalized by Hprt mRNA
expression, in Shh-L2 cells was taken as 1. Suppression of Ulk3
mRNA was achieved in 6 clones: clones 1.1, 1.2, and 1.3 were
obtained using siRNA1 and clones 2.1, 2.2, and 2.3 were
obtained using siRNA2 (Fig. 1C, left panel). Ulk3 mRNA was
suppressed most effectively (by ~50%) in clones 1.1, 1.2, 2.1,
and 2.2. The level of Ulk3 mRNA in clones 1.4 and 2.4 is shown
as an additional control, as the level of U/lk3 mRNA was similar
to that in the parental Shh-L2 cells. We also analyzed the level
of G/il mRNA in stable and control cell lines. However, it did
not correlate with changes in Ulk3 mRNA levels (data not
shown).

Luciferase activity of three independent replicates was ob-
tained and normalized with alkaline phosphatase values. SHH-
dependent induction of luciferase activity in Shh-L2 cells was
considered as 1. All clones expressing the lower level of Ulk3
mRNA had higher potency in the induction of Gli-dependent
luciferase gene expression compared with the control cell line
Shh-12, clones 1.4 and 2.4 (Fig. 1C, right panel). However,
although Ulk3 mRNA levels were similar in clones expressing
siRNA1 and siRNA2, clones obtained using the more potent
siRNA1 (Fig. 1A) demonstrated higher induction of Gli-depen-
dent luciferase activity compared with clones obtained using
siRNA2 (3.5 versus 2.2 times above the controls, respectively).
This suggests that siRNA1 might suppress the expression of
Ulk3 not only at the transcriptional but also at the translational
level.

Continuing the analysis of clones stably expressing Ulk3-spe-
cific siRNAs, we found that during propagation of the cell lines,
the Ulk3 mRNA levels constantly increased with time, reaching
the level of the control cell line within 2.5 weeks. A total of 4
clones obtained from two independent experiments were ana-
lyzed for Ulk3 mRNA expression and induction of luciferase
activity during 2.5 weeks of culturing. All clones showed the
same tendency and the results of representative clone 1.1 are
shown in Fig. 1D, as compared with parental Shh-L2 cells.
The Ulk3 mRNA level increased from the initial 46 to 120%
during 14 days (Fig. 1D, left panel), in concert with reduction
of luciferase activity under the influence of SHH (Fig. 1D,
right panel).

Due to the lack of working antibody against Ulk3, we were
unable to show the endogenous Ulk3 protein levels in the stable
cell lines. Therefore we transfected UIk3FLAG and GFP encod-
ing constructs into clones 1.2 and 2.1 and Shh-L2 cells. The
levels of exogenously added Ulk3 and GFP proteins were ana-
lyzed by WB using antibodies against FLAG tag and GFP,
respectively. The experiment was repeated 4 times. The obtained
bands were quantified using ImageQuant TL software. ULk3 pro-
tein levels, normalized with GFP levels, are shown in Fig. 1E and
supplemental Fig. S1. The lowest amount of Ulk3 protein was
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FIGURE 1. Suppression of Ulk3 gene expression suggests a negative role of Ulk3 in Shh signal transduction. A, constructs expressing Ulk3-specific siRNA1
and siRNA2 were co-expressed with FLAG-tagged Ulk3 and GFP in HEK293 cells and cell lysates were subjected to WB analysis. Both siRNAs suppress expression
of Ulk3. B, RCGCs were transiently transfected with the construct expressing Ulk3-specific siRNAT or siRNA2 and stimulated with SHH protein. The U/k3 mRNA
level was measured by qRT-PCR and normalized with the Hprt mRNA level (left panel) along with measurements of Gli-induced luciferase activity (right panel).
The cells transfected with the siRNA-expressing constructs were compared with the cells transfected with empty vector *, p < 0.05; **, p < 0.01 (NE, not
expressed). The data are presented as average mean = S.E. of three measurements obtained from three independent experiments. C, suppression of Ulk3 gene
expression is achieved in cell lines stably expressing siRNA1 (clones 1.1, 1.2, and 1.3) and siRNA2 (clones 2.1, 2.2, and 2.3) (left panel). The Ulk3 mRNA level is
reduced most effectively (~50%) in clones 1.1, 1.2, 2.1, and 2.2. The expression level of Ulk3 mRNA, normalized with Hprt mRNA, in the parental cell line Shh-L2
is set as 1 and the values in other cell lines are normalized accordingly. Clones expressing the lower level of Ulk3 mRNA demonstrate a higher induction of
Gli-dependent luciferase gene expression under influence of SHH compared with control cell lines Shh-L2, clones 1.4 and 2.4 (right panel). The data are
presented as average mean = S.E. of three independent measurements. D, prolonged propagation of stable cell clone 1.1 expressing the Ulk3-specific siRNA1.
Left panel shows Ulk3 mRNA levels and the right panel shows the luciferase activities in cells induced with SHH protein. NA, not analyzed. The data are presented
astheaverage mean = S.E. of three independent measurements. E, cell lines stably expressing Ulk3-specific sSiRNAT and siRNA2 (clones 1.2 and 2.1, respectively)
and Shh-L2 cells were transfected at different time points during propagation with UIk3FLAG and GFP encoding constructs. Cell lysates were analyzed with WB
using anti-FLAG and anti-GFP antibodies. The levels of overexpressed proteins were quantified and the UIk3FLAG protein level was normalized with the level
of GFP expression. UIk3FLAG protein level in Shh-L2 cells at each time point was calculated as 1.

detected in clone 1.2, whereas clone 2.1 showed a moderately siRNA1 construct in suppressing the expression of Ulk3. Similarly
reduced level of Ulk3 and the control cell line demonstrated the  to the increase of the {//k3 mRNA level in stable cell lines in time,
highest level of the protein. These results are perfectly in line with ~ we found that the level of exogenous Ulk3 protein was increased in
data of the transcription assay and higher effectiveness of the time, reaching the level in Shh-L2 after 2 weeks.
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FIGURE 2. ULK3 physically interacts with SUFU through its KD. A, FLAG-
tagged WT and kinase-deficient ULK3 proteins were co-expressed with myc-
tagged SUFU in HEK293 cells and immunoprecipitated using M2-a-FLAG or
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Taken together, our results show that reduction of the Ulk3
mRNA level in cells triggers a stronger response to SHH signal.
Thus, our data from RNAi experiments suggest that UIk3 is
functioning as a negative regulator of the Shh pathway.

ULK3 Binds SUFU through Its Kinase Domain—ULK3 shares
similarity with fu, and Drosophila proteins fu and sufu form a
complex. Because SUFU is the major negative regulator of SHH
signaling in mammals, we investigated if ULK3 is able to inter-
act physically with SUFU protein. We overexpressed the
FLAG-tagged WT and kinase-deficient ULK3 proteins and
myc-tagged SUFU or respective empty vectors in HEK293 cells
and immunoprecipitated them. The immunocomplexes were
subjected to WB analysis using antibodies against FLAG tag
and SUFU protein. The experiment was repeated 3 times, and
the results of a representative experiment are shown in Fig. 2A4.
SUFU protein was detected in ULK3 as well as in ULK3(K139R)
immunocomplexes (upper panel). Also, ULK3 and
ULK3(K139R) proteins were detected in SUFU immuno-
complexes (lower panel). Similar amounts of ULK3 and
ULK3(K139R) were coimmunoprecipitated with SUFU sug-
gesting that WT and kinase-deficient ULK3 bind SUFU with
equal efficiency.

To investigate further the interaction of SUFU and ULK3, we
attempted to determine the domain of ULK3 responsible for
this interaction. First, we performed homology analysis of
ULKS3 and fu protein sequences using the DNAMAN sequence
alignment algorithm and ClustalW program (EBI, EMBL).
Regardless of the overall dissimilarity of the carboxyl termini of
fu and ULK3, the analysis revealed two regions of homology
between ULK3 and fu. Homologous regions were mapped to
the fu domain, responsible for interaction with sufu (amino
acids residues 306 —436) (27). The first region corresponded to
residues 310-365 and the second to residues 398—-433 of
ULK3. Bioinformatic analysis of the secondary structure of
ULK3 (PredictProtein, EXPASY) predicted several a-helixes in
those regions, which might participate in the interaction with
Sufu. Based on the bioinformatic analysis, we generated two
expression constructs encoding FLAG-tagged ULK3 deletion
mutants, ULK3(A301-365) and ULK3(A373-446). We also
generated the expression constructs encoding the kinase
domain (KD) and C-terminal domain (CTD) of ULK3
(ULK3-KD and ULK3-CT, respectively). The structure of the
resulting proteins is depicted in Fig. 2B.

To reveal the domain of ULK3 responsible for interaction
with SUFU, we co-expressed the FLAG-tagged ULK3 or its
deletion mutants with SUFUmyc in HEK293 cells. The proteins
were immunoprecipitated using anti-FLAG and anti-myc anti-
bodies and subjected to WB analysis (Fig. 2C). We detected
ULK3wt, ULK3(A301-365), ULK3(A373-446), and ULK3-
KD in SUFU immunoprecipitates (upper panel) and SUFU

c-myc 9E10 affinity gel, respectively. Inmunocomplexes were subjected to
WB using a-FLAG and H-300 a-Sufu antibodies. B, schematic presentation of
ULK3 proteins tested in the current study. MIT, domain contained within
microtubule interacting and trafficking molecules. C, FLAG-tagged WT ULK3
and its deletion mutants were co-expressed with myc-tagged SUFU in
HEK293 cells and immunoprecipitated using M2-a-FLAG or c-myc 9E10 affin-
ity gel, respectively. Immunocomplexes were subjected to WB using a-FLAG
and H-300 a-Sufu antibodies.
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protein in ULK3wt, ULK3(A301-365), ULK3(A373-446), and
ULK3-KD immunocomplexes (lower panel). No significant dif-
ference was found in the efficiency of interaction of WT ULK3
or deletion mutants ULK3(A301-365) and ULK3(A373-446)
with SUFU. However, we found that ULK3-KD was able to
interact with SUFU, but the efficiency of their interaction was
lower compared with that of WT ULK3 and SUFU, as indicated
on the upper panel. ULK3-CT did not interact with SUFU.

Our data indicate that the ULK3 domain responsible for
interaction with SUFU is not homologous to the fu interaction
domain with sufu. Instead, ULK3 interacts with SUFU at least
partly through its KD.

ULK3 C-terminal Autophosphorylation Is Blocked by SUFU
Binding—Keeping in mind that fu, being in HSC, is catalytically
inactive, we tested if ULK3, being in complex with SUFU,
exhibits autophosphorylation activity. Myc-tagged SUFU and
FLAG-tagged ULK3 or its catalytically inactive mutant
ULK3(K139R) were co-expressed in HEK293 cells, subjected to
immunoprecipitation using anti-myc antibody, followed by in
vitro kinase assay (Fig. 3A, upper panel). The presence of the
respective proteins in the immunoprecipitates was detected by
WB and is shown in the lower panel of Fig. 3A. No ULK3 auto-
phosphorylation activity was detected in the immunocom-
plexes (Fig. 3A, lane 1), suggesting that the kinase activity of
ULK3 was abolished by interaction with SUFU. In contrast,
bacterially expressed ULK3-Ubi or separately immunoprecipi-
tated ULK3FLAG were able to self-phosphorylate themselves,
indicating that autophosphorylation per se was not affected
under these conditions (Fig. 34, lanes 3-5). However, ULK3-
Ubi neither phosphorylated SUFU-bound ULK3 nor
ULK3(K139R) (Fig. 34, lanes 4 and 5, respectively). These find-
ings show that the kinase activity of ULK3 may be completely
blocked by interaction with SUFU. In addition, we have found
that trans-phosphorylation of ULK3 bound by SUFU does not
occur. These data suggests that ULK3 phosphorylation takes
place only within one molecule.

To further confirm the lack of trans-phosphorylation activity
of ULK3 kinase, we expressed FLAG-tagged WT ULKS3, its
deletion mutants ULK3(A301-365) and ULK3(A373-446),
and kinase-deficient ULK3(K139R) in HEK293 cells and immu-
noprecipitated the proteins. We mixed the kinase-competent
immunoprecipitates with lower molecular mass (either
ULK3(A301-365) or ULK3(A373-446), 46 and 45 kDa, respec-
tively) with the ULK3(K139R) (53 kDa) immunoprecipitate and
subjected the complexes to in vitro kinase assay. Using this kind
of mixing, we were able to distinguish between autophosphor-
ylation and trans-phosphorylation activity. As shown in the
upper panel of Fig. 3B, none of the kinase-competent ULK3
proteins were able to phosphorylate the ULK3(K139R) protein,
but retained the autophosphorylation activity. The presence of
all proteins tested in the immunocomplexes was confirmed by
WB (Fig. 3B, lower panel).

Because ULK3 loses its autocatalytic activity, when bound to
SUFU, we were interested in determining which residues of
ULK3 are autophosphorylated. We subjected bacterially
expressed and purified protein (ULK3-Ubi), FLAG-tagged
ULK3, and ULK3(K139R) proteins immunopurified from
mammalian cells to in vitro kinase assay. Immunopurified
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FIGURE 3. Physical interaction of ULK3 with SUFU abolishes C-terminal
autophosphorylation of ULK3. A, upper panel,immunocomplexes obtained
using anti-myc antibody and containing myc-tagged SUFU and FLAG-tagged
ULK3 or ULK3(K139R) were subjected to in vitro kinase assay in the presence of
[y->2P]ATP (lanes 1 and 2). Bacterially expressed and purified His-tagged
ULK3-Ubi and separately immunopurified FLAG-tagged ULK3 proteins were
added to the immunocomplexes prior to the kinase assay (lanes 3-5). Lower
panel, the presence of the proteins in the immunoprecipitates was detected
by WB using the respective antibody. B, upper panel, FLAG-tagged ULK3 pro-
teins were overexpressed in HEK293 cells, immunopurified using anti-FLAG
antibody, and subjected to in vitro kinase assay in the presence of [y->P]ATP.
Lower panel shows the presence of the proteins detected by WB using anti-
FLAG antibody. C left panel, FLAG-tagged WT ULK3, kinase-deficient
ULK3(K139R), ULK3-CT, and ULK3-KD were overexpressed in HEK293 cells,
immunopurified using anti-FLAG antibody, and subjected to in vitro kinase
assay in the presence of [y-*?P]JATP (CT, carboxyl terminus). Right panel, the
presence of the proteins in the in vitro kinase reactions was detected by WB
using anti-FLAG antibody.

ULK3FLAG protein that did not undergo the in vitro kinase

reaction was used as a negative control. The proteins were
resolved by SDS-PAGE, excised from the gel, and in-gel
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TABLE 1
Autophosphorylation sites in ULK3 protein

Bacterially expressed and purified ULK3-Ubi overexpressed in HEK293 cells and
immunopurified ULK3FLAG and ULK3(K139R) proteins were subjected to in vitro
kinase assay. ULK3FLAG protein unexposed to the kinase assay was used as a
negative control. The proteins were trypsinized followed by LC-ESI-MS/MS anal-
ysis of phosphopeptides. Four phosphorylated serine residues situated in C-termi-
nal part of WT ULK3 proteins are identified. The numbers are given relative to the
first methionine residue of ULK3. The Mascot score is given as S = —10 X log(P),
where P is the probability that the observed match is a random event.

Peptide Phosphorylated residue Mascot score
KDQEGDSAAALSLYCK Ser-300 69
AIVSSSNQALLR Ser-350 58
LLAALEVASAAMAK Ser-384 56
EGLSESVR Ser-464 93

digested with trypsin. Phosphorylated residues were mapped
using LC-ESI-MS/MS in two technical replicates. Sequence
coverage, representing the percentage of the entire protein
sequence within the identified peptides, was 71% in
ULK3FLAG and 75% in ULK3-Ubi. In contrast to the negative
controls, autophosphorylated ULK3 proteins contained four
phosphorylated residues: Ser-300, Ser-350, Ser-384, and Ser-
464 (Table 1). Our analysis shows that ULK3 phosphorylates
itself in the CTD.

To confirm the MS data, we subjected the immunopuri-
fied ULK3-KD and ULK3-CT to in vitro kinase assay in the
presence of immunopurified WT ULK3 or kinase-defi-
cient ULK3(K139R). No phosphorylation was detected in the
ULK3-KD protein when mixed with WT ULK3 or
ULK3(K139R) (Fig. 3C, left panel, lanes 3 and 4). However,
when we mixed immunopurified WT ULK3 protein with
ULK3-CT, we observed phosphorylation of both proteins
(Fig. 3C, left panel, first lane). No phosphorylation of
ULK3-CT was observed when it was mixed with
ULK3(K139R) (Fig. 3C, left panel, second lane). The presence
of all proteins tested in the in vitro kinase reaction was con-
firmed using WB (Fig. 3C, right panel).

These data confirm the MS findings and show that ULK3
autophosphorylation sites lie within the CTD of the protein.
Furthermore, these data suggest that the C-terminal-phos-
phorylated residues of ULK3 are masked, preventing trans-
phosphorylation by another ULK3 molecule. When the KD of
ULKS3 is removed, the phosphorylation sites become exposed
and are readily accessible to another ULK3 molecule.

Luciferase Assay Suggests the Dual Role for ULK3—To get
further insight into the biological meaning of the SUFU-ULK3
interaction, we performed an GLI-dependent transcriptional
activation assay in Shh-L2 cells. In overexpression studies,
SUFU is shown to elicit a strong negative effect on GLI proteins
(20). In contrast, ULK3 is able to enhance significantly the
transcriptional activity of GLI1 and GLI2 proteins in a kinase
activity-dependent way (47). Thus, we assessed the potency of
WT ULK3, ULK3(K139R), ULK3-KD, and ULK3-CT to rescue
the negative effect of SUFU on GLI2 transcriptional activity.
Because deletion mutants ULK3(A301-365) and ULK3(A373—
446) were functionally highly similar to WT ULK3 (Figs. 2C and
3B, and data not shown), we did not test them in the luciferase
assay.

First, we established the concentration curve for GLI2GFP
co-expressed with the constant amount of WT ULKS3 to find
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the amount of GLI2GFP plasmid sufficient to achieve the satu-
rated level of Gli-dependent luciferase activity. The total DNA
amount was kept constant by co-transfection with a compen-
satory amount of empty vector. Average induction of GLI2-de-
pendent luciferase activity = S.E. in the presence or absence of
ULK3FLAG is shown in Fig. 4A. Our data showed that ULK3
was able to enhance the transcriptional activity of overex-
pressed GLI2 ~3-2.5 times when co-expressed with low con-
centrations of GLI2GFP (5-75 ng of GLI2GFP plasmid per
well). An increase of GLI2GFP plasmid amount (100-300
ng/well) led to a decrease of additional activation of Gli-depen-
dent luciferase expression by ULK3 (1.6 —1.2 times) because the
level of induction approached the maximum.

To investigate the role of ULK3 and its KD and CTD in GLI2
regulation in the presence of SUFU, we overexpressed a high
amount of GLI2GFP (250 ng of GLI2GFP construct per well)
with  SUFUmyc and FLAG-tagged ULK3, ULK3(K139R),
ULK3-KD, and ULK3-CT proteins (or respective empty vec-
tors) in Shh-L2 cells and analyzed the protein for Gli-depen-
dent transcriptional activation (Fig. 4B). GLI2 was able to in-
duce luciferase activity ~46 times above control (induction of
luciferase expression by empty vector taken as 1). Co-transfec-
tion with SUFU inhibited GLI2-induced luciferase activity 4.7
times. Addition of ULK3, ULK3(K139R), or ULK3-KD could
partially rescue the negative effect of SUFU on GLI2 (2.4, 2.4,
and 2.9 times, respectively). WT and kinase-deficient ULK3
demonstrated an equal effect in the assay suggesting the exis-
tence of a kinase activity-independent function of ULK3 in the
regulation of GLI2. Notably, the effectiveness of ULK3-KD in
restoring of GLI2 transcriptional activator properties was
higher regardless on its lower affinity to SUFU compared with
WT ULK3 (Fig. 2C, upper panel) suggesting the possibility of an
inhibitory function of the CTD. Indeed, ULK3-CT could not
rescue the inhibitory effect of SUFU on GLI2. Moreover, addi-
tion of ULK-CT to GLI2 and SUFU resulted in stronger inhibi-
tion of the GLI2 transcriptional activity (6.8 versus 4.7 times).
ULK3-CT also inhibited GLI2 transcriptional activity 1.6 times
(supplemental Fig. 2A). Expression of GLI2 with ULKS3,
ULK3(K139R), or ULK3-KD plasmids could additionally acti-
vate Gli-dependent luciferase expression ~1.2 times (supple-
mental Fig. 2A4).

To test the effect of ULK3, ULK3-KD, and ULK3-CT on
GLI2 transcriptional activity in non-saturated conditions, we
co-transfected 50 ng of GLI2GFP and ULK3 constructs (or
respective empty vectors) into Shh-L2 cells and analyzed the
induction of luciferase activity (Fig. 4C). Induction of luciferase
expression by empty vector was set as 1. GLI2 induced lucifer-
ase activity 16 times. ULK3 was able to enhance GLI2 transcrip-
tional activity ~2.2 times and ULK3-KD enhanced GLI2 tran-
scriptional activity 3.5 times. ULK3-CT, in contrast, inhibited
GLI2-induced luciferase activity 2 times. Induction of the Gli-
dependent luciferase by ULK3, ULK3-KD, and ULK3-CT in
Shh-L2 cells is demonstrated in supplemental Fig. 2B. ULK3
was able to stimulate the luciferase activity 2.3 times above the
induction by the empty vector, ULK3-KD, 3.4 times, and
ULK3-CT had no effect on Gli-dependent luciferase activity.

Previously we have shown that ULK3 directly phosphory-
lates GLI proteins. Here we tested if ULK3-KD is able to phos-
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FIGURE 4. ULK3 relieves the inhibitory effect of SUFU on GLI2 transcriptional activity due to its KD but
independently of its kinase activity. A, different amounts of the GLI2GFP-encoding construct and constant
amount of the ULK3-encoding construct or respective empty vector were co-overexpressed in Shh-L2 cells and
Gli-dependent luciferase activity was measured. Transfected DNA amount was kept constant by compensation
of GLI2GFP plasmid with pCI-GFP vector. *, p value < 0.001 and **, p value < 0.05 GLI2 versus GLI2 + ULK3.The
data are presented as average mean = S.E. of three replicates obtained from three independent experiments.
B, SUFU and ULK3 (WT, kinase-deficient, or deletion mutants) and GLI2 (250 ng/well) were co-expressed in
Shh-L2 cells. Induction of Gli-dependent luciferase activity by empty vector was setas 1. GLI2 induces luciferase
activity 46 times above the control (¥, p value < 0.001 GLI2 versus empty vector). SUFU represses transcriptional
activity of GLI2 (¥, p value < 0.001 GLI2 versus GLI2 + SUFU). This repression is partly relieved by WT, kinase-
deficient ULK3, and ULK3-KD (¥, p value < 0.001, GLI2 + SUFU versus GLI2+SUFU+ULK3/ULK3(K139R)/ULK3-
KD) and is not relieved, but more inhibited, by ULK3-CT (**, p value < 0.05, GLI2 + SUFU versus GLI2 + SUFU +
ULK3-CT). The data are presented as average mean = S.E. of three replicates obtained from three independent
experiments. C, GLI2 (50 ng/well), ULK3, ULK3-KD, and ULK3-CT or the respective empty vector were co-
expressed in Shh-L2 cells. Induction of luciferase activity by the empty vector was set as 1. GLI2 induces
luciferase activity 16 times above the vector (¥, p value < 0.001). ULK3 and ULK3-KD enhance GLI2 transcrip-
tional activity (*, p value < 0.001). ULK3-KD potentiates the transcriptional activator function of GLI2 stronger
than ULK3 (#, p value < 0.001). Overexpression of ULK3-CT leads to inhibition of GLI2 transcriptional activity
(*, p value < 0.001). The data are presented as average mean = S.E. of three replicates obtained from three
independent experiments. D, FLAG-tagged ULK3, ULK3(K139R), ULK3-KD, and GLI2 were overexpressed in
HEK293 cells, immunopurified, and subjected to in vitro kinase assay in the presence of [y->2P]ATP (left panel).
Right panel shows the presence of the proteins detected by WB using anti-FLAG antibody.
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phorylate the GLI2 protein. We
overexpressed FLAG-tagged ULK3,
ULK3(K139R), ULK3-KD, and GLI2
in HEK293 cells, immunopurified
them, and subjected them to in vitro
kinase assay in the presence of
[y-**P]JATP. ULK3-KD, despite its
failure to autophosphorylate, was able
to phosphorylate the GLI2 protein
(Fig. 2D). These data suggest that
ULK3-KD positively regulates GLI2
transcriptional activity through direct
phosphorylation.

Taken together, our overex-
pression studies in Shh-L2 cells
suggests that the ULK3 interac-
tion with SUFU partly restores
GLI2 transcriptional activity inhib-
ited by SUFU. Furthermore, we
demonstrate that ULK3 may have a
dual role in regulation of GLI2 tran-
scriptional activity. KD of ULK3
binds to SUFU and is able to phos-
phorylate and positively regulate
GLI2. The CTD of ULK3 inhibits
GLI2 transcriptional activity.

ULK3-SUFU Complex Promotes
Generation of GLI2 Repressor Form—
Our data showing the inability of
ULKS3 to entirely restore GLI2 tran-
scriptional activity inhibited by
SUFU, lead us to the hypothesis that
the function of the ULK3-SUFU
complex may be linked to genera-
tion of the GLI2®P form. To test
that, we co-expressed GLI2GFP
protein with WT or kinase-deficient
FLAG-tagged ULK3 and myc-
tagged SUFU proteins in HEK293
cells. Alternatively, the constructs
encoding FLAG-tagged GLI2 and
His-tagged ULK3 were used. Cell
lysates were subjected to WB analy-
sis using anti-GFP or anti-FLAG
antibodies. The experiment using
both GLI2 constructs was repeated
three times. The data of representa-
tive experiments obtained using
anti-GFP and anti-FLAG antibodies
are shown in Fig. 5 and sup-
plemental Fig. 3, respectively.
GLI2GFP has a molecular mass of
210 kDa (Fig. 5). We failed to detect
the GLI2®°’GFP form when full-
length GLI2GFP was expressed
alone or together with either of the
ULK3 proteins or SUFU (Fig. 5,
lanes 2-5). SUFU significantly sta-
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FIGURE 5. ULK3-SUFU complex induces the generation of GLI2RP,
GLI2GFP fusion protein was expressed alone (lane 2), in combination with WT
and kinase-deficient FLAG-tagged ULK3 (lanes 3 and 4), or myc-tagged SUFU
(lane 5) in HEK293 cells. GLI2®*PGFP protein is detected in the case of co-
expression of GLI2GFP with SUFU combined with ULK3 or ULK3(K139R) by WB
using GFP antibody (lanes 6 and 7, respectively).

bilizes full-length GLI2, which is consistent with previously
published results (25) (Fig. 5, lane 5 versus lane 2, and
supplemental Fig. 3, right panel). Proteins with a molecular
mass of about 120 kDa were detected in the presence of ULK3
(either WT or kinase-deficient mutant) combined with SUFU
(Fig. 5, lanes 6 and 7). The molecular weight of the protein
corresponded to the expected molecular weight of the GLI2R¢P-
GFP fusion protein. In the case of FLAG-tagged GLI2 (170
kDa), a repressor form with a molecular mass of about 90 kDa
was detected (supplemental Fig. 3, left panel). However, using
anti-FLAG antibody, we could detect low amounts of
GLI2RPFLAG in the samples obtained from cells transfected
with GLI2FLAG alone or together with SUFU. In the case of
co-overexpressing of GLI2FLAG with WT or kinase-deficient
ULK3, GLI2RPFLAG was undetectable. Because GLI2R°P was
detected in cases when SUFU was co-expressed both with the
WT and kinase-deficient mutant of ULK3, we conclude that the
kinase activity of ULK3 is not required for the generation of
GLI2R<P,

ULK3-Sufu Complex Dissociates under SHH Signal—Next,
we asked whether overexpressed ULK3 was able to act in a
dominant-negative manner and form a SHH signal-dependent
complex with endogenous Sufu. We overexpressed FLAG-
tagged ULK3 (or respective empty vector) in Shh-responsive
NIH3TS3 cells and induced the cells with SHH protein. Endog-
enous Sufu was immunoprecipitated using an anti-Sufu C-15
antibody. The obtained cell lysates, immunocomplexes, and IP
supernatants were subjected to WB using anti-FLAG antibody
to detect the presence of ULK3 in the samples. The experiment
was repeated 3 times and data of a representative experiment
are shown in Fig. 6. The efficiency of IP reactions was estimated
using H-300 anti-Sufu antibody. The amount of Sufu protein
detected in the immunocomplexes was similar in all samples.
Lysates of the transfected cells contained equal amounts of
ULKS3 protein. ULK3 protein was co-immunoprecipitated with
endogenous Sufu from both non-induced and SHH-induced
cells, indicating the ability of ULK3 to effectively form a com-
plex with endogenous Sufu. However, immunoprecipitates
from non-induced cells contained significantly more ULK3
protein compared with cells induced with SHH (Fig. 6). In con-
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FIGURE 6. Interaction of ULK3 with endogenous Sufu is regulated by SHH.
FLAG-tagged ULK3 was overexpressed in NIH3T3 cells in the absence or pres-
ence of SHH. Endogenous Sufu was immunoprecipitated using C-15 affinity
gel. The amount of the precipitated Sufu protein was detected using H-300
a-Sufu antibody. ULK3 protein was detected using a-FLAG antibody. SN,
supernatant.

trast, the supernatants obtained after IP with Sufu antibody
contained more ULK3 in SHH-induced cells. These data indi-
cate that ULK3 is able to form a complex with endogenous Sufu.
This complex is responsive to SHH signaling, because SHH
triggers its dissociation.

DISCUSSION

Recently we have reported the identification of serine/thre-
onine kinase ULK3 as a positive regulator of GLI proteins.
ULK3 was identified based on its sequence similarity with ser-
ine/threonine kinases fu and STK36, a putative homologue of
fu. We have previously shown that ULK3 is able to enhance the
activity of GLI1 and GLI2 proteins in a kinase activity-depen-
dent manner.

In this article we demonstrate that ULK3 has intramolecular
self-regulatory properties. We show that ULK3 autophosphor-
ylation occurs at four serine residues (Ser-300, Ser-350, Ser-
384, and Ser-464) situated outside of the KD. Those sites are
hidden in catalytically inactive ULK3 and unexposed to other
ULK3 molecules. However, deletion of the KD results in con-
formational changes making CTD available for intermolecular
phosphorylation by ULK3. Deletion of CTD results in genera-
tion of the catalytically active KD that is able to phosphorylate
its substrate, GLI2. Thus, autophosphorylation of ULK3 may
involve conformational changes resulted in exposure of CTD to
KD and consequently in generation of the catalytically active
kinase. A similar mechanism of self-regulation control has been
proposed for ULK1 and ULK2 kinases (53) and seems to be
conserved between members of the ULK family.

To enhance our understanding of the function of ULK3 in
mammalian cells, we applied RNAI to test the overall require-
ment of Ulk3 for Shh signal transduction. We used two inde-
pendent experimental models. First, we transiently transfected
2 different expression constructs encoding Ulk3-specific
siRNAs, the more effective siRNA1 and the less effective
siRNA2, into RCGCs. Second, we suppressed Ulk3 gene expres-
sion in the Shh-L2 cell line by stable transfection of the siRNA1
and siRNA2 constructs. The maximum suppression of the
endogenous U/k3 mRNA expression level was ~30% in RCGC
and 50% in stable cell lines. We failed to get cells with a lower
level of UIk3 mRNA. One possible reason may be the fact that
reduction of the Ulk3 mRNA level leads to S-phase arrest (54).
Therefore, it is possible that the cells with a lower level of Ulk3
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mRNA were not able to grow sufficiently to be picked and
analyzed.

In both experimental models the cells were induced by SHH
and the induction of the Glil mRNA expression level was
assessed, in Shh-L2-derived stable cell lines indirectly by mea-
suring the Gli-dependent luciferase activation, and in RCGCs,
directly, using qRT-PCR. Unexpectedly, reduction of the UIk3
mRNA level resulted in an elevated response of cells to Shh
reflected by an increased level of G/i1 mRNA. In fact, the level of
Gli1 mRNA induction in response to SHH is in correlation with
the Ulk3 mRNA level in the cells. One possible explanation of
these results is that Ulk3 may be involved in the negative regu-
lation of some component(s) of the Shh pathway, for instance,
in generation of Gli2/3%°” in non-induced cells.

Because Sufu is known as a negative regulator of Gli proteins
and is able to form a complex with fu (19), we tested the possi-
bility that ULK3 acts in concert with SUFU in regulating GLI
proteins. Indeed, our coimmunoprecipitation analysis demon-
strates a physical interaction of ULK3 with Sufu proteins of
human and mouse origin. Moreover, we demonstrate that KD
of ULK3 is responsible for the interaction with SUFU. Tran-
scriptional regulation experiments in the SHH-responsive cell
line give functional meaning to this interaction, because ULK3
partially rescues the inhibitory effect of SUFU on GLI2-depen-
dent transcription. However, ULK3 could not recover GLI2-
induced luciferase activity to the initial level regardless of its
molar superiority above SUFU, suggesting, analogically to the
RNAI results, the existence of an ULK3-dependent mechanism
negatively regulating the GLI2 protein. In fact, we found that
CTD of ULKS elicits a negative effect on GLI2 transcriptional
activity. Deletion of this domain results in generation of a more
potent transcriptional co-activator form of ULK3, ULK3-KD,
that positively regulates GLI2 via direct phosphorylation.

Here, we further demonstrate the involvement of the novel
ULK3-SUFU complex in the generation of GLI2®°P, and both
proteins are required for this. As expected, the ULK3 kinase
activity is not required for GLI2*°” generation.

Although Sufu was previously thought to be merely a nega-
tive regulator of Gli proteins by sequestering them in the cyto-
plasm, its function in protecting the full-length Gli2/3 proteins
from proteolytic degradation has been described recently (25).
We also observed the stabilizing effect of SUFU on full-length
GLI2. However, here we show that SUFU is also needed for
GLI2®P generation. Neither SUFU nor ULK3 alone can induce
the generation of GLI2®°P, but acting in concert, they promote
C-terminal processing of full-length GLI2 probably through
recruiting PKA, glycogen synthase kinase 33, and casein kinase
1 protein kinases responsible for the initiation of proteolytic
cleavage of GLI2/3. However, the precise mechanism of
GLI2R®P generation with the help of the SUFU-ULK3 complex
remains to be investigated further.

Hitherto, apart from Gli proteins, three mammalian pro-
teins, SAP18, Galectin3, and Cdc2l1, have been identified as
proteins able to physically interact with Sufu (55-57). Besides,
Sufu has been shown to move to primary cilia in response to
Shh signaling (58). Thus, Sufu is thought to shuttle within the
cell, interacting with different proteins essential for enhance-
ment or suppression of its regulatory functions.
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FIGURE 7. A model of Ulk3 function in Shh signaling pathway. In the
absence of Shh, Sufu forms a complex with Ulk3 that possibly interacts with
cytoskeleton through its MIT domain. The complex binds full-length Gli2
through Sufu, protecting it from proteosomal degradation. Ulk3 is not cata-
lytically active but plays a regulatory role. The Ulk3-Sufu complex contributes
to C-terminal processing of Gli2 probably through recruiting PKA, glycogen
synthase kinase 33 (GSK3), and casein kinase 1 (CK1) kinases to full-length
Gli2. This results in generation of Gli2®®P that may enter the nucleus and
inhibitits target gene expression. In the presence of Shh, Ulk3-Sufu-Gli2 com-
plex dissociates, Ulk3 activates itself by autophosphorylation and phosphor-
ylates full-length Gli2. This contributes to generation of Gli2*<, which trans-
locates to the nucleus and activates its target genes. Other molecule(s)
indicated as a question mark (?), for instance, Stk36, may participate in the
regulation of Gli2 activity by converting it to transcriptional activator or
repressor forms depending on the cellular context and strength of Shh
signaling.

We show that ULKS3 is able to interact not only with overex-
pressed, but also with endogenous SUFU protein. Moreover,
ULK3 autophosphorylation activity is completely abolished in
the complex with SUFU. The rational explanation of this phe-
nomenon is that ULK3 interacts with Sufu through its KD.

In this study we show that the ULK3-Sufu complex is respon-
sive to the SHH signal, which induces its dissociation. An anal-
ogous mechanism is described in the case of HSC in Drosophila
where HSC dissociates under influence of the Hh ligand (31).
Taking into account the data showing that catalytically active
ULK3 is able to phosphorylate and positively regulate its sub-
strates, GLI proteins (47), we suggest a model for the actions of
UIk3 in the Shh pathway (Fig. 7).

We propose that Ulk3 is part of a Shh signal-dependent cyto-
plasmic complex regulating the activity and processing of at
least the Gli2 protein. In the absence of Shh ligand, the kinase
domain of Ulk3 is bound by Sufu, therefore Ulk3 is catalytically
inactive and unable to phosphorylate and positively regulate
itself and Gli proteins. The complex binds full-length Gli2
through Sufu and induces the generation of the C-terminal-
truncated transcriptional repressor Gli2®P. Through its puta-
tive MIT domain (a domain contained within microtubule
interacting and trafficking molecules), Ulk3 may be a link
between Sufu/Gli2 and the cytoskeleton. In the presence of Shh,
the Ulk3-Sufu-Gli2 complex dissociates. Ulk3 is released from
the complex and may be able to phosphorylate itself. It may also
phosphorylate the full-length Gli2, activating it and promoting
its nuclear translocation. Gli2*“* activates the transcription of
its target genes, for instance Glil. In the case of the activated
pathway, Ulk3 plays a kinase activity-dependent positive role.

Our experiments show that the role of Ulk3 in the regulation
of the Shh pathway involves eliciting both kinase activity-de-
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pendent and -independent effects on Gli transcription factors.
The positive regulation is implemented by catalytically active
Ulk3, whereas the negative regulation does not depend on Ulk3
kinase activity. That resembles in many aspects the model
describing implementation of the fu-sufu-cos2-Ci complex in
the Drosophila Hh pathway. Taking into account the sequence
similarity of fu and Ulk3 proteins and the similarity of their
function in Drosophila and mammalian Hh pathways, respec-
tively, we suggest that Ulk3 is a structural and functional homo-
logue of fu.
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