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Abstract

GLI1 is a key downstream transcription effector of the Hedgehog (Hh) signaling pathway that is
involved in promoting cell growth, differentiation and tissue patterning in embryonic development.
GLI1 over-activation and its nuclear localization has also been linked to the increased
aggressiveness of a number of cancers. It has previously been demonstrated that DYRK1A (dual-
specificity tyrosine-regulated kinase 1A) can phosphorylate GLI1 and promote GLI1 nuclear
localization and its transcriptional activity. Utilizing recombinant human GLI1 and DYRK1A
proteins and phospho-peptide mass spectrometry, we demonstrated that GLI1 is phosphorylated by
DYRK1A at Ser408, a phospho-site that falls within the putative nuclear localization sequence
(NLS) of GLI1 suggesting a possible mechanistic role in modulating its translocation. Further, we
showed that the Ser408 site on GLI1 was not phosphorylated in the presence of the selective
DYRKZA inhibitor harmine. The data described herein provide the first identification of a
DYRK1A-mediated site of phosphorylation on GLI1 within its NLS and may serve as a valuable
mechanism for further understanding Hh signaling modulation.
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1. Introduction

The hedgehog (Hh) pathway has a critical role in early embryogenesis where it promotes
differentiation and the patterning of tissues [1]. The downstream transcription factor GLI1
(GLloma-associated oncogene homolog 1) acts as the terminal effector of Hh signaling
[2-4], with its status controlling proliferation, differentiation and survival. Activated GLI1
translocates into the nucleus and stimulates the transcription of Hh pathway target genes,
including GLI1, PTCH1 and many pro-survival pathways [5]. The Hh pathway has also been
implicated in a wide range of cancers [6], with nuclear expression of GLI1 correlating with
poor prognosis in pancreatic cancer [7], brain gliomas [8] and basal-like breast cancer [9].

Nuclear localization of GLI1 is important for its ability to serve as a transcription factor
[10], and substantially increases GLI1 mediated transcriptional activity [11]. A number of
phosphorylation events have been shown to regulate the activity of GLI1 either positively or
negatively [12, 13]. The kinase DYRK1A (dual-specificity tyrosine phosphorylation-
regulated kinase 1a) has been shown to activate GLI1 via a phosphorylation event, leading to
the translocation of GLI1 from the cytoplasm to the nucleus [14-17]. Co-expression of
DYRKI1A and GFP-GLI1 promotes nuclear localization of GLI1-GFP in NIH3T3 cells [15,
17], and in an Ewing sarcoma tumor line [14]. This activity is dependent on the kinase
activity of DYRK1A as a kinase-null mutant of DYRKZ1A does not induce nuclear
accumulation of GLI1 [15, 16]. Studies using recombinant GLI1 truncation mutants and
[32P]ATP labeling localized DYRK1A-dependent phosphorylation of GLI1 on Ser/Thr
residues in both the N-terminal and C-terminal portions of GLI1 [15]. Although it has been
demonstrated that DYRKZ1A can phosphorylate GLI1 and promote GLI1 nuclear
localization, the exact DYRK1A-mediated sites of phosphorylation within the C-terminal
region of GLI1 were unknown.

Here, we have used an /n vitro kinase assay and phospho-peptide mass spectrometry analysis
to identify site(s) of direct phosphorylation of GLI1 by DYRKZ1A and have determined that
DYRK1A phosphorylates GLI1 at Ser408 within its nuclear localization sequence.

2. Materials and methods

2.1 Materials

Human recombinant GLI1 protein (#TP301110; C-terminal MY C/DDK-tagged) and
expression vector ((#RC201110; pCMV®6 vector containing C-terminal myc-DDK tagged-
GLI1) were from Origene (Rockville, MD). Human recombinant DYRKZ1A protein (GST-
tagged; PV3997) and harmine were from ThermoFisher Scientific (Waltham, MA). Anti-
Flag agarose affinity gel (cat #: A2220) was from Sigma Aldrich (St. Louis, MO). Rabbit
anti-human GLI11 was from Origene (TA310536) and anti-rabbit IRDye 800 from LI-COR
(Lincoln, NE).

2.2 Preparation of GLI1 protein and western blotting

HEK-293 cells (ATCC, CRL-1573) at 80-90% confluence in T150 flasks were transfected
with pCMV6 GLI1-myc-DDK plasmid (15 pg) using Turbofectin (Origene) and cells grown
in Eagle's Minimum Essential Medium with 10% FBS for 24 h at 37°C. Cells were then
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lyzed and the cell extract centrifuged at 14,000 rpm for 15 min. Anti-FLAG affinity gel in
TBS was then added to the clarified cell extract and gently mixed for 2 h at 4°C. The resin
was then washed with TBS/0.05% Tween 20, bound protein eluted at pH 3.0 and. elution
fractions neutralized.

For Western blotting, proteins were electrophoresed on NU-PAGE Bis-Tris 4-12% gels
(ThermoFisher) and after transfer to Immobilon, membranes were blocked for 1 h with 5%
nonfat milk. Membranes were then incubated with rabbit anti-GLI1 at 1:5,000 (overnight at
4°C) After washing, membranes were incubated with secondary anti-rabbit IRDye 800
antibody (1:15,000) for 1 h and after washing, blots visualized on a LI-COR Odyssey.

2.3 In vitro kinase assay and gel slice isolation

Purified recombinant human GLI1 protein (2 pg) was incubated with recombinant human
DYRK1A protein (1 pg) in kinase buffer (25 mM Tris-HCI pH 7.5 plus phosphatase
inhibitors) with ATP (1 mM) for 30 min at 30°C. Controls included no DYRK1A, no ATP
and plus harmine (1 uM). Samples were electrophoresed on 4-12% Bis-Tris SDS-PAGE gels
for 1 h at 120 V, bands detected with Coomassie blue staining and the appropriate gel bands
excised.

2.4 Mass spectrometry analysis

Mass spectrometry was performed at the UNC-CH Proteomics Center (Chapel Hill, NC,
USA). Detailed methodology is described in the accompanying Data in Brief article [18].
Briefly, gel slices were divided into two pieces and each piece treated with reducing agent,
alkylated and digested with trypsin. TiO, beads were used to enrich for phosphopeptides.
The tryptic peptides were separated by reversed-phase hplc on a C18AQ column (Bruker-
Michrom Biosciences) using a Nano-Acquity HPLC system (Waters Corp) interfaced to an
electrospray ionization/LTQ Velos-Orbitrap ion trap mass spectrometer (Thermo Fisher
Scientific). Initial MS scans were recorded over m/z range 400-2000 with the most abundant
ions selected for collision-activated dissociation. All files were searched using MASCOT
[19] (Matrix Science) against the protein of interest (GLI1, Origene ID RC201110;
Supplementary Fig. 1). The search parameters included peptide mass tolerance of 10 ppm,
fragment ion tolerance of 0.6 mass unit. Each sample was run twice (n = 2).

3. Results and discussion

A number of studies have demonstrated that translocation of the Hh pathway transcription
factor GLI1 to the nucleus and its transcriptional activity are positively regulated by
phosphorylation by the kinase DYRK1A [14, 15, 17]. It was previously reported using
truncated versions of recombinant GLI1 and [32P]ATP labeling that DYRK1A
phosphorylated GLI1 within residues 1-225 of the N-terminal and within residues 394-1106
of the C-terminal portions of the protein [15]. However, the exact site(s) of phosphorylation
were not identified. Herein, using phospho-peptide mass spectrometry analysis, we have
determined a site of direct phosphorylation on GLI1 by DYRKZ1A at Serine 408, which is
within the C-terminal fragment identified by Mao [15], and more interestingly falls within
the nuclear localization sequence of GLI1 [20].
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To identify the site(s) of DYRK1A-mediated phosphorylation on GLI1 we used an /n vitro
kinase assay based on a previously published procedure measuring DYRK1A-mediated
phosphorylation of Tau [21]. The recombinant human GLI1 protein used for our studies was
generated by transfection of a human myc-DDK-tagged GLI1 plasmid into HEK-293 cells
and affinity purification of the GLI1 protein by anti-FLAG resin. Expression and purification
was confirmed by Western blotting (Fig. 1A). SDS-PAGE analysis of Myc-DDK-tagged
GLI1 showed the protein to have an estimated molecular weight ~150,000 Da (Figs. 1B).

We incubated GLI1 protein in the absence and presence of recombinant DYRK1A protein,
and GLI1/DYRK1A with and without ATP (study 1). Samples were then run on SDS-PAGE
and gel bands excised (Fig. 2A). Gel slices were treated with trypsin to generate tryptic
peptides, phospho-peptides enriched by TiO, beads and analyzed by mass spectrometry.
Details on sequence coverage and all phospho-peptides identified across all samples are
detailed in the accompanying Data in Brief article [18]. Based on the GLI1 sequence from
NCBI (Supplementary Fig. 1), approximately 50-70% coverage was observed and between
76 to 161 peptides identified for the samples (see Table 1 in [18]). A number of high
confidence phospho-peptides were identified with the majority present in all samples,
suggesting those were related to basal GLI1 phosphorylation. Phosphorylation was observed
on serine (Ser) and threonine (Thr) residues with a predominance for Ser, agreeing with
previous observations that DYRK1A has a preference for Ser over Thr [22]. The phospho-
peptides identified by at least 4 PSM (peptide spectrum matches) are detailed in Table 2 in
[18].

The major difference between the samples was phosphorylation of the peptide
APsSISTVEPK at serine 408 (pSer408). This phosphorylated peptide was detected 6 times in
each of the analyses of sample 2 (Fig. 2A and Table 3 in [18]) but not in any other run. In
contrast, the unphosphorylated peptide (APSISTVEPK) was detected in all samples at ~10
to 13 times per run (see Table 3 in [18].). The MS/MS fragmentation spectra for the
unphosphorylated and phosphorylated APSISTVEPK peptide showing the increased mass
difference due to a phosphorylation event are shown in Fig. 3 (A and B respectively) and
detailed in (see Figures 1 and 2 in [18]). The pSer408 site falls within the GLI1 fragment
(Fig. 4; residues 394-1106) previously identified using DYRK1A and [32P]ATP labeling
[15], and more specifically within the nuclear localization signal (NLS) sequence (residues
380-420 [20]) (Fig. 4). A second phospho-peptide GPSPSFGVQPGPHDSAR (pSer146) was
also detected only in the GLI1 + DYRK1A +ATP sample (see Table 2 in [18]). This site is
not within any identified domain but may reflect the N-terminal phosphorylation event
previously identified by [32P]ATP labeling within residues 1-225 [15].

Although the DYRKZ1A protein was essentially pure as judged by Coomassie staining on
SDS-PAGE (Fig. 1B), we could not totally rule out the presence of another kinase
contributing to the phosphorylation event. Hence, to further confirm our findings and to
ensure that the observed phosphorylation event was mediated by DYRK1A and not a
contaminating kinase we also included an additional sample in which GLI1 + DYRK1A +
ATP was also incubated in the absence and presence of the highly selective DYRK1A
inhibitor harmine [23-25]. As before, samples were incubated for 30 min at 30 °C, run on
SDS-PAGE, gel bands excised (Fig. 2B) and tryptic phospho-peptides generated for mass
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spectrometry (study 2). Again, a number of high confidence phosphorylation sites were
identified with those phospho-peptides identified by at least 4 PSM detailed (see Table 4 in
[18]). As in study 1, the major difference between the samples was phosphorylation of the
tryptic peptide APpSISTVEPK (pSer408) with 10 of 11 peptides (MH+ [Da] =
1108.52836790125) observed only in sample 3 (Fig. 2B, GLI1+DYRK1A+ATP and see
Table 4 in [18]), not in the other samples and only once in the sample in which the DYRK1A
inhibitor harmine was included demonstrating that this phosphorylation event is mediated by
DYRKI1A. The second peptide (GPsPSFGVQPGPHDSAR) previously detected in study 1
was not detected above the 4 PSM threshold in this follow up experiment.

Defining a substrate recognition motif for DYRKZ1A has been challenging with a diversity of
sequences identified (see [26]). An /n vitro kinase substrate screen found that DYRK1A
phosphorylates peptides that have a small hydrophobic residue at the P+1 position and a
preference for arginine at P-2 to P-4 [27]. Another study found a preference by DYRK1A for
arginine at P-3 and to be “proline-directed”, with a consensus phosphorylation motif for
DYRKI1A defined as RP.X(S/T)P [22]. For the residues surrounding the Ser408 site we
identified in GLI1, there are some elements of the consensus sequence with an arginine at
position P-3 and an isoleucine at position P+1 (see Supplementary Fig. 1), although
isoleucine is classified as being a large volume hydrophobic residue [28]. In general,
DYRK1A has been observed to have a broad specificity with a number of DYRK1A
substrates having been identified that contain none of these specificity determinants [27].

Deciphering how phosphorylation promotes nuclear import is challenging [29]. Several
critical cell cycle regulators and transcription factors are phosphorylated at sites within or
adjacent to classical NLS sequences [30]. NLS classically consist of either a single cluster of
basic residues (monopartite) [31] or two clusters separated by a 10-12 residue stretch of
amino acids (bipartite) [32]. Phosphorylation within or adjacent to the NLS sequence
increases the binding affinity for importin a [29]. There is much data on the importance to
Hh signaling of NLS-mediated control of GLI proteins in non-vertebrate and vertebrates
(reviewed [33]). The transcription factor mediating Hh signaling in Drosophila, Cubitus
interruptus (Ci), has a bipartite NLS that was shown to be critical for its nuclear
accumulation [34]. Importin a.3 was shown to be a nuclear transport receptor for Ci [35],
with binding of the GLI1-importin a3 complex by importin B resulting in nuclear transport
[33]. Sequence analysis predicted two candidate NLS in GLI1 with mutation of a predicted
monopartite at residues 79-84 not affecting GLI1 localization [36]. The other predicted NLS
has been localized to the fifth zinc finger and its C-terminal flanking region (spanning
364-410) [37]. Mutation of both these predicted NLSs promoted cytoplasmic accumulation
of GLI1 [36]. The GLI1-NLS has been further defined as comprising residues 380-420 [20,
38] (Fig. 4). We have identified a DYRKZ1A phosphorylation site on GLI1 at Ser408 that
falls within this NLS sequence.

Phosphorylation of general nuclear translocation signals at three amino acid Ser-Pro-Ser
(SPS) clusters can also promote nuclear accumulation in the absence of canonical NLS [39].
DYRKI1A has also been shown to phosphorylate GLI1 in the N-terminal domain at two SPS
clusters (S102/104 and S130/32) and that this phosphorylation promotes nuclear transport of
GLI1 [40]. Further, when both SPS clusters were mutated, GLI transcriptional activity was
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not enhanced by DYRKZ1A [40]. Direct phosphorylation of Ser102 was shown by mass
spectrometry [40]. We also identified a tryptic phospho-peptide spanning this SPS
(TsPSSLVAFINSR; see Table 2 in [18]). However, in our study, this phosphorylated peptide
was detected in both the +ATP and —ATP samples suggesting basal phosphorylation.

Multiple phosphorylation events control GLI1 activity [13, 41, 42]. GLI1 can be retained in
the cytoplasm by suppressor of FUSED (SUFU) binding, the major negative regulator of
signaling by Hh, or by phosphorylation by PKA at residue Thr 374 of GLI1 [11]. SMO-
independent non-canonical activation of GLI1 by mTOR/S6K1 signaling has been reported
with S6K1 phosphorylation of GLI1 at Ser84 inhibiting SUFU binding [43]. SUFU binds
GLI directly within residues 116-125 of GLI1 [44]. The SUFU binding site falls between the
two SPS clusters identified by Schnieder et al. [40] but interestingly, although DYRK1A was
shown to promote GLI1/SUFU dissociation, it was independent of the SPS clusters [40].
Direct phosphorylation of GLI1 by the AMP-activated protein kinase (AMPK) in
medulloblastoma [45] has been shown to lead to GLI1 destabilization [46]. Three sites for
AMPK phosphorylation of GLI1 were identified in the medulloblastoma study; Ser 102, Ser
408 and Thr 1074. Interestingly, two of these sites were those identified by us herein
(Ser408) or by others (Ser102; [40]) as DYRK1A-mediated sites on GLI1. In an independent
study, phosphorylation of GLI1 by AMPK at Ser408 was shown to be inhibitory leading to
GLI1 ubiquitination and proteasomal degradation [45]. Downregulation of GLI1 expression
by AMPK has also been observed in heptacellular cancer [47].

In summary, we have followed up on those earlier studies demonstrating that DYRK1A
potentiates the nuclear translocation and transcriptional activity of GLI1 [14-17] by using
mass spectrometry to identify a site of DYRK1A-mediated phosphorylation on GLI1 at
serine 408 which is localized within the nuclear localization sequence of GLI1. This direct
DYRKI1A-GLI1 interaction within the NLS may prove to be a critical mechanism for
understanding GLI1 regulation and requires further study to delineate this activity from
those observed at the SPS site on GLI1 and that observed by AMPK at the same site. Future
experiments will assess the effect on GLI1 translocation of mutating the Ser408 site. With
DYRK1A phosphorylation predicted to activate GLI1 [15], this phospho-site (Ser408) has
the potential to be a targetable site for cancers mediated by high levels of GLI1
transcriptional activity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. We describe a novel direct DYRK1A phosphorylation site on GLI1 at Ser408.
. Harmine a selective DYRK1A inhibitor, blocks DYRK1A-mediated GLI1

phosphorylation.

. The Ser408 phospho-site is within the GLI1 nuclear localization sequence
(380-420).

. This phosphorylation site provides a potential anti-Hh therapeutic target.
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Fig. 1. Expression and purification of recombinant human GLI1 protein
FLAG-tagged GLI1 was expressed in HEK-293 cells and isolated using anti-FLAG-M2

affinity resin. (A) Western blotting with anti-GLI1 antibody. M = molecular weight markers;
Elu = elution. (B) SDS-PAGE of purified FLAG-tagged GLI1.
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B 0 0 10 1 1 APsISTVEPK |S3(Phospho) pSer 408

Fig. 2. In vitro DYRKZ1A kinase assays, gel slice isolation and phospho-mapping analysis of GLI1
Two (panels A and B) independent experiments were conducted. (A) Purified GLI1 was

incubated in kinase buffer with (or without) DYRKZ1A and in the presence or absence of
ATP. (B) Purified GLI1 was incubated in kinase buffer with (or without) DYRK1A, ATP, or
with harmine. The protein bands corresponding to GLI1 (indicated by the black rectangles)
were excised from the gels and treated with trypsin. Phospho-peptides were enriched and
subjected to mass spectrometry for peptide identification and detection of phospho-sites. (C)
Number of PSMs for APsISTVEPK phospho-peptide detected for each sample from A and
B. ND = not done.
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Fig. 3. MS/MS fragmentation spectra for the unphosphorylated and phosphorylated

APSISTVEPK GLI1 peptide

Mass spectra obtained without (A) and with (B) ATP addition during the /in vitro kinase
assay. The appearance of an additional peak with ATP is highlighted (red arrows). The mass

shift corresponds to a difference of 79.9663 Da or 1 phosphorylation event.
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Fig. 4. Schematic of GLI1 domains and identified DYRK1A phosphorylation sites
The DYRK1A-mediated GLI1 phospho-peptide (residues 406-415) spanning the Ser408 site

is highlighted in yellow and falls within the NLS. The two fragments of GLI1 (N-terminal
(1-225) and C-terminal (394-1106)) shown previously by Mao et al. [15] to be
phosphorylated by DYRKZ1A are shown bracketed (*). Dn — degron degradation signal; SU —
SUFU-binding domain; ZF — Zinc finger DNA binding domain; NES — Nuclear export
signal; NLS — Nuclear localization signal; TN - Transactivation domain. Residue numbering
and domain designations based on Carpenter and Lo 2013 [20].

Biochem Biophys Res Commun. Author manuscript; available in PMC 2018 September 23.



	Abstract
	1. Introduction
	2. Materials and methods
	2.1 Materials
	2.2 Preparation of GLI1 protein and western blotting
	2.3 In vitro kinase assay and gel slice isolation
	2.4 Mass spectrometry analysis

	3. Results and discussion
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4

