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Abstract
The posttranslational modification (PTM) of tubulin subunits is important for the physiological functions of the microtubule 
(MT) cytoskeleton. Although major advances have been made in the identification of enzymes carrying out MT-PTMs, little 
knowledge is available on how intercellular signaling molecules and their associated pathways regulate MT-PTM-dependent 
processes inside signal-receiving cells. Here we show that Hedgehog (Hh) signaling, a paradigmatic intercellular signal-
ing system, affects the MT acetylation state in mammalian cells. Mechanistically, Hh pathway activity increases the levels 
of the MT-associated DYRK1B kinase, resulting in the inhibition of GSK3β through phosphorylation of Serine 9 and the 
subsequent suppression of HDAC6 enzyme activity. Since HDAC6 represents a major tubulin deacetylase, its inhibition 
increases the levels of acetylated MTs. Through the activation of DYRK1B, Hh signaling facilitates MT-dependent processes 
such as intracellular mitochondrial transport, mesenchymal cell polarization or directed cell migration. Taken together, we 
provide evidence that intercellular communication through Hh signals can regulate the MT cytoskeleton and contribute to 
MT-dependent processes by affecting the level of tubulin acetylation.

Keywords Hedgehog · SHH · DYRK1B · HDAC6 · GSK3β · Microtubules · Acetylation · Organelle transport · Cell 
migration

Abbreviations
DYRK1B  Dual specificity-regulated kinase 1B (a.k.a. 

MIRK)
Hh  Hedgehog
SHH  Sonic Hedgehog
GLI1  Glioma-associated oncogene 1
GSK3β  Glycogen synthase kinase 3 beta

HDAC6  Histone deacetylase 6
MT  Microtubule
AcTub  Acetylated α-tubulin
SAG  Smoothened agonist
SANT  Smoothened antagonist
MTOC  Microtubule (MT) organizing center

Introduction

The microtubule (MT) cytoskeleton is crucial for a vast num-
ber of cellular processes including signal transduction, orga-
nelle transport, mitosis and cell migration. A major mode 
of MT regulation is through posttranslational modification 
(PTM) such as acetylation, phosphorylation, polyglycyla-
tion, polyglutamylation and others [34, 48, 80]. One of the 
best-studied modifications is acetylation, which can occur 
on Lys40 of the α-subunit of the α/β heterodimer within 
MTs [35]. Acetylated α-tubulin (AcTub) is often associated 
with stable and long-lived MTs, such as those observed, 
e.g., in primary cilia. Although initial speculations about 
tubulin PTMs affecting transport velocity along MTs were 
questioned later, these modifications seem to determine the 
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binding specificity of selected motor proteins and thereby 
facilitate the transport of certain cargoes along MT tracks 
[10, 30, 61, 78]. Indeed, increasing tubulin acetylation has 
been shown to promote MT-directed mitochondrial transport 
in neurons [13] and to compensate for vesicular transport 
deficits in a cellular model of Huntington’s disease [21]. 
Moreover, recent data show that acetylation protects MTs 
from mechanical breakage, which might affect transport pro-
cesses indirectly [58, 81].

Key enzymes regulating MT acetylation are α-tubulin 
acetyl transferase (ATAT, a.k.a. αTAT1 or MEC17) and his-
tone deacetylase 6 (HDAC6), which add or remove acetyl 
groups from α-tubulin, respectively [2, 32, 53]. HDAC6 is a 
multifunctional protein with sequence homology to nuclear 
HDACs, deacetylating many non-histone proteins such 
as tubulin [46]. It is involved in a wide variety of cellular 
processes including signal transduction [18, 20, 49, 70], 
aggresome formation [8, 37], stress granule biology [40] 
and gene transcription [12].

Although a lot of information about the enzymes gov-
erning tubulin PTMs has been gathered in recent years, 
comparatively little knowledge is available about how this 
cytoskeletal regulation is controlled by signaling networks. 
This information would be of particular interest as signaling 
pathways are perfectly suited to sense extracellular condi-
tions and to translate these cues into modifications of the 
intracellular cytoskeleton.

One example of such a signaling system is the evolution-
ary conserved Hedgehog (Hh) pathway. Hedgehog signaling 
is absolutely essential for proper embryonic development [9, 
50] and its overactivation is associated with numerous forms 
of cancer [5, 44, 55]. In many instances, during develop-
ment, tissue repair or cancer, Hh ligands (Sonic Hh (SHH), 
Desert Hh (DHH), Indian Hh (IHH)) signal from epithelial 
to neighboring mesenchymal cell types [65, 71]. Binding 
to the primary cilia-localized Patched1 (PTCH1) receptor 
releases Smoothened (SMO) from PTCH1-mediated inhi-
bition and allows for the activation of the GLI family of 
transcription factors (GLI1, GLI2, GLI3) [1, 27, 33, 63, 
64]. While Hh signaling has been shown to affect the actin 
cytoskeleton [6, 56, 57, 67], very little is known about its 
effects on the MT network. It is well appreciated that MTs 
and MT-associated transport proteins regulate Hh signaling, 
mostly through their crucial roles in primary cilia [15, 39, 
62], but how Hh impacts on MTs is less studied [42].

In this work, we show that activated Hh signaling pro-
motes the acetylation of microtubules and contributes to 
AcTub-dependent processes such as cell polarization, migra-
tion or organelle transport. Mechanistically, we identify the 
Hh-regulated DYRK1B kinase as a negative modulator of 
GSK3β, leading to the suppression of HDAC6 enzyme activ-
ity and an increase in tubulin acetylation. Using biochemi-
cal assays as well as super-resolution microscopy, we could 

further show that DYRK1B, GSK3β and HDAC6 are associ-
ated to MTs. In summary, using Hh signaling as a paradigm, 
we describe a mechanistic framework how intercellular com-
munication can impinge on cytoskeletal regulation and cell 
function.

Results

Hedgehog signaling regulates tubulin acetylation

In line with a previous report [42], we found that Hh signal-
ing promotes the increase of α-tubulin acetylation in fibro-
blasts, a cell type representing a major Hh-responsive cell 
population in vivo. When NIH3T3 cells, cultured under low 
serum conditions, were treated with the Hh pathway-activat-
ing synthetic compound SAG (Smoothened agonist) [11], 
we observed an induction of acetylated tubulin (AcTub) in 
immunofluorescence (Fig. 1a, b) and in Western blotting 
experiments (Fig. 1c, d). This AcTub increase positively 
correlated with the induction of the Hh pathway target Gli1 
and the levels of the dual-specificity tyrosine (Y)-regulated 
kinase 1B (Dyrk1b, a.k.a. as Mirk) [51] which we have 
previously shown to be upregulated by Hh signaling [72] 
(Fig. 1c, d). However, Dyrk1b mRNA levels were not sig-
nificantly affected by Hh signaling in these cells, as were 
the levels of AcTub regulating enzymes such as Hdac6 and 
Mec17 (αTat1) (Fig. S1A), arguing for a posttranscriptional 
regulation of Dyrk1b by Hh.

Furthermore, Hh-induced tubulin acetylation and Dyrk1b 
induction was also observed in other fibroblast cells such 
as in SAG-treated mouse embryonic fibroblasts (MEFs) 
(Fig. 1e), demonstrating that this effect was not restricted to 
NIH3T3 cells. To rule out a Hh-unrelated effect of the com-
pound SAG, we investigated MEF cells stably expressing 
SHH ligand  (MEF[SHH] cells [47]) and found that pathway 
inhibition with the SMO inhibitor SANT [11] concomitantly 
reduced the levels of AcTub and Dyrk1b (Fig. 1f). Based 
on these experiments, we hypothesized that Dyrk1b could 
be involved in mediating all or some of the effects of Hh on 
AcTub.

To demonstrate that the Hh-induced AcTub increase was 
indeed mediated through Dyrk1b, we knocked down endog-
enous Dyrk1b by means of RNAi in MEF cells. As can be 
seen in Fig. 1g (and Fig. S1B), the SAG-mediated increase 
in acetylated tubulin could be fully blocked upon depletion 
of Dyrk1b. In support of our finding of Hh-regulated tubu-
lin acetylation, the elevated AcTub levels previously seen 
in  MEF[SHH] cells could be reduced by siRNA transfection 
targeting Dyrk1b (Fig. 1h). These experiments suggest that 
Hh signaling increases Dyrk1b protein levels by post-tran-
scriptional mechanisms leading to a rise in Dyrk1b-mediated 
tubulin acetylation.
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The expression of DYRK1B is sufficient for AcTub 
induction

Given the cross-talk between Hh signaling and tubulin acety-
lation, we were interested to address the role of DYRK1B in 
more detail. To this end, we generated NIH3T3 cells stably 
expressing a V5-tagged form of this kinase  (NIH3T3[DYRK1B] 
cells). Intriguingly, these cells displayed a strikingly 

different morphology in culture when compared to control 
cells (Fig. 2a). While control cells  (NIH3T3[Mock]) possessed 
the expected elongated, spindle-shaped morphology of mes-
enchymal cells, the DYRK1B-overexpressing cells had much 
smaller and rounder cell bodies with longer cellular exten-
sions, suggesting a potential cytoskeletal effect induced by 
the increased DYRK1B expression. Indeed, when analyz-
ing the levels of AcTub in these cells, we found strikingly 

Fig. 1  Hh signaling increases levels of DYRK1B and tubulin acetyla-
tion. a Immunofluorescent AcTub (green) staining of NIH3T3 cells 
treated with either DMSO, smoothened agonist SAG (100  nM) or 
SAG plus SANT1 (200 nM). Scale bars equals 10 µm. Blue = DAPI 
staining. b Quantification of AcTub intensities as shown in a. Plot-
ted is the AcTub fluorescence intensity per cell measured in 14–16 
different viewing fields from three independent experiments. In total, 
at least 220 cells were analyzed per condition. c Western blot of 
NIH3T3 cell lysates treated with SAG. Shown is a representative blot 
of three. d Quantification of (C) (mean of n = 3 ± SD). Values were 

normalized to GAPDH levels or total α-Tubulin (aTub). e Western 
blot of MEF lysates treated with SAG (100 nM, 48–72 h). Shown is 
one blot of two. f Western blot of MEF cell lysates stably expressing 
SHH  (MEF[SHH] cells). Cells were treated with the SMO antagonist 
SANT to block Hh signaling. Shown is a representative blot of three. 
g Western blot of MEF cell lysates transfected with control siRNA or 
with Dyrk1b-specific siRNA. Cells were treated with SAG (100 nM, 
48 h). Shown is one blot of two. h Western blot depicting the changes 
in AcTub levels after RNAi-mediated knock-down of Dyrk1b in 
 MEF[SHH] cells. Shown is one blot of two independent experiments
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Fig. 2  DYRK1B expression is sufficient to augment tubulin acetyla-
tion. a Bright field images of NIH3T3 cells stably expressing mock 
control (empty vector) or DYRK1B. Scale bar 50 µm. b Western blot 
of NIH3T3 cells stably expressing DYRK1B or empty vector con-
trol (mock) showing the expression levels of the indicated proteins. 
Shown is one representative blot of four. c AcTub immunofluores-
cence image (green) of control NIH3T3 (mock) or of cells with sta-
ble DYRK1B expression. d Quantification of the results obtained in 
c. Shown is the mean of n = 5± SD. AcTub = Acetylated α-tubulin. 
e Acetylated tubulin staining (green) in human Hela cells stably 
expressing DYRK1B or empty vector control (mock). Blue = Nuclei. 

Scale bar 100 µm. f Western blot verifying DYRK1B-V5 overexpres-
sion of cells depicted in e. g Quantification of AcTub intensities of 
cells shown in e. Shown is the mean of n = 4 ± SD. h In vitro HDAC6 
enzyme assay (mean of n = 3 ± SD). Endogenous HDAC6 protein was 
immunoprecipitated from Hela cells stably expressing empty vec-
tor control (mock) or DYRK1B. HDAC6 activity was subsequently 
measured with a luminometric HDAC assay. Values were normalized 
against western blot band intensities of immunoprecipitated HDAC6 
(see inset as example). The selective HDAC6 inhibitor Cay10603 
(100 nM) was used as a positive control
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elevated levels of acetylated tubulin (Fig. 2b–d), showing 
that the mere overexpression of DYRK1B can lead to AcTub 
induction. Interestingly, we could not observe increased 
levels of AcTub upon transfection of other DYRK family 
members such as DYRK1A, DYRK2 or DYRK3 (Fig. S2A). 
In addition, expression of a kinase-dead DYRK1B mutant 
was unable to induce tubulin acetylation, suggesting that 
DYRK1B’s kinase activity is required for the effect (Fig. 
S2B).

Intriguingly, DYRK1B-induced acetylated MTs were 
more resistant to the depolymerizing activity of Nocodazole 
(Fig. S2C,D), which is in line with a previous report describ-
ing a protective function of DYRK1B against Nocodazole 
[17]. We furthermore investigated whether an increased 
DYRK1B expression might affect the morphology of pri-
mary cilia, a cellular organelle rich in AcTub and essential 
for proper Hh signal transduction [25, 59]. However, using 
immunofluorescent staining with an α-detyrosinated tubu-
lin antibody (a primary cilia marker) as well as by electron 
microscopy, we were unable to detect gross morphologi-
cal aberrations in the (ultra)structure of primary cilia upon 
DYRK1B overexpression (Fig. S2E).

Next, we went on to investigate whether the finding of 
increased AcTub levels in DYRK1B-expressing cells was 
specific to fibroblasts. As can be seen in Fig. 2e–g, we 
could recapitulate these observations also in Hela cells sta-
bly transfected with DYRK1B  (Hela[DYRK1B] cells). Since 
HDAC6 is known as a major negative determinant of the 
tubulin acetylation status, we used the  Hela[DYRK1B] cells 
to investigate whether DYRK1B expression would dimin-
ish the overall HDAC6 enzyme activity when compared to 
control cells. We immunoprecipitated endogenous HDAC6 
from control and from DYRK1B-expressing Hela cell lines 
and subjected the precipitate to a luminometric in vitro dea-
cetylase assay. Indeed, the HDAC6 enzyme activity (normal-
ized to the amount of total HDAC6 protein precipitated) was 
significantly lower (by about 40%) in DYRK1B-expressing 
cells. This difference was blunted when a HDAC6-selective 
inhibitor (Cay10603) was co-applied to the deacetylase 
assay (Fig. 2h). Taken together, these experiments demon-
strate that the increased expression of DYRK1B is suffi-
cient to elicit MT acetylation in the absence of Hh receptor 
activation. Furthermore, increased DYRK1B levels result 
in functional downregulation of HDAC6, a known master 
regulator of MT acetylation.

DYRK1B phosphorylates the inhibitory Ser9 site 
of GSK3β

In our attempts to decipher the mechanistic link between 
DYRK1B and HDAC6, we speculated that the DYRK1B 
kinase might directly phosphorylate HDAC6. To address 
this issue, we performed in vitro kinase assays with both 

proteins but failed to observe a direct phosphorylation 
(not shown), which prompted us to hypothesize an indi-
rect mechanism. One example of such a mechanism would 
envision that DYRK1B does not phosphorylate HDAC6 
directly, but instead phosphorylates one of the several 
HDAC6-regulating proteins. To this end, we focused on 
glycogen synthase kinase 3 β (GSK3β), which had previ-
ously been shown to regulate HDAC6 in a stimulatory 
manner [13] and is inhibited by DYRK1A in neurons and 
adipocytes [73].

Hence, we wanted to find out whether Hh/DYRK1B 
would inhibit GSK3β, thereby indirectly leading to the 
suppression of HDAC6 activity. To this end, we first inves-
tigated whether Hh signaling modulates Gsk3β. In fact, 
Western blot analyses of lysates from SAG-treated cells 
revealed that Hh activity promotes the phosphorylation 
of Ser9 (Fig. 3a), an important regulatory residue known 
to control phosphorylation-induced Gsk3β inactivation. 
In contrast, blocking Hh pathway activity in continuously 
SHH-expressing cells reduced the levels of phospho-
Gsk3βS9 (Fig. 3b).

Next, we investigated whether Dyrk1b plays a role in 
Hh-induced Gsk3β phosphorylation and found that RNAi-
mediated knock-down of endogenous Dyrk1b resulted in 
a concomitant reduction of phospho-Gsk3βS9 levels in 
 MEF[SHH] cells (Fig. 3c) and in SAG-exposed NIH3T3 
cells (Fig. S3A). In addition, the pharmacological block-
ade of Dyrk1b with the selective inhibitor AZ191 [3] 
reduced phospho-Gsk3βS9 and AcTub levels in SAG-
treated cells (Fig. 3d) as well as in cells constitutively 
expressing SHH (Fig. S3B). Moreover, the stable expres-
sion of DYRK1B (in the absence of Hh signaling) was suf-
ficient to induce Gsk3β phosphorylation (Fig. 3e), sug-
gesting a close functional connection between these two 
players. In agreement with the above findings, transfec-
tion of kinase competent, but not of kinase-dead DYRK1B 
promoted Gsk3β phosphorylation (Fig. S3C). Encouraged 
by these results, we performed in vitro kinase assays and 
found that recombinant DYRK1B was able to phospho-
rylate immunoprecipitated GSK3β on Ser9 under in vitro 
conditions (Fig. 3f). In line with the idea that phosphoryla-
tion on Ser9 renders GSK3β inactive, we could find that 
pharmacological inhibition of endogenous GSK3β also 
increased AcTub levels in cells (Fig. S3D). Furthermore, 
overexpression of a non-phosphorylatable GSK3β mutant 
(GSK3βS9A) reduced the induction of AcTub by DYRK1B 
(Fig. S3E and S3F).

In summary, we could provide evidence that Hh signal-
ing, through upregulation of Dyrk1b, inactivates Gsk3β 
by phosphorylation on the important control residue Ser9. 
This subsequently inhibits Hdac6 enzyme activity, leading 
to an increase in cellular AcTub levels.
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DYRK1B is associated with the MT cytoskeleton

Since our data suggested that DYRK1B regulates tubulin 
acetylation and since it was known that HDAC6 and GSK3β 
are localized to MTs [32, 75, 83, 84], we were interested 
whether Dyrk1b would also be associated to MTs. To ana-
lyze this issue in more depth, we performed biochemical 
MT-association assays (MTaa) using control or SAG-treated 
NIH3T3 cells to purify protein fractions bound to polym-
erized MTs. As can be seen in Fig. 4a, a fraction of total 
Dyrk1b (as well as Gsk3β which was included as positive 
control) could consistently be found in the pelleted frac-
tion (‘MT’) containing polymerized MTs. Stimulation with 
the SMO agonist SAG led to increased levels of MT-bound 
Dyrk1b, which was, however, most likely the result of an 
overall increase in protein amount and not due to a specific 
recruitment to MTs.

To support the MT-localization of DYRK1B by an inde-
pendent technical approach, we performed sub-diffraction 

super-resolution microscopy (GSD-ground state deple-
tion microscopy) and were able to visualize transfected 
V5-tagged DYRK1B on endogenous MTs (Fig.  4b) 
in human fibroblasts (PSC). As shown in figure S4A, 
DYRK1B also regulates AcTub levels in these cells. In 
addition, super-resolution microscopy also revealed the 
localization of endogenous DYRK1B on single MT tracks 
in Hela cells (which were used here since the endogenous 
DYRK1B levels in PSC cells were difficult to visualize 
by microscopy) (Fig. 4c). As a positive control of another 
protein previously reported to be MT-associated, we were 
able to detect endogenous HDAC6 on defined MT tracks 
in PSC fibroblasts (Fig. 4d). Taken together, using bio-
chemical as well as microscopic techniques we could pro-
vide evidence for DYRK1B being associated with MTs, 
the expected subcellular localization for a MT-regulating 
protein.

Fig. 3  Hh and DYRK1B inactivate GSK3β by Ser9 phosphorylation. 
a Western blot example of n = 2 independent experiments showing 
phospho-Gsk3βS9 levels after SAG induction. b Western blot data 
and the corresponding phospho-Gsk3βS9 quantification (mean of 
n = 3 ± SD) of  MEF[SHH] cells treated with the SMO inhibitor SANT 
(200 nM, 48–72 h). c  MEF[SHH] cell lysates transfected with control 
siRNA (siCon) or with Dyrk1b-directed siRNA (si1B). Shown is one 
representative blot of three. d Western blot of NIH3T3 lysates. Cells 
were pre-treated with SAG (100 nM) for 48 h prior to addition of the 

DYRK1B inhibitor AZ191 (AZ, 0.1 or 0.5 µM) for 3 h. e Quantifica-
tion of Phospho-Gsk3βS9 levels in NIH3T3 stably expressing empty 
vector (mock) or V5-tagged DYRK1B in two different serum concen-
trations (mean of n = 3 ± SD). Inset: one representative blot. f Quanti-
fication of in vitro kinase assays with recombinant DYRK1B enzyme 
and immunoprecipitated GSK3β. Shown is the mean of n = 3 ± SD. 
Rec.1B = Recombinant DYRK1B. The inset depicts a representative 
blot
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Hh signaling enhances the intracellular transport 
of mitochondria

After having investigated mechanistic aspects of the 
Hh-DYRK1B-GSK3β-HDAC6-AcTub axis, we wanted to 
address the functional consequences of this chain of events. 
To this end, we investigated different cellular processes 
which have been described as being dependent on MTs and 
which are potentially influenced by MT-PTMs: Intracellular 
mitochondrial transport and mesenchymal cell polarization 
coupled with directed cell migration. First, we analyzed MT-
dependent mitochondrial transport where tubulin acetylation 
had been shown to facilitate organelle motility in neurons 
[13]. To investigate whether Hh signaling affects mitochon-
drial transport, we generated NIH3T3 cells stably expressing 
fluorescent Dendra protein fused to a mitochondrial targeting 
sequence derived from human cytochrome c oxidase subunit 
8a  (NIH[Cox8a-Dendra] cells). The mitochondrial expression of 
this fusion protein was verified by its perfect co-localization 

with MitoTracker (Fig. 5a). In addition, we also verified the 
SAG- and Dyrk1b-dependent regulation of AcTub levels in 
these cells (Fig. 5b).

Using live cell imaging on the  NIH[Cox8a-Dendra] cells, we 
first demonstrated that MT depolymerization by means of 
Nocodazole addition significantly reduced the overall dis-
tance (track length) and the speed of labelled mitochondria, 
verifying the importance of MT-dependent transport in this 
process (Fig. S4A, B). In addition, when we plotted the mean 
square displacement (MSD) rate as a quantitative measure 
for directionality [4], we observed a decreased directionality 
in mitochondrial transport, as would be expected in a situa-
tion in which the MT tracks have been destroyed (Fig. S4C).

Next, we investigated the impact of Hh activation 
(SAG), Dyrk1b inhibition (AZ191) and Hdac6 inhibition 
(ACY-1215 [66]) on mitochondrial transport. We decided 
to measure a longer time frame (3 h) than in the previous 
Nocodazole experiment, with less resolution to get an idea of 
physiologically meaningful intracellular distances (although 

Fig. 4  DYRK1B is associated with microtubules. a Microtubule-
association assay (MTaa) of lysates derived from control NIH3T3 
cells or of cells treated with SAG (100 nM, 48 h). WCE whole cell 
extract, Nuc nuclear fraction, Cyt cytoplasmic fraction, MT polymer-
ized MT-containing pellet. The levels of endogenous Hdac6 in con-
trol NIH3T3 cells were too low to be detected by Western blotting. 
Histone H3 (marker for nuclear fractions) and β-Actin was included 
to demonstrate purity of fractions. Shown is one representative exper-
iment of n = 3. b Super resolution images by means of ground state 

depletion (GSD) microscopy showing transiently transfected human 
PSC cells. Left panel: mock-transfected; right panel: DYRK1B-V5 
transfected. Red = endogenous β-tubulin. Green = V5-antibody. The 
orientation of microtubules is indicated as faint white dotted lines in 
the insets. A scale bar of 2.5 µm is given. c GSD-image of non-trans-
fected Hela cells. Red = endogenous α-tubulin. Green = endogenous 
DYRK1B. d GSD-image of non-transfected PSC cells. Red = endog-
enous α-tubulin. Green = endogenous HDAC6. The soluble cytoplasm 
has been washed out before in this experiment
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this meant that we might not have recorded all short lateral 
movements). Nevertheless, our recordings clearly showed 
that when compared to untreated control cells, SAG stimu-
lation significantly increased the overall track length of 

transported mitochondria (Fig. 5c). Importantly, this effect 
could be completely abrogated by co-application of the 
Dyrk1b antagonist AZ191 (Fig. 5c). In line with the hypoth-
esized function of acetylated tubulin in organelle mobility, 

Fig. 5  Hh signaling facilitates organelle transport. a Confocal image 
of NIH3T3 cells stably expressing a Cox8a-Dendra2 fusion con-
struct  (NIH[Cox8a-Dendra]; green). In addition, cells were co-stained 
with MitoTracker (red). Nuclei appear in blue. Scale bar represents 
10 µm. b Levels of Dyrk1b and acetylated tubulin in SAG (100 nM, 
48 h)- and AZ191 (DYRK1B inhibitor, 0.5 µM for last 2 h)-treated 
 NIH[Cox8a-Dendra] cells. c Track length of mitochondria movement over 
a 3 h time window in  NIH[Cox8a-Dendra] cells. Shown is one representa-
tive experiment (×20 objective) measuring three different cells of 
n = 4 independent experiments. At least 500 events were recorded for 
each condition. Drug concentrations were: ACY-1215 (ACY, HDAC6 

inhibitor) 10  µM; SAG 100  nM; AZ191 0.5  µM (all in 0.5%FBS). 
d Speed of mitochondria movement over a 3  h time window in 
 NIH[Cox8a-Dendra] cells. Shown is one representative experiment (×20 
objective) measuring three different cells of n = 4 independent experi-
ments. At least 500 events were recorded for each condition. Drug 
concentrations were: ACY-1215 (ACY) 10 µM; SAG 100 nM; AZ191 
0.5 µM (all in 0.5% FBS). e Mean square displacement (MSD) over 
time. Shown is the MSD calculation (exponential curve fitting) of 
the experiment depicted in c, d. An increase in directed transport is 
reflected as an increased slope
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the mere induction of AcTub levels by the small molecule 
Hdac6 inhibitor ACY-1215 also led to a significant increase 
in mitochondrial track length. In addition, also the mito-
chondrial transport speed was significantly increased by 
ACY-1215 and there was a trend towards increased speed 
with SAG application. Again, pharmacological blockade of 
Dyrk1b resulted in a clear reduction in mitochondria trans-
port speed in SAG-treated cells (Fig. 5d). These conclusions 
could be verified by knocking down endogenous Dyrk1b 
which, as expected, negatively affected mitochondrial trans-
port length and speed (Fig. S5D, S5E).

Plotting the MSD revealed that Hh signaling (SAG) 
increased the directed movement, whereas the co-application 
of AZ191 completely abrogated this surplus in directionality 
(Fig. 5e). Moreover, inducing tubulin acetylation by phar-
macological Hdac6 inhibition (ACY-1215) also led to more 
directionality in mitochondrial transport, strongly suggest-
ing that these effects are largely mediated through tubulin 
acetylation. In summary, we could provide evidence for Hh 
signaling enhancing MT-based intracellular organelle trans-
port and for a critical role of Dyrk1b in this process.

Hh promotes cell polarization and directed 
migration through DYRK1B

In our attempts to link Hh signaling, DYRK1B and MT-
PTMs to physiological events, we next turned to another 
MT-dependent process: The polarization of migrating mes-
enchymal cells, a process which can be recapitulated in 
in vitro wounding assays. In confluent cultures of fibroblasts, 
cells are usually not polarized towards a particular direc-
tion and the microtubule organizing center (MTOC) can be 
found randomly localized around the nucleus. However, if a 
scratch wound is applied to the cultured monolayer, cells at 
the border re-orient their MTOC towards the wound. This 
sequence of events requires, among others, inactive GSK3β 
and the MT-bound motor protein dynein [23, 26, 28, 45]. 
In addition, cell polarization and the subsequent directed 
cell migration toward the wound need the stabilization of 
MTs [28].

Therefore, we performed in vitro wounding assays in con-
fluent fibroblast cultures and stained for the MTOC (using an 
α-pericentriolar material 1 (PCM-1) antibody) and the MT 
cytoskeleton (α-αTub antibody). As can be seen in Fig. 6a, 
b (and S6A), induction of Hh signaling by SAG led to an 
increase in cell polarization towards the wound. Increased 
cell polarization was also observed with the independent MT 
stabilizer ACY-1215 (Hdac6 inhibitor) (Fig. 6a, b). In line 
with our previous results on the involvement of Dyrk1b in 
AcTub regulation, we found that blocking Dyrk1b function 
with AZ191 abrogated the Hh-mediated mesenchymal cell 
polarization (Fig. 6c).

As the polarization of mesenchymal cells is the first step 
for directed migration into, e.g., wounded areas, we tested 
the impact of Dyrk1b inhibition on Hh-driven scratch wound 
closure using live cell imaging (Fig. 6d). As expected, when 
compared to control cells, SAG promoted the migration of 
NIH3T3 fibroblasts into an in vitro wound (Fig. 6e). When 
AZ191 was co-administered, this increase in migratory 
potential was blunted. Importantly, similar findings were 
made when endogenous DYRK1B was removed by genetic 
means using RNAi (Fig. S6B). These data demonstrate an 
important role for Dyrk1b in Hh-induced fibroblast polariza-
tion, cell motility and experimental wound closure.

Discussion

A considerable amount of data has been accumulated on 
the mechanisms of MT-dependent cellular processes such as 
intracellular transport and mitosis, but little knowledge exists 
on how extracellular ligands actually modulate cytoskeletal 
events. Here, we show that Hh signaling has the capabil-
ity to affect MT acetylation and MT-dependent processes 
through induction of DYRK1B. In contrast to many other 
kinases, DYRKs are mainly regulated through their overall 
abundance. Even small changes in total DYRK amount can 
have significant impact on cellular functions, as evidenced 
for instance by the devastating contributing effects of the 
1.5-fold increase in DYRK1A levels on neuronal and brain 
development in Down syndrome (Trisomy 21) patients 
[22]. As such, we anticipate that also moderate Hh-induced 
DYRK1B increases could have larger impact on cellular pro-
cesses, such as tubulin acetylation. We are, however, also 
aware of the fact that highly complex processes such as cell 
migration involve numerous regulators on several cellular 
levels and that the posttranslational modification of tubulin 
most likely exerts a modifying role and is not the sole cause 
of these processes.

Nevertheless, DYRK1B has previously been identified 
as a potent promigratory gene in ovarian cancer cells [14], 
which often harbor a 19q13 chromosomal DYRK1B-contain-
ing amplicon or display elevated expression of this kinase 
by other means [24]. In addition, work in pancreatic can-
cer revealed that DYRK1B can protect cells from the MT-
depolymerizing agent Nocodazole [17]. Our data provide a 
mechanistic explanation for these observations and present 
evidence for the role of this kinase in regulating MT acetyla-
tion. We find that a fraction of the cellular DYRK1B pool is 
localized to the microtubule cytoskeleton. Functionally, it 
inactivates GSK3β by direct phosphorylation of Ser9, lead-
ing to the indirect suppression of HDAC6 enzyme activity, 
a major cellular regulator of tubulin acetylation. Since both, 
GSK3β and HDAC6 can also associate to MTs, it is reason-
able to speculate that these proteins form a functional unit 
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at or around MTs (Fig. 6f). The elucidation of how exactly 
HDAC6 is regulated by GSK3β awaits further studies. More-
over, additional HDAC6 regulators are known [82] and we 
cannot fully rule out that modulators other than GSK3β also 

play a currently unidentified role in Hh-mediated regulation 
of tubulin acetylation.

Of note, we have previously shown that DYRK1B is 
able to manipulate PI3K/AKT signaling, which itself is 

Fig. 6  Hedgehog promotes mesenchymal cell polarization and 
cell migration. a Microscopic determination of NIH3T3 fibroblast 
polarization by means of MTOC (PCM1, red) and α-tubulin (green) 
staining. Nuclei appear in blue. The orientation of the scratch is 
indicated by a white dashed line. Positive polarization towards the 
wound is indicated by a white asterisk. For experimental details see 
materials and methods section. b Quantification of the polarization 
experiment depicted in e (mean of n = 3 ± SD). SAG (SMO agonist, 
100 nM); ACY-1215 (HDAC6 inhibitor, 10 µM). c Fraction of polar-
ized NIH3T3 fibroblasts, pre-treated with SAG (100 nM) for 2d, fol-
lowed by scratch wounding. DMSO or AZ191 (Dyrk1b inhibitor, 
0.5 µM) was added 30 min before the scratch. Shown is the mean of 

n = 3 ± SD. d Example of scratch wounds in confluent NIH3T3 cul-
tures directly after scratching (Start, left), after approx. 9.5  h (Mid, 
middle) or at the end (approx. 20 h, right panel). The border is out-
lined by a dashed line. AZ = AZ191 (1  µM). e Relative wound clo-
sure over time as assessed by live cell recording. One representative 
example of three is shown. AZ = AZ191 (1 µM). f Schematic depic-
tion of the findings described in this manuscript. Left panel: With-
out Hh stimulation. Right panel: With Hh stimulation. Not shown is 
the possibility that Hh/SMO might also activate AKT, leading to an 
additional route of GSK3β regulation. DYRK1B can also functionally 
interact with AKT
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subject to intense feedback control mechanisms [72]. As 
AKT can potentially phosphorylate GSK3β independently 
of DYRK1B, this complex network of signaling molecules 
could complicate the predictability of the net effect of tubu-
lin acetylation, particularly at time points at which feedback 
mechanism are still at play. Adding to this situation are 
somatic mutations activating the PI3K/AKT kinase arm in 
a constitutive manner as found in many cancer cells.

Supporting and extending previously published evidence 
on Hh-regulated tubulin regulation [42], our manuscript 
integrates this regulation into a wider mechanistic frame-
work ranging from Hh ligands to modulation of intracel-
lular cytoskeletal outputs. In this respect, it is interesting to 
note that both Hh signaling as well as HDAC6 inhibition/
MT acetylation were found to drive Interleukin-10 produc-
tion [43, 79]. Furthermore, DYRK1B and HDAC6 seem to 
be regulatory components of the Hh cascade itself, raising 
the possibility for cytoskeleton-mediated autoregulation of 
the pathway [20, 29, 41]. If and to what extent acetylation-
dependent transport processes along ciliary and non-cili-
ary MTs modulate canonical Hh signaling awaits further 
investigation.

Our results of Hh-mediated MT control through effects 
on tubulin PTMs, and not through effects on, e.g., motor 
proteins, add a new layer of complexity to the regulation of 
directed cell migration, a process involving a large number 
of proteins. Whether these effects utilize the canonical Hh 
signaling cascade or whether other ‘non-canonical’ mecha-
nisms are responsible requires further studies. Certain non-
canonical mechanisms at several levels have been reported 
to modulate Hh-induced cell migration, such as non-cili-
ary SMO and/or GLI-independent regulation of the actin 
cytoskeleton [6, 7, 56, 57].

Another interesting finding of this study is the fact that 
Hh signaling promotes the transport of mitochondria along 
MTs in non-neuronal cells such as fibroblasts. Until now, 
MT-based mitochondrial motility has been mostly investi-
gated in neuronal cells, where long axons necessitate the 
transport of mitochondria to distant sites for local ATP pro-
duction [68]. However, there is emerging evidence that the 
subcellular localization of mitochondria is also important 
for cell migration in non-neuronal cells [19]. In addition, 
the first links between mitochondrial dynamics and cellu-
lar metabolism are considered [52]. In light of the fact that 
DYRK1B has recently been associated with the metabolic 
syndrome [31, 38], a potential role of mitochondria will 
be interesting to follow up. Furthermore, Hh signaling has 
been implicated in controlling the functionality of the T cell 
immunological synapse, a structure relying, among others, 
on motor protein driven mitochondrial transport [16, 60].

In summary, we present a mechanistic framework how 
extracellular Hh ligands can modulate the PTM status of 
MTs and can subsequently contribute to the regulation of 

intracellular MT-dependent processes such as cell polariza-
tion, migration and organelle transport.

Materials and methods

Cell lines

NIH3T3 and HeLa cell lines were purchased from ATCC. 
MEF and  MEF[SHH] cells were kindly provided by Wade 
Bushman [47]. PSC cells were a kind gift of M. Löhr [36]. 
The generation of NIH3T3 cells stably expressing empty 
vector control or DYRK1B was described in [72]. All cell 
lines were mycoplasma-free and were cultured in Dulbecco’s 
Modified Eagle Medium (DMEM (high Glucose plus Glu-
tamine and Pyruvate), Invitrogen) supplemented with 10% 
fetal bovine serum (FBS) and 1% penicillin/streptomycin 
at 37 °C with 5%  CO2. If not otherwise stated, serum con-
centrations were reduced to 0.5% during experiments for 
all cell types.

Plasmid transfection

NIH3T3 cells were transfected with TransIT-2020 (Mirus 
Bio) according to the manufacturer’s protocol. The following 
plasmids were employed: EF1α-promoter driven DYRK1B 
and kinase-dead  DYRK1BY271F/Y273F (DYRK1B(YF)) 
expression constructs [72]; H2B-mCherry (Addgene 
#20972) [54]; dominant active GSK3βS9A (Addgene #14754) 
[74].

Small‑interfering RNA (siRNA) transfection

Cells were transfected with 35 nM siRNA (Dharmacon 
SMARTpools and Qiagen control siRNA using RNAiMax 
(Invitrogen). Control siRNA (siCon) was purchased from 
Qiagen (All-Stars-siRNA; siAll). The mouse Dyrk1b-spe-
cific siRNA was an equimolar pool of four target sequences: 
si1b_1: AUA CAG AGA UGA AGU ACU A; si1b_2: GCA CAU 
CAA UGA GGU AUA C; si1b_3: GAG AUG AAG UAC UAC 
AUA G; si1b_4: GGA CAA AGGAA CUC AGGAA. The human 
DYRK1B-specific siRNA target sequences were: si1B_3: 
GAG AUG AAG UAC UAU AUA G; si1B_4: CGA AAG AAC 
UCA GGA AGG A; si1B_5: GGU GAA AGC CUA UGA UCA 
U; si1B_6: GGA CCU ACC GCU ACA GCA A.

RNA preparation, cDNA synthesis, qPCR

Total RNA was extracted using NucleoSpin RNA II kit 
(Macherey–Nagel) according to the manufacturer’s pro-
tocol. cDNA synthesis of 1 μg total RNA was performed 
using iScript cDNA Synthesis Kit (Biorad) following the 
manufacturer’s guidelines. Quantitative PCR reactions 
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were performed using the Absolute QPCR SYBR Green 
Mix (ABGene). qPCR reactions were performed on 96 
well qPCR plates (ABGene) using either the Mx3000P or 
Mx3005P qPCR systems (Agilent). Results were calculated 
as relative mRNA expression  (2ΔΔCt). Data were obtained 
from at least three independent experiments and is shown 
as the mean ± SD. Primer sequences (5′ to 3′) for the detec-
tion of mouse Dyrk1b were: For-TTG ACA CCT GCC CCT 
CCT CTA GCA C; Rev-GGC CCC CAC AAT ATC GGT TGC 
TGT A. Human DYRK1B: For-TTG GCC AGG TGG TGA 
AAG CCT ATG A; Rev-CAA TCT GGG CCT GGT TCA GGA 
AAG C. Mouse Hdac6: For-TCC CTA CAG CTT GGG GTT 
CTC AGC A; Rev-TCC CCA AAT CCT TGT GTC AGC ATC 
A. Mouse Mec17: For-TGA CCG GGA GGC TCA CAA TGA 
GGT A; Rev-TGG GGC TCC ACT CGC TCT TTC TGT A. All 
other primer sequences have been described elsewhere [20, 
69, 76, 77].

Western blotting

Separation of lysates by SDS-PAGE was followed by subse-
quent Western Blot analysis. SDS-PAGE gels were blotted 
on Immobilon-PVDF membranes (Millipore) and incubated 
with the respective primary antibody, followed by an HRP-
coupled secondary antibody. Detection of the HRP signal 
was performed using Pierce ECL Western Blotting Substrate 
(Thermo Fisher Scientific, Waltham, USA) according to the 
manufacturer’s protocol. The following primary antibodies 
were used: α-DYRK1A (#2771; Cell Signaling Technol-
ogy (CST), Danvers, USA); α-DYRK1B (#5672; CST); 
α-DYRK2 (#8143; CST); α-DYRK3 (sc-390532; Santa 
Cruz Biotechnology, Santa Cruz, USA); α-GLI1 (#2643; 
CST); α-phospho-GSK3βS9 (#5558, CST); α-total GSK3β 
(#12456, CST); α-acetylated α-tubulin (AcTub, T6793, 
Sigma-Aldrich, St. Louis, USA); α-tyrosinated-α-tubulin; 
α-polyglutamylated-α/β-tubulin; α-α-tubulin (T6199, 
Sigma); α-Histone H3 (#39163, Active Motif); α-GAPDH 
(#G9545; Sigma); α-β-Actin (#A5441; Sigma).

Immunofluorescence on fixed samples

Cells were seeded on cover slips and fixed with 4% formal-
dehyde/PBS for 10 min at RT. After washing twice with 
PBS at RT for 5 min, cells were permeabilized with 0.5% 
Triton-X100/PBS at RT for 5 min. For immunostaining, 
cover slips were blocked with 10% serum/PBS for 1 h at 
RT and washed with PBS at RT for 10 min. Primary anti-
body α-acetylated α-tubulin (Sigma, T6793, clone 6-11B-
1, 1:1000) was diluted in PBS containing 10% serum and 
0.1% saponin and incubated overnight at 4 °C. After washing 
twice with PBS at RT for 5 min, the cover slips were incu-
bated with fluorophor-coupled secondary antibodies diluted 
in PBS containing 10% serum and 0.1% saponin at RT in 

the dark for 2 h. After washing twice with PBS for 5 min 
and rinsing with  H2O, the cells were covered with mounting 
medium containing DAPI. Microscopy was performed on a 
Leica DMR epifluorescence and a Leica AF6000 widefield 
fluorescence microscope with 3D deconvolution software 
(Leica Microsystems, Wetzlar, Germany).

Microtubule‑association assay (MTaa)

Fully confluent NIH3T3 fibroblasts were incubated on 
10-cm culture dishes in 0.5% FBS-containing DMEM with 
or without SAG (100 nM) for 48 h. Subsequently, cells were 
washed with warm PBS, scraped off and pelleted (300g, 
30 s, RT), followed by resuspension in PBS/Taxol (20 µM) 
and incubation for 15 min at RT. After another centrifuga-
tion step (300g, 30 s, RT), cells were resuspended in 1 ml of 
room temperature MTaa lysis buffer (1 mM EGTA, 0.05% 
NP-40, 3 mM  MgCl2, 100 mM NaCl, 10 mM Tris pH 7.5 
plus protease inhibitors) and an aliquot (400 µl) of the lysate 
was stored (whole cell lysate). The remaining cell lysate 
(600 µl) was layered on a cushion of cold MTaa lysis buffer 
containing 1 M sucrose and centrifuged (400g, 5 min, RT) to 
pellet the nuclear fraction. The supernatant was transferred 
to a new tube for ultracentrifugation (27,000g, 45 min, RT) 
to pellet unwanted membrane debri. The supernatant was 
collected and another ultracentrifugation step was performed 
(100,000g, 90 min, RT). The supernatant collected from this 
step was stored as cytoplasmic fraction and the pellet was 
taken as polymerized microtubule fraction.

Cell polarization assay

NIH3T3 cells were grown confluent on glass cover slips 
(24 h) followed by another 24 h in the presence of 100 nM 
SAG (0.5% FBS). Subsequently, DMSO, ACY1215 (10 µM) 
or AZ191 (0.5 µM) was added for 30 min followed by 
wounding of the confluent monolayer with a yellow pipette 
tip. Cells were washed once with medium, followed by 
addition of 3% FBS-containing medium containing SAG/
DMSO/ACY-1215/AZ191 for 6 h at 37° C. Cells were 
fixed with 3.7% formaldehyde, stained with antibodies 
against α-tubulin and pericentriolar material 1 (PCM1) 
and mounted in Vectashield containing DAPI (Vectorlabs). 
Images shown in the manuscript are maximum intensity 
projections of 3D-deconvoluted Z-stacks taken on a Leica 
AF6000 widefield fluorescence microscope with 3D decon-
volution software.

Ground state depletion microscopy (GSD)

GSD was performed on a Leica GSDIM Super Resolution 
SR microscope system according to the manufacturer’s pro-
tocols using AlexaFluor488- and AlexaFluor647-labelled 
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secondary antibodies. In some cases, the soluble cyto-
plasm was washed out before fixation by gently shaking the 
cells for 2 × 5 min in 1 M EGTA/2.5 mM GTP/4% PEG-
6000/0.1 M PIPES/0.2% Triton-X100 at room temperature.

Live cell measurement of mitochondrial transport

Cells were grown in chamber slides (Ibidi) in 0.5% FBS 
for 48 h with/without SAG (100 nM), followed by addition 
of DMSO, ACY-1215 (10 µM) or AZ191 (0.5 µM). Live 
cell imaging was started approx. 30 min later. Recordings 
were taken on a laser scanning confocal microscope (LSCM) 
(Leica TCS-SP8i) with an incubation chamber tempered to 
37 °C. Recordings were made in 10 min intervals from sev-
eral slide areas for a duration of 3 h (20× objective, NA 
0.75, 1024 × 1024 pixel, 2× average, zoom 3.0). Analysis 
of mitochondria motility from three cells was done in Imaris 
software (Bitplane, v8.2.0) using the spot algorithm. The 
overall movement of the cells was set to zero using the sur-
face algorithm before mitochondria calculations.

Statistical analysis

Unless otherwise stated, data are presented as the mean of 
three independent experiments ± standard deviation (SD). 
Statistical significance was calculated by applying a two-
tailed Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001.
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