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Introduction: Medulloblastoma (MB), the most common malignant pediatric
brain tumor, is currently treated with surgery followed by radiation and
chemotherapy, which is accompanied by severe side effects, raising the need
for innovative therapies. Disruption of the microcephaly-related gene Citron
kinase (CITK) impairs the expansion of xenograft models as well as spontaneous
MB arising in transgenic mice. No specific CITK inhibitors are available.

Methods: Lestaurtinib, a Staurosporine derivative also known as CEP-701,
inhibits CITK with IC50 of 90 nM. We therefore tested the biological effects of
this molecule on different MB cell lines, as well as in vivo, injecting the drug in
MBs arising in SmoALl transgenic mice.

Results: Similar to CITK knockdown, treatment of MB cells with 100 nM
Lestaurtinib reduces phospho-INCENP levels at the midbody and leads to late
cytokinesis failure. Moreover, Lestaurtinib impairs cell proliferation through
CITK-sensitive mechanisms. These phenotypes are accompanied by
accumulation of DNA double strand breaks, cell cycle block and TP53
superfamily activation in vitro and in vivo. Lestaurtinib treatment reduces
tumor growth and increases mice survival.

Discussion: Our data indicate that Lestaurtinib produces in MB cells poly-
pharmacological effects extending beyond the inhibition of its validated
targets, supporting the possibility of repositioning this drug for MB treatment.
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1 Introduction

Medulloblastoma (MB) is the most common malignant
pediatric brain tumor (1, 2) and has been traditionally classified
into four biological subgroups: WNT, Sonic Hedgehog (SHH),
Group 3 and Group 4 (3-6). Due to the overlap between Group 3
and Group 4, it has recently been re-classified in: WNT-activated,
SHH-activated and TP53-wildtype, SHH-activated and TP53-
mutant, non-WNT/non-SHH (7). In general, MB is treated with
surgery, followed by radiation of the entire neuro-axis and high
dose multi-agent chemotherapy (2). Despite long-term survival can
be as high as 90% in the rare WNT subgroup, it is on average
around 50% in the other subtypes, with worse prognosis in non-
WNT/non-SHH patients (8). Moreover, radio-chemotherapy is
frequently accompanied by severe neurological, cognitive, and
endocrine side effects (8). For these reasons, effective therapies
less disruptive of normal physiology are an unmet medical need.

MB cells share many molecular pathways with progenitor cells
of the cerebellum (9-11). On this basis, genes that are selectively
required during development for proliferation and genomic
stability of normal neural progenitors may represent attractive
targets for MB drug discovery. An interesting group of such genes
is represented by primary hereditary microcephaly genes (MCPH),
whose loss leads to significant reduction of head circumference and
brain volume (12-14). Many MCPH genes have been proposed as
specific targets for brain tumors therapy (15-17).

Citron Kinase protein (CITK) is the main product of the CIT gene,
whose mutations are responsible for MCPH17 (18, 19). CITK is
required in neural progenitors for cytokinesis (20, 21), mitotic spindle
positioning (22) and chromosomal stability (23). Its loss induces DNA
damage and apoptosis in SHH and non-WNT/non-SHH MB cells and
reduces growth of both xenograft and transgenic MB (24, 25). CITK
downregulation potentiates the effects of ionizing radiations (IR) and
cisplatin treatment in reducing growth potential and colony forming
activity of MB cells (24). Interestingly, these anti-proliferative effects of
CITK loss may be engaged through TP53-dependent and TP53-
independent mechanisms (24, 25). Genetic evidence (18), as well as
rescue experiments in MB cells (25), indicate that kinase activity is
essential for physiological and tumor-sustaining functions.

Although specific inhibitors of CITK activity are not yet available,
assessment of 72 inhibitors against 456 human kinases (26) showed
that Lestaurtinib has relatively high affinity for this protein.

2 Materials and methods
2.1 Kinase assays

For radioactive kinase assay, 150 ng of recombinant CITK
(ab161903, Abcam, Cambridge, MA, USA) and 500 ng of MYPT1
(654-880) (#12-457, Merck, Sigma-Aldrich, Burlington, MA, USA)
were incubated in kinase buffer (50mM Hepes pH7.4, 10mM MgCI2
5mM MnCl2, 0,5mM DTT) with 1uM of ATP and 5 mCi of [y32P]
ATP (6000 Ci mmol-1) (PerkinElmer), for 30 minutes at 30°C.

For ATP-consumption assays, ADP-Glo"" Kinase Assay
(V6930, Promega Corporation, Madison, WI, USA) was used
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according to manufacturer protocol, with the indicated
concentrations of Lestaurtinib (Tocris Biotechne group,
Minneapolis, MN, USA).

2.2 Cell culture

ONS-76 cells (MB subtype: SHH) were kindly provided by Luigi
Varesio (Gaslini Hospital, Genoa, Italy) and were cultured in RPMI
medium (Euroclone, Milan, Italy) with 10% fetal bovine serum
(FBS, Gibco, Gaithersburg, MD, USA). DAOY (MB subtype: SHH)
and D283 (MB subtype: non-WNT/non-SHH) cells were obtained
from ATCC and were cultured in MEM medium (Euroclone) and
10% FBS (Gibco). D341 cells (MB subtype: non-WNT/non-SHH)
were obtained from ATCC and were cultured in MEM medium and
20% FBS (Gibco). Culture media were supplemented by
nonessential amino acids, L-glutamine and sodium pyruvate
(Gibco). All cell lines, were passed between 5 and 10 times from
thawing of the original aliquots and routinely tested for
Mycoplasma contamination. All cells were grown at 37°C, in a
humidified incubator, with 5% CO,.

2.3 Transfection of RNAi and constructs

Transfection for RNAi was performed as previously described
(24) with published CITK double-stranded RNA (27). Non-targeting
pool (Dharmacon, Lafayette, CO) was used as a negative control.
Cells plated on six-well plates were transfected using 6.25 pl of the
required siRNA (20 uM) together with 1.5 uL Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s
instructions. To over express Cherry-tagged wild type CITK and
kinase dead constructs, ONS-76 cells were transfected by Transit-it x1
(Mirus Bio LLC, Madison, WI, USA). The constructs used in this
manuscript were previously published (27).

2.4 Analysis of cell proliferation

To analyze cell proliferation, 25000 ONS-76 and DAOY cells
were seeded into 12-well plate, in medium containing DMSO or 100
nM Lestaurtinib and counted in triplicates after 24, 48 and 72 hours
with Bio-Rad TC20 Automated Cell Counter. 20000 D283 cells and
30000 D341 cells were seeded into 12-well plate, in medium
containing DMSO or 100 nM Lestaurtinib and counted in
triplicates after 24, 48, 72 and 96 hours.

2.5 Colony forming assay

For colony forming assay, 300 cells were plated at day 1 for
ONS-76 and DAQY, in medium containing DMSO or 100 nM
Lestaurtinib. For D283 and D341, 6000 and 10000 cells were plated,
respectively. Clonogenic assay were stopped after 7-10 days. After
medium removal, colonies were incubated for 10 min with Nissl
staining and then rinsed in water.
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2.6 FACS analysis

For cell cycle analysis, cells were plated in 6-well plates and
treated with DMSO or 100 nM Lestaurtinib for 24 hours. 50000
cells were collected, centrifuged at 200 g for 5 min, fixed in cold 70%
ethanol overnight, washed with PBS two times and finally stained
with 5 uL of propidium iodide (from 1 mg/mL of stock) in 500 UL of
PBS and RNAse. For apoptosis detection, cells were plated in 6-well
plates and treated with DMSO or 100 nM Lestaurtinib for 24 hours.
50000 cells were collected, centrifuged at 200 g for 5 minutes, and
resuspended in 300 UL of binding buffer. Cells where then incubated
with Annexin V FITC (3 uL) and propidium iodide staining
solution (5 uL) for 15 to 30 minutes before flow cytometry.

2.7 CellTox™ green cytotoxicity assay

CellTox ™' Green Reagent (Promega) was added to each well at the
end point of treatment according to the manufacturer’s instructions.

2.8 CellTiter-Glo® luminescent cell
viability assay

CellTiter-Glo® Reagent (Promega) was added to each well at the
end point of treatment according to the manufacturer’s instructions.

2.9 Antibodies

The following antibodies were used: mouse monoclonal anti-
citron (#611377; Transduction Laboratories, BD Biosciences,
Franklin Lakes, NJ, USA), mouse monoclonal anti-vinculin
(#V9131), mouse monoclonal anti-ocTubulin (#T5168) from
Sigma-Aldrich; rabbit polyclonal anti-cleaved Caspase 3 (#9661S),
anti-TP53 phospho Serl5 (#9284S), anti-yH2AX (S139; 20E3;
#2577), anti FLT3 (8F2 #3462) and anti-INCENP (P240, #2807)
from Cell Signaling Technology (Danvers, DA, USA); rabbit
polyclonal anti-TP73 (#ab14430) and rabbit monoclonal anti-
53BP1 (#ab36823) from Abcam (Cambridge, UK); rabbit
monoclonal anti-RAD51 (#sc-8349) and rabbit polyclonal anti
p21 (#sc-756) from Santa Cruz (Dallas, TX, USA), rabbit
polyclonal anti-pTSS INCENP (a kind gift of M.A. Lampson) (28).

2.10 Western blotting

Cells and tissues were lysed in RIPA bufter (1% NP40, 150 mmol/
L of NaCl, 50 mmol/L of Tris-HCI pH 8, 5 mmol/L of EDTA, 0.01%
SDS, 0.005% sodium deoxycholate, Roche protease inhibitors and
PMSF) for 10 minutes, at 4 °C. Samples were clarified 10 min at
13,000 rpm at 4 °C. Mouse tissues were homogenized in the same
buffer with pellet pestle (Z359971 Sigma-Aldrich). For immunoblots,
equal amounts of proteins from both whole-cell lysates were resolved
by SDS-PAGE and blotted to nitrocellulose membranes.
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2.11 Immunofluorescence

Cultured cells were fixed for 10 min at RT with PFA 4%. D341
treated cells were first spun in Thermo Scientific Cytospin 4
(Thermo Fisher Scientific) at 500 rpm, for 10 min, and then
processed for immunofluorescence (IF) as previously published
(24). Primary antibodies were detected with anti-rabbit Alexa
Fluor 488 or 555 and/or anti-mouse Alexa Fluor 488 or 555
(Molecular Probes, Invitrogen), used at 1:1000 dilution, for
30 min. Cells were counterstained with 0.5 pg/mL of DAPI for
10 min and washed with PBS. Finally, cell slides were mounted with
Prolong (Thermo Fisher Scientific).

Tumors were fixed in 4% paraformaldehyde in PBS overnight at
4°C, slowly dehydrated with 30% sucrose, embedded with Tissue-
TEK (O.C.T., Sakura Finetek, Alphen aan den Rijn, The
Netherlands) and frozen by using isopentane. Twenty-
micrometers of cryo-sections were rehydrated in PBS and
processed for antigen retrieval 1h at 70°C in Antigen Retrieval
Buffer (10 mM Na-Citrate pH 6.0, 10% Glycerol in PBS). Primary
antibodies were diluted in Tx buffer (0,3% Triton X-100, 0,2%
gelatin, 300 mM NaCl in PBS). Secondary antibodies were used at
dilution 1:1000 in Tx buffer for 1 hour at RT. TUNEL assay was
performed using the Click-iTTM Plus TUNEL Assay (Invitrogen)
according to manufacturer protocol. To quantify midbody
fluorescence signals, we used Integrated density from Fiji
software, that is the sum of the values of the pixels in the image
or selection, subtracting the cytoplasmic background; we then
calculated the mean of control midbodies and used that value as
reference for all midbodies of the same experiment (controls
and treated).

2.12 Mouse strain

The mouse strain ND2:SmoAl (expressing the constitutively
active point mutant SmoAl under the Neurod2 promoter in
cerebellar granule cells), in congenic C57BL/6] background, was
obtained from The Jackson Laboratory.

2.13 Experimental animal work

Experiments involving samples from mice treated with DMSO
or Lestaurtinib have been performed conforming to the Italian laws
on animal experimentation, under permission number 1128/2020-
PR, released on 16™ November 2020 from Italian Ministry of
Health, Department of Public Veterinary Health.

2.14 Xenograft assays

Subcutaneous medulloblastoma xenografts were obtained by
transplanting in eight-week-old male NOD-SCID mice (Jackson
Laboratory) 1x10° ONS-76 cells in the flank. After 4 weeks, mice
were treated with 10uL of DMSO or Lestaurtinib 100nM once a

frontiersin.org


https://doi.org/10.3389/fonc.2023.1202585
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Pallavicini et al.

week for 4 weeks. Xenograft tumors were measured every week and
tumor volume was estimated as 4mr */3.

2.15 Lestaurtinib in vivo treatment

Mice showing hunched posture, head tilt or weight loss were
anesthetized by intraperitoneal administration of Ketamine (100 mg/
ml; MSD Animal Health, Segrate, Italia) supplemented by Xylazine (20
mg/ml; Bayer; Leverkusen, Germany) and then placed in the stereotaxic
apparatus. Mice were randomly divided into control and treatment
groups. The treatment group received a stereotaxic microinjection of 1
ul of 100 nM Lestaurtinib in PBS in the tumor mass. The control group
received a stereotaxic microinjection of 1 pl of DMSO in PBS.

2.16 MRI

MRIs were acquired at 7T with a Bruker Neo Avance (Bruker,
Ettlingen, Germany) scanner with a 1H quadrature mouse brain
volume coil. The animals were scanned every 7 days, starting from 10
weeks of age, to check the presence of tumors through T2-weighted
(T2w) high-resolution images acquired with the following parameters:
repetition time (TR) =4,000 milliseconds; echo time (TE) = 35.44
milliseconds; rare factor (RF) = 16; slice thickness= 0.5 mm; slice
geometry = axial; number of slices = 20;field of view = 2.00 cm;matrix =
256 x 256;number of averages (NAV) = 3; total imaging time: 3 minutes
12 seconds. Animals bearing a tumor mass (size 1-15 mm3) were
treated either with a stereotaxic microinjection of 100 nM Lestaurtinib
or normal saline (control) starting from week 0 (first administration) to
week 4, and imaged by MR with the sequence parameters reported
above starting from week 0 to week 7, to monitor tumor progression.
Before undergoing MRI, animals were anesthetized by intramuscular
injection of 5 mg/kg of xylazine (Rompun; Bayer) and 20 mg/kg of
tiletamine/zolazepam (Zoletil 100; Virbac). Tumor volume was assessed
in each animal through MR data analysis, carried out with Fiji software.
More in details, the tumor area was delineated in each slice of T2w high-
resolution images by manually drawing regions of interest along tumor
borders. The tumor volume in each slice was estimated multiplying each
tumor area for the slice thickness (0.5 mm). Finally, the total tumor
volume was estimated by adding up all the single slice volumes.

2.17 Survival analysis

Kaplan-Meier method was used to estimate survival. Ten-week-
old littermates were divided in DMSO and Lestaurtinib cohorts and
treated with once a week for 4 consecutive weeks with a stereotaxic
microinjection of DMSO and Lestaurtinib 100 nM, respectively. All
mice were euthanized at the onset of symptoms.

2.18 Statistical analysis

Statistical analyses were performed using Microsoft Office Excel
(Version 16, Microsoft Corporation, Redmond, WA, USA) and
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GraphPad (Version 8, GraphPad Software, San Diego, CA, USA).
Unpaired two-tails Student’s ¢-test was used if not otherwise specified.
Data are shown as the mean values of at least 3 independent
experiments and standard error of the mean (mean + SEM). Mann-
Whitney test was used to analyze 53BP1 foci and Chi-Square test for
percentage distribution using absolute frequency of experiments.

3 Results

3.1 Lestaurtinib inhibits citron kinase
enzymatic functions

Since Lestaurtinib could bind CITK with high affinity (26), we
evaluated if it could also inhibit CITK catalytic activity. We first
resorted to a non-radioactive in vitro kinase assay (28) based on the
recombinant catalytic domain of the human protein and on MYPT1, a
known substrate of myotonic dystrophy kinase family members, which
include CITK (29). Increasing concentrations of Lestaurtinib reduced
the ATP consumption, with an IC50 of 90 nM (Figure 1A). We
validated this data using the same enzyme and substrate to perform a
radioactive kinase assay. Also in this case, we observed a consistent
reduction in both CITK autophosphorylation and MYPT1
phosphorylation, at Lestaurtinib concentrations comparable to those
effective in the non-radioactive assay (Figure 1B) (29).

We also tested whether, in intact cells, 100 nM Lestaurtinib could
affect the phosphorylation of INCENP at residues 834-902, which has
been reported as a CITK-dependent event (30). We tested this
hypothesis on ONS-76, a MB SHH TP53 wildtype cell line known to
be sensitive to CITK depletion. Lestaurtinib treatment significantly
reduced phospho-INCENP at midbody, the narrow intracellular bridge
that connects two daughter cells at the end of cytokinesis, without
altering total protein levels in the same structure (Figures 1C-F).

It is well known that loss of CITK leads to cytokinesis failure in
many cell types, including MB cells (24, 25). To test whether the same
phenotype could be produced by Lestaurtinib, we used 4 different cell
lines representing all aggressive MB subtype: ONS-76, DAOY for SHH
MB TP53 mutated, D283 and D341 for non-WNT/non-SHH subtypes
(7). In all the MB cells tested, 100 nM Lestaurtinib significantly
increased the percentage of binucleated cells (Figures 1G, H). Time
lapse microscopy analysis of Lestaurtinib-treated ONS-76 cells showed
that the increase in binucleation is produced because of late cytokinesis
failure, following relatively normal cleavage furrow ingression and
initial midbody formation (Figure SI1A, movie. S1 and S2). By
western blot, we observed that Lestaurtinib treatment does not alter
CITK protein levels in MB cell lines (Figure S1B, C). These data indicate
that 100 nM Lestaurtinib may significantly inhibit CITK activity, as well
as the late stages of cytokinesis which are affected by CITK loss (20, 27).

3.2 Lestaurtinib reduces proliferation of MB
cells through CITK-sensitive mechanisms
and impairs their clonogenic potential

We next tested whether Lestaurtinib affects the in vitro
expansion of SHH and non-WNT/non-SHH cell lines. Similarly
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FIGURE 1

Lestaurtinib inhibits Citron Kinase catalytic activity and induces cytokinesis failure. (A) Quantification of ATP consumption was measured with ADP-
Glo™ Kinase Assay, by incubating CIT kinase domain with recombinant human MYPT1 (see methods) and the indicated concentrations of
Lestaurtinib. (B) CITK domain was incubated with MYPT1 in the presence of [y-32P] ATP. The reactions were then analyzed by SDS-PAGE and
autoradiography. p-CITK arrow indicates auto-phosphorylation, p-MYPT1 arrow the substrate phosphorylation. (C-F) Analysis of high magnification
images of midbodies, in ONS-76 cells treated for 24 hours with DMSO or 100 nM Lestaurtinib (LEST) and immunostained for INCENP (C), phospho
(p)-INCENP (E), as well as a-tubulin. Midbody intensity of INCENP and p-INCENP was quantified (D and F, respectively). Scale bars: 5 um. (G)
Representative IF image of ONS-76 cells analyzed 24 hours after treatment with DMSO or 100 nM Lestaurtinib and immunostained for o.-tubulin
White arrow indicates a typical binucleated cells. Scale bars: 20 um (H) Quantification of binucleated cells in ONS-76, DAQOY, D283 and D341 treated
as in (G) Each dot indicates an independent biological replicate. >200 cells were counted for each treatment conditions in each experiment. All
quantifications were based on at least three independent biological replicates. *P<0.05, **P<0.01 ***P<0.01; unpaired two-tailed Student’s t-test.
A.U., arbitrary units

to CITK downregulation (24, 25), 100 nM Lestaurtinib reduced the  tested cell lines, as shown by colony forming assay (Figures 2E,
proliferation of all the tested MB cell lines (Figures 2A-D).  F). Both the number and the size of the colonies were reduced.

Interestingly, the effect was particularly strong in the D283 cell To assess whether CITK is involved in the anti-proliferative effect
line (Figure 2C), which are very sensitive to CITK loss (24).  produced by Lestaurtinib, we analyzed the growth potential of treated
Moreover, Lestaurtinib reduced the clonogenic potential of all  versus untreated ONS-76 cells, expressing control or CITK-specific
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siRNAs. Compared to the untreated control, cell growth was reduced
in all cases, but the effects of Lestaurtinib and CITK loss were not
additive (Figure 2G). Next, we treated with 100 nM Lestaurtinib
ONS-76 cells over expressing Cherry protein (control), as well as
Cherry-tagged fusions of wild-type CITK and kinase-dead protein
(CITK-D) (31). Interestingly, the active version of CITK rescued the
Lestaurtinib anti-proliferative effect, while CITK-D had no effect
(Figure 2H). Similar results were obtained for DAOY, D283 and
D341 cell lines (Figures S2A, B). We next assessed the possible role in
the MB context of known Lestaurtinib targets. FLT3, the target
against which Lestaurtinib was first developed (32, 33), is not
expressed at high levels in MB cell lines (Figure S2C). The other
best known Lestaurtinib target is JAK2 (34). Accordingly, In MB cell
lines, phosphorylation of the prominent JAK2 substrate STAT3 was
inhibited as well as by the more selective JAK2 inhibitor Ruxolitinib
(35) (Figures S2D, E). Nevertheless, Ruxolitinib did not impair
proliferation of ONS-76 at any tested concentration and
significantly reduced DAOY proliferation only at 10 uM
concentration (Figure S2F). Taken together, these results are
consistent with a relatively specific involvement of CITK activity in
the growth-inhibitory effects produced by Lestaurtinib on MB cells.

3.3 Lestaurtinib induces cell cycle block,
apoptosis and TP53 super family activation
in MB cells

We next assessed whether Lestaurtinib treatment leads to the
other prominent phenotypes observed in CITK-depleted MB cells:
cell cycle arrest and apoptosis. Flow-cytometry analysis revealed that,
in ONS-76 and DAOY, 24 hours of Lestaurtinib treatment produces a
significant increase of cells in the GO/G1 phase, as well as a significant
reduction of the proportion of tetraploid cells (Figures 3A, B). These
results are consistent with a strong inhibition of cell-cycle
progression, especially if considering the increase of binucleated
cells detected by IF (Figures 1G, H). Moreover, flow cytometric
determination of cells positive for the early apoptosis marker
Annexin V revealed that the percentage of ONS-76 and DAOY
cells undergoing programmed cell death is significantly increased
(Figures 3C, D). Consistently, western blot and IF showed increased
levels of cleaved caspase 3 (cCASP3) (Figures 3E-G). These
phenotypes were associated with an induction of phosphorylated-
TP53 protein in both ONS-76 and DAOY cells (Figure 3E). In
addition, the latter cell line, which is known to express a mutated
form of TP53 (36), showed increased levels of TP73 protein
(Figure 3E). Accordingly, in both cell lines Lestaurtinib induced
high levels of P21 (Figures 3E, F), a prominent downstream effector
of TP53 family proteins (25). Similarly, we observed in Lestaurtinib
treated D283 and D341 cells an increased percentage of cCASP3
positive cells by IF (Figures 3H, I). Finally, we observed in all
Lestaurtinib treated cells an increase in cell death (Figure S3A), and
a reduction of cell viability (FigureS3B). These data indicate that, as in
the case of CITK knockdown, Lestaurtinib treatment for 24 hours
induces cell cycle arrest and cell death in all MB cell lines, possibly
involving activation of TP53 family downstream pathways (24, 25).
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3.4 Lestaurtinib treatment increases DNA
damage in MB cells

CITK loss leads to DNA double strand breaks accumulation
(23-25), associated with reduced nuclear levels of the DNA repair
protein RAD51 and impaired homologous recombination (24).
Thereby, we wondered whether this also occurs in MB cells after
Lestaurtinib treatment. In all cell lines, 24 hours of treatment with
100 nM Lestaurtinib induced significantly increased frequency of
53BP1 foci per nucleus (Figures 4A, B), which represent a
consolidated marker for DNA double strand breaks. Moreover,
compared to control conditions, we observed by western blot
increased levels of y H2AX (marker of any DNA damage), and
reduced levels of total RAD51 (Figures 4C, D). These data indicate
that Lestaurtinib induces DNA damage accumulation in MB cells,
suggesting an impairment of homologous recombination.

3.5 Lestaurtinib reduces tumor growth
in SmoAl MB bearing mice and
increases survival

We next evaluated whether the effects produced by Lestaurtinib in
vitro may also occur in vivo. First, we performed a xenograft assay by
subcutaneously injecting into immunodeficient mice ONS-76 cells.
Palpable tumors developed within 4 weeks after injection and mice
were treated with a weekly injection of 10 uL of DMSO or Lestaurtinib
100nM in the tumor mass. Compared to the rapid growth which we
observed in DMSO- treated tumors, Lestaurtinib-injected tumors grew
at significantly slower rate (Figures S4A-B). To analyze the effects of
Lestaurtinib on a model that may more faithfully reproduce the
conditions of human MB, we then moved to the ND2:SmoAl
mouse model, in which a constitutively active SmoAl point mutant
is expressed in cerebellar granule cells under the Neurod2 promoter,
leading to a high incidence of MB (37). Tumors developing in this
model closely mimic the human SHH MB type, since they are
generated by accumulation of random mutations after the initial
driver event, within immune competent animals (38). In particular
we concentrated only on male mice, since the effects of estrogen on MB
mouse model is debated (39, 40). To avoid the potential complication
of the blood-brain barrier, we delivered Lestaurtinib directly to the
tumor mass via stereotaxic injections. By histological analysis, we
observed a strong increase in the frequency of pyknotic nuclei,
throughout the tumor mass of Lestaurtinib treated tumors
(Figures 5A, B). Accordingly, we detected significantly increased
frequency of cells positive for cCASP3 and TUNEL (Figures 5C, D)
(41-43). Interestingly, the non-affected cerebellar tissue, as well as the
rest of CNS, did not show an increased number of apoptotic cells, in
both histopathological and immunohistochemical analyses (data not
shown). Finally, by western blot, we observed a significant increase of
cCASP3 and y H2AX in the tumor mass of Lestaurtinib treated mice,
compared to DMSO treated mice (Figures 5E, F). These data indicate
that Lestaurtinib injection is effective in inducing DNA damage and
apoptosis in an orthotopic model of medulloblastoma. To assess the
overall antitumor effect of Lestaurtinib treatment, we monitored by
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MRI the growth of tumors that received four injections in consecutive
weeks. This analysis showed that Lestaurtinib injection impairs
medulloblastoma growth, from the beginning of treatment to three
weeks after the last injection (Figures 6A, B). Finally, we evaluated
whether Lestaurtinib significantly ameliorates the survival of SmoA1l
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mice. In particular, we treated transgenic mice with weekly intratecal
Lestaurtinib or control injections, during four consecutive weeks,
starting from 10 weeks, a time at which 90% of SmoAl mice
develop MB (25, 38). Long term follow up showed a significant
increase in survival of the Lestaurtinib-treated mice (Figure 6C).
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(F, G) Quantification of the relative density of P21 (F), and cCASP3 (G) in 4 replicates of the experiments shown in (E) Values

are expressed as a ratio over the DMSO control average (H) Representative image of ONS-76 cells processed for immunofluorescence 24 hours
after treatment with DMSO or 100 nM Lestaurtinib and immunostained for cleaved caspase 3 (cCASP3) and a-tubulin. Scale bars: 5 um. (1)
Quantification of the percentage of cCASP3 positive cells in the indicated cell lines, 24 hours after treatment with DMSO or 100 nM Lestaurtinib. All
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Student’s t-test. Scale bars: 5 um. A.U., arbit
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FIGURE 4

Lestaurtinib induces DNA damage accumulation in MB cells. (A) Representative image of ONS-76 cells immunostained for 53BP1 24 hours after
treatment with DMSO or 100 nM Lestaurtinib. Scale bars, 10 um. (B) Quantification and 53BP1 nuclear foci in the indicated cell lines, treated as in
(A); >250 cells were counted for each treatment conditions in each replicate. (C) Western blot analysis of total lysate from the indicated cell lines, 24
hours after treatment with DMSO or 100 nM Lestaurtinib. The levels of RAD51 and YH2AX were analyzed and the internal loading control was
vinculin (VINC). (D, E) Quantification of the relative density of RAD51 (D) and yH2AX (E) in the indicated cell lines. All quantifications were based on at
least three independent biological replicates. Error bars, SEM. *P<0.05, **P<0.01 ***P<0.01; unpaired two-tailed Student's t-test for blots, Mann—

Whitney U test for 53BP1 foci

Altogether, these results indicate that Lestaurtinib inhibits SmoAl
medulloblastoma progression.

4 Discussion

Protein kinases have emerged as one of the most prominent class
of pharmacological targets for cancer treatment. Indeed, 89 kinase

Frontiers in Oncology

inhibitors have been so far approved worldwide (https://
www.ppu.mrc.ac.uk/list-clinically-approved-kinase-inhibitors), with
main applications in oncology. Although most of these molecules
have been raised against specific targets, systematic studies of their
kinome interactions revealed that many of them may hit multiple
kinases (26, 44). This feature is traditionally considered not very
desirable, for the obvious possibility of producing adverse side effects,
but it has also been argued that a poly-pharmacological profile is not
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FIGURE 5

Lestaurtinib induces apoptosis and DNA damage accumulation in vivo. (A) Hematoxylin and eosin (H&E) staining of paraffin sections, obtained from
MBs that developed in SmoAl mice, treated with stereotaxic injection of 1ul DMSO or 1ul 100 nM Lestaurtinib (in PBS) for 24 hours. Yellow arrows
indicate pyknotic nuclei. Scale bars: 20 um. (B) Percentage of pyknotic nuclei in sections obtained as described in panel (A) Each dot indicates a
treated animal. (C) Frozen sections from tumors obtained as in panel A were labeled by anti-caspase 3 (cCASP3) fluorescent immunostaining and
TUNEL assay (red), counterstaining with DAPI. Scale bars: 50 um. (D) Quantification of positive cells for mm? of cCASP3- and TUNEL-positive cells in
frozen sections treated as described in panel (C) Each dot indicates a treated animal. (E, F) Western blot analysis of total cell lysates obtained from
tumors obtained as described in (A) The levels of cleaved caspase 3 (cCASP3) and YH2AX were analyzed and the internal loading control was
GAPDH. Average relative density of cCASP3 and yH2AX in DMSO or Lestaurtinib treated mice (N=6) is reported in panel (E) Error bars, SEM. *P<0.05,
**P<0.01; unpaired two-tailed Student’s t-test. A.U., arbitrary units.

necessarily a disadvantage for anti-cancer drugs (45-48). Indeed, not Lestaurtinib (also known as CEP-701) is a Staurosporine
only single-target molecules may fail in the long run, due the derivative that inhibits the FLT3 tyrosine kinase at low
emergence of drug resistance, but molecules inhibiting several = nanomolar concentrations. For this reason, it was tested in
targets may even result in safer and more effective action profiles. clinical trials as targeted agent for treatment of acute myeloid
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Lestaurtinib inhibits medulloblastoma progression in SmoAl mice (A) Representative T2 weighted MRI-based follow up (from tumor detection, week
0, to last time point monitored, week 7) of mice treated for 4 consecutive weeks with intrathecal injection of DMSO or Lestaurtinib 100nM
Pseudocolorized images are displayed; yellow lines outline the tumor area in MRI sections. (B) Quantitative analysis of tumor growth in follow up
experiment performed as described in (A) Tumor volumes were reconstructed, summing up the corresponding voxels in each section (N = 6). Error
bars, SEM. ***P<0.01; different between linear regression of each growth curve. The black arrows indicate Lestaurtinib administration. (C), Kaplan—
Meier survival curves of control and mice treated for 4 weeks with Lestaurtinib at 10 weeks of age (N = 19 DMSO, 12 Lest). Log-rank (Mantel-Cox)
test was used to compare survival between experimental groups (*P<0,05). The black arrows indicate Lestaurtinib administration.

leukemia (49) although it didn’t produce significant clinical benefit,
as compared to chemotherapy alone (32, 33). Lestaurtinib was also
tested in patients with JAK2 mutations and myelofibrosis, who
responded to treatment in some cases (34, 50). Considering its
effectiveness as a TrkB inhibitor, it has been clinically tested in a
Phase I trial in patients with refractory neuroblastoma, who showed
sporadic responses (51). All clinical trials indicated that Lestaurtinib
is well tolerated. On this ground, and considering that it is a
promiscuous inhibitor of many other kinases (26), it is
conceivable that Lestaurtinib could be repurposed for treating
other tumor types.

In our previous works, we proposed CITK as a promising target
for MB treatment, since its loss reduces growth and induces
apoptosis of both xenograft and transgenic SHH MBs (24, 25). In
the latter case, temporally-controlled genetic deletion of CITK in
transgenic MB mice significantly improved survival, without
evidence of adverse effects in other organs (25). No specific
inhibitors for CITK have been developed so far. We found that
Lestaurtinib inhibits CITK catalytic activity with an IC50 of 90 nM
(Figure 1A, B), a concentration similar to the reported 85 nM Ky
(26). Moreover, treatment of dividing MB cells at 100 nM
significantly alters the midbody abundance of 834-902 phospho-
INCENP, which is a known CITK substrate (30) (Figures 1C-F).
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The same concentration of Lestaurtinib produced most of the
phenotypic effects obtained in MB cells by CITK depletion. It
impairs cell proliferation and clonogenic potential in different
types of MB cells (Figure 2). The growth inhibition is
accompanied by late cytokinesis failure, accumulation of DNA-
DSB and apoptosis. Importantly, these effects were also observed
after in vivo injection, in MB spontaneously arising in the SmoAl
transgenic model. These data significantly extend the current
knowledge about the possible biological effects produced by
Lestaurtinib, which to our knowledge has not been linked to
mitotic alterations or to DNA damage accumulation. Importantly,
we obtained evidence that intratecal administration of Lestaurtinib
affects the growth of SHH Medulloblastomas spontaneously arising
in immunocompetent transgenic mice and increases their long-
term survival (Figure 6), without producing severe side effects.
Considering the poly-pharmacological phenotype of
Lestaurtinib, it is unlikely that all the effects described in this
study are due to CITK inhibition. Indeed, the drug can bind with
a K4 lower than 100 nM to many other kinases, including the well-
known mitotic master players CDK2, AURKA and AURKB (26).
The latter is a known interactor of CITK during cytokinesis and the
cross regulation of the two proteins is crucial to correctly organize
midbody proteins (30). Nevertheless, it is conceivable that CITK
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may play a significant role in the complex networks engaged by
Lestaurtinib in MB cells. Indeed, its effects were not additive with
CITK depletion and the observed reduction of the proliferative
potential was rescued by CITK overexpression (Figures 2G-H,
Figure S3A, B). Under the therapeutic perspective Lestaurtinib
could play a beneficial role in MB not only through the novel
mechanisms which we have described in this study, but also
through inhibition of other kinase-dependent pathways.
Considering the critical relevance of mitotic kinases for the
expansion of the normal neural progenitors (15)and the
promising results obtained in a Phase I trial on refractory
neuroblastoma patients (51), the poly-pharmacology profile of
Lestaurtinib has the potential of being particularly effective in
neuroectodermal tumors, such as MB. In conclusion, based on
our results, we propose that Lestaurtinib is a promising lead for
MB treatment.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Ethics statement

The animal study was reviewed and approved by Italian Ministry
of Health, Department of Public Veterinary Health, Permission
number 1128/2020-PR, released on 16th November 2020.

Author contributions

Conception and design: GP, FD. Development of methodology:
GP, RP, FD, ET. Acquisition of data: GI, GP, VB, MG, EF. Analysis
and interpretation of data: GI, GP, MG. Writing of the manuscript:
GI, GP, FD. All authors contributed to the article and approved the
submitted version.

References

1. Triscott ], Lee C, Foster C, Manoranjan B, Pambid MR, Berns R, et al.
Personalizing the treatment of pediatric medulloblastoma: polo-like kinase 1 as a
molecular target in high-risk children. Cancer Res (2013) 73(22):6734-44. doi: 10.1158/
0008-5472.CAN-12-4331

2. Pollack IF, Agnihotri S, Broniscer A. Childhood brain tumors: current
management, biological insights, and future directions. J Neurosurg Pediatr (2019)
23(3):261-73. doi: 10.3171/2018.10.PEDS18377

3. Kool M, Korshunov A, Remke M, Jones DTW, Schlanstein M, Northcott PA,
et al. Molecular subgroups of medulloblastoma: an international meta-analysis of
transcriptome, genetic aberrations, and clinical data of WNT, SHH, group 3, and group
4 medulloblastomas. Acta Neuropathol (2012) 123(4):473-84. doi: 10.1007/s00401-
012-0958-8

4. Northcott PA, Shih DJH, Peacock ], Garzia L, Morrissy AS, Zichner T, et al.
Subgroup-specific structural variation across 1,000 medulloblastoma genomes. Nature
(2012) 488(7409):49-56. doi: 10.1038/nature11327

Frontiers in Oncology

12

10.3389/fonc.2023.1202585

Funding

This work was mainly supported by Associazione Italiana per la
Ricerca sul Cancro (AIRC) with grant 1G23341 to FD. GP was
supported by a fellowship from AIRC. The contribution of the
University of Torino ex-60% fund to FD is also gratefully
acknowledged. GI and AF were supported by a PhD fellowship
from the Italian Ministry of University and Research (MIUR).

Acknowledgments

We thank Dr. M.A. Lampson for phospho-TSS INCENP
antibody and Lidia Avalle for anti STAT3 antibodies and
inhibitors. We thank Cristina Panuzzo for MOLM cell
protein extracts.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2023.1202585/
full#supplementary-material

5. Taylor MD, Northcott PA, Korshunov A, Remke M, Cho Y-J, Clifford SC, et al.
Molecular subgroups of medulloblastoma: the current consensus. Acta Neuropathol
(2012) 123(4):465-72. doi: 10.1007/s00401-011-0922-z

6. Hovestadt V, Ayrault O, Swartling FJ, Robinson GW, Pfister SM, Northcott PA.
Medulloblastomics revisited: biological and clinical insights from thousands of patients.
Nat Rev Cancer (2020) 20(1):42-56. doi: 10.1038/s41568-019-0223-8

7. Louis DN, Perry A, Wesseling P, Brat DJ, Cree IA, Figarella-Branger D, et al. The
2021 WHO classification of tumors of the central nervous system: a summary. Neuro
Oncol (2021) 23(8):1231-51. doi: 10.1093/neuonc/noab106

8. Ramaswamy V, Remke M, Bouffet E, Bailey S, Clifford SC, Doz F, et al. Risk
stratification of childhood medulloblastoma in the molecular era: the current
consensus. Acta Neuropathol (2016) 131(6):821-31. doi: 10.1007/s00401-016-1569-6

9. Hovestadt V, Smith KS, Bihannic L, Filbin MG, Shaw ML, Baumgartner A, et al.
Resolving medulloblastoma cellular architecture by single-cell genomics. Nature (2019)
572(7767):74-9. doi: 10.1038/s41586-019-1434-6

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fonc.2023.1202585/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2023.1202585/full#supplementary-material
https://doi.org/10.1158/0008-5472.CAN-12-4331
https://doi.org/10.1158/0008-5472.CAN-12-4331
https://doi.org/10.3171/2018.10.PEDS18377
https://doi.org/10.1007/s00401-012-0958-8
https://doi.org/10.1007/s00401-012-0958-8
https://doi.org/10.1038/nature11327
https://doi.org/10.1007/s00401-011-0922-z
https://doi.org/10.1038/s41568-019-0223-8
https://doi.org/10.1093/neuonc/noab106
https://doi.org/10.1007/s00401-016-1569-6
https://doi.org/10.1038/s41586-019-1434-6
https://doi.org/10.3389/fonc.2023.1202585
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Pallavicini et al.

10. Vladoiu MC, El-Hamamy I, Donovan LK, Farooq H, Holgado BL, Sundaravadanam
Y, et al. Childhood cerebellar tumours mirror conserved fetal transcriptional programs.
Nature (2019) 572(7767):67-73. doi: 10.1038/s41586-019-1158-7

11. Kumar R, Liu APY, Northcott PA. Medulloblastoma genomics in the modern
molecular era. Brain Pathol (2020) 30(3):679-90. doi: 10.1111/bpa.12804

12. Faheem M, Naseer MI, Rasool M, Chaudhary AG, Kumosani TA, Ilyas AM,
et al. Molecular genetics of human primary microcephaly: an overview. BMC Med
Genomics (2015) 8(S1):S4. doi: 10.1186/1755-8794-8-S1-S4

13. Naveed M, Kazmi SK, Amin M, Asif Z, Islam U, Shahid K, et al. Comprehensive
review on the molecular genetics of autosomal recessive primary microcephaly
(MCPH). Genet Res (2018) 100:e7. doi: 10.1017/50016672318000046

14. Jayaraman D, Bae BI, Walsh CA. The genetics of primary microcephaly. Annu
Rev Genomics Hum Genet (2018) 19:177-200. doi: 10.1146/annurev-genom-083117-
021441

15. Pallavicini G, Berto GE, Di Cunto F. Precision revisited: targeting microcephaly
kinases in brain tumors. IJMS (2019) 20(9):2098. doi: 10.3390/ijms20092098

16. Iegiani G, Gai M, Di Cunto F, Pallavicini G. CENPE inhibition leads to mitotic
catastrophe and DNA damage in medulloblastoma cells. Cancers (2021) 13(5):1028.
doi: 10.3390/cancers13051028

17. Iegiani G, Di Cunto F, Pallavicini G. Inhibiting microcephaly genes as
alternative to microtubule targeting agents to treat brain tumors. Cell Death Dis
(2021) 12(11):1-11. doi: 10.1038/s41419-021-04259-6

18. Li H, Bielas SL, Zaki MS, Ismail S, Farfara D, Um K, et al. Biallelic mutations in
citron kinase link mitotic cytokinesis to human primary microcephaly. Am | Hum
Genet (2016) 99(2):501-10. doi: 10.1016/j.ajhg.2016.07.004

19. Harding BN, Moccia A, Drunat S, Soukarieh O, Tubeuf H, Chitty LS, et al.
Mutations in citron kinase cause recessive microlissencephaly with multinucleated
neurons. Am ] Hum Genet (2016) 99(2):511-20. doi: 10.1016/j.ajhg.2016.07.003

20. Dema A, Macaluso F, Sgro F, Berto GE, Bianchi FT, Chiotto AA, et al. Citron
kinase-dependent f-actin maintenance at midbody secondary ingression sites mediates
abscission. J Cell Sci (2018) 131(8):jcs209080. doi: 10.1242/jcs.209080

21. Pallavicini G, Gai M, legiani G, Berto GE, Adrait A, Couteé Y, et al. Goldberg-
Shprintzen syndrome protein KIF1BP is a CITK interactor implicated in cytokinesis. J
Cell Sci (2021) 134(11):jcs250902. doi: 10.1242/jcs.250902

22. Gai M, Bianchi FT, Vagnoni C, Verni F, Bonaccorsi S, Pasquero S, et al. ASPM
and CITK regulate spindle orientation by affecting the dynamics of astral microtubules.
EMBO Rep (2016) 17(10):1396-409. doi: 10.15252/embr.201541823

23. Bianchi FT, Tocco C, Pallavicini G, Liu Y, Verni F, Merigliano C, et al. Citron
kinase deficiency leads to chromosomal instability and TP53-sensitive microcephaly.
Cell Rep (2017) 18(7):1674-86. doi: 10.1016/j.celrep.2017.01.054

24. Pallavicini G, Iegiani G, Berto GE, Calamia E, Trevisiol E, Veltri A, et al. CITK
loss inhibits growth of group 3 and group 4 medulloblastoma cells and sensitizes them
to DNA-damaging agents. Cancers (2020) 12(3):542. doi: 10.3390/cancers12030542

25. Pallavicini G, Sgro F, Garello F, Falcone M, Bitonto V, Berto GE, et al.
Inactivation of citron kinase inhibits medulloblastoma progression by inducing
apoptosis and cell senescence. Cancer Res (2018) 78(16):4599-612. doi: 10.1158/
0008-5472.CAN-17-4060

26. Davis MI, Hunt JP, Herrgard S, Ciceri P, Wodicka LM, Pallares G, et al.
Comprehensive analysis of kinase inhibitor selectivity. Nat Biotechnol (2011) 29
(11):1046-51. doi: 10.1038/nbt.1990

27. Gai M, Camera P, Dema A, Bianchi F, Berto G, Scarpa E, et al. Citron kinase
controls abscission through RhoA and anillin. MBoC (2011) 22:3768-78. doi: 10.1091/
mbc.e10-12-0952

28. Jia Y, Quinn CM, Kwak S, Talanian RV. Current in vitro kinase assay
technologies: the quest for a universal format. Curr Drug Discovery Technol (2008) 5
(1):59-69. doi: 10.2174/157016308783769414

29. Zhao Z, Manser E. Myotonic dystrophy kinase-related Cdc42-binding kinases
(MRCK), the ROCK-like effectors of Cdc42 and Racl. Small GTPases (2015) 6(2):81-8.
doi: 10.1080/21541248.2014.1000699

30. McKenzie C, Bassi ZI, Debski ], Gottardo M, Callaini G, Dadlez M, et al. Cross-
regulation between aurora b and citron kinase controls midbody architecture in
cytokinesis. Open Biol (2016) 6(3):160019. doi: 10.1098/rsob.160019

Frontiers in Oncology

13

10.3389/fonc.2023.1202585

31. Di Cunto F, Calautti E, Hsiao J, Ong L, Topley G, Turco E, et al. Citron rho-
interacting kinase, a novel tissue-specific ser/thr kinase encompassing the rho-rac-
binding protein citron. J Biol Chem (1998) 273(45):29706-11. doi: 10.1074/
jbc.273.45.29706

32. Knapper S, Russell N, Gilkes A, Hills RK, Gale RE, Cavenagh JD, et al. A
randomized assessment of adding the kinase inhibitor lestaurtinib to first-line
chemotherapy for FLT3-mutated AML. Blood (2017) 129(9):1143-54. doi: 10.1182/
blood-2016-07-730648

33. Brown PA, Kairalla JA, Hilden JM, Dreyer ZE, Carroll AJ, Heerema NA, et al.
FLT3 inhibitor lestaurtinib plus chemotherapy for newly diagnosed KMT2A-
rearranged infant acute lymphoblastic leukemia: children’s oncology group trial
AALL0631. Leukemia (2021) 35(5):1279-90. doi: 10.1038/s41375-021-01177-6

34. Mascarenhas ], Baer MR, Kessler C, Hexner E, Tremblay D, Price L, et al. Phase
IT trial of lestaurtinib, a JAK2 inhibitor, in patients with myelofibrosis. Leuk Lymphoma
(2019) 60(5):1343-5. doi: 10.1080/10428194.2018.1532509

35. Mesa RA. Ruxolitinib, a selective JAK1 and JAK2 inhibitor for the treatment of
myeloproliferative neoplasms and psoriasis. IDrugs (2010) 13(6):394-403.

36. Saylors RL, Sidransky D, Friedman HS, Bigner SH, Bigner DD, Vogelstein B,
et al. Infrequent p53 gene mutations in medulloblastomas. Cancer Res (1991) 51
(17):4721-3.

37. Hallahan AR, Pritchard JI, Hansen S, Benson M, Stoeck J, Hatton BA, et al. The
SmoA1 mouse model reveals that notch signaling is critical for the growth and survival
of sonic hedgehog-induced medulloblastomas. Cancer Res (2004) 64(21):7794-800.
doi: 10.1158/0008-5472.CAN-04-1813

38. Hatton BA, Villavicencio EH, Tsuchiya KD, Pritchard JI, Ditzler S, Pullar B,
et al. The Smo/Smo model: hedgehog-induced medulloblastoma with 90% incidence
and leptomeningeal spread. Cancer Res (2008) 68(6):1768-76. doi: 10.1158/0008-
5472.CAN-07-5092

39. Gallo D, Ciucci A, Mancuso M. Letter to the Editor: estrogen and
medulloblastoma. Endocrinology (2015) 156(8):L6-7. doi: 10.1210/en.2015-1422

40. Belcher SM. Response to the Letter by Gallo D. Endocrinology (2015) 156:1L8-9.
doi: 10.1210/en.2015-1484

41. Mcllwain DR, Berger T, Mak TW. Caspase functions in cell death and disease.
Cold Spring Harb Perspect Biol (2013) 5(4):a008656. doi: 10.1101/cshperspect.a008656

42. Lawry J. Detection of apoptosis by the TUNEL assay. Methods Mol Med (2004)
88:183-90. doi: 10.1385/1-59259-406-9:183

43. Wieder R. TUNEL assay as a measure of chemotherapy-induced apoptosis.
Methods Mol Med (2005) 111:43-54. doi: 10.1385/1-59259-889-7:043

44. Klaeger S, Heinzlmeir S, Wilhelm M, Polzer H, Vick B, Koenig PA, et al. The
target landscape of clinical kinase drugs. Science (2017) 358(6367):eaan4368.
doi: 10.1126/science.aan4368

45. Petrelli A, Giordano S. From single- to multi-target drugs in cancer therapy:
when aspecificity becomes an advantage. Curr Med Chem (2008) 15(5):422-32.
doi: 10.2174/092986708783503212

46. Ramsay RR, Popovic-Nikolic MR, Nikolic K, Uliassi E, Bolognesi ML. A
perspective on multi-target drug discovery and design for complex diseases. Clin
Transl Med (2018) 7(1):3. doi: 10.1186/s40169-017-0181-2

47. Makhoba XH, Viegas C, Mosa RA, Viegas FPD, Pooe OJ. Potential impact of the
multi-target drug approach in the treatment of some complex diseases. Drug Des Devel
Ther (2020) 14:3235-49. doi: 10.2147/DDDT.S257494

48. Bolognesi ML, Cavalli A. Multitarget drug discovery and polypharmacology.
ChemMedChem (2016) 11(12):1190-2. doi: 10.1002/cmdc.201600161

49. Shabbir M, Stuart R. Lestaurtinib, a multitargeted tyrosinse kinase inhibitor:
from bench to bedside. Expert Opin Investigational Drugs (2010) 19(3):427-36.
doi: 10.1517/13543781003598862

50. Hexner EO, Mascarenhas J, Prchal J, Roboz GJ, Baer MR, Ritchie EK, et al. Phase
I dose escalation study of lestaurtinib in patients with myelofibrosis. Leuk Lymphoma
(2015) 56(9):2543-51. doi: 10.3109/10428194.2014.1001986

51. Minturn JE, Evans AE, Villablanca JG, Yanik GA, Park JR, Shusterman §, et al.
Phase I trial of lestaurtinib for children with refractory neuroblastoma: a new

approaches to neuroblastoma therapy consortium study. Cancer Chemother
Pharmacol (2011) 68(4):1057-65. doi: 10.1007/500280-011-1581-4

frontiersin.org


https://doi.org/10.1038/s41586-019-1158-7
https://doi.org/10.1111/bpa.12804
https://doi.org/10.1186/1755-8794-8-S1-S4
https://doi.org/10.1017/S0016672318000046
https://doi.org/10.1146/annurev-genom-083117-021441
https://doi.org/10.1146/annurev-genom-083117-021441
https://doi.org/10.3390/ijms20092098
https://doi.org/10.3390/cancers13051028
https://doi.org/10.1038/s41419-021-04259-6
https://doi.org/10.1016/j.ajhg.2016.07.004
https://doi.org/10.1016/j.ajhg.2016.07.003
https://doi.org/10.1242/jcs.209080
https://doi.org/10.1242/jcs.250902
https://doi.org/10.15252/embr.201541823
https://doi.org/10.1016/j.celrep.2017.01.054
https://doi.org/10.3390/cancers12030542
https://doi.org/10.1158/0008-5472.CAN-17-4060
https://doi.org/10.1158/0008-5472.CAN-17-4060
https://doi.org/10.1038/nbt.1990
https://doi.org/10.1091/mbc.e10-12-0952
https://doi.org/10.1091/mbc.e10-12-0952
https://doi.org/10.2174/157016308783769414
https://doi.org/10.1080/21541248.2014.1000699
https://doi.org/10.1098/rsob.160019
https://doi.org/10.1074/jbc.273.45.29706
https://doi.org/10.1074/jbc.273.45.29706
https://doi.org/10.1182/blood-2016-07-730648
https://doi.org/10.1182/blood-2016-07-730648
https://doi.org/10.1038/s41375-021-01177-6
https://doi.org/10.1080/10428194.2018.1532509
https://doi.org/10.1158/0008-5472.CAN-04-1813
https://doi.org/10.1158/0008-5472.CAN-07-5092
https://doi.org/10.1158/0008-5472.CAN-07-5092
https://doi.org/10.1210/en.2015-1422
https://doi.org/10.1210/en.2015-1484
https://doi.org/10.1101/cshperspect.a008656
https://doi.org/10.1385/1-59259-406-9:183
https://doi.org/10.1385/1-59259-889-7:043
https://doi.org/10.1126/science.aan4368
https://doi.org/10.2174/092986708783503212
https://doi.org/10.1186/s40169-017-0181-2
https://doi.org/10.2147/DDDT.S257494
https://doi.org/10.1002/cmdc.201600161
https://doi.org/10.1517/13543781003598862
https://doi.org/10.3109/10428194.2014.1001986
https://doi.org/10.1007/s00280-011-1581-4
https://doi.org/10.3389/fonc.2023.1202585
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Lestaurtinib inhibits Citron kinase activity and medulloblastoma growth through induction of DNA damage, apoptosis and cytokinesis failure
	1 Introduction
	2 Materials and methods
	2.1 Kinase assays
	2.2 Cell culture
	2.3 Transfection of RNAi and constructs
	2.4 Analysis of cell proliferation
	2.5 Colony forming assay
	2.6 FACS analysis
	2.7 CellTox&trade; green cytotoxicity assay
	2.8 CellTiter-Glo&reg; luminescent cell viability assay
	2.9 Antibodies
	2.10 Western blotting
	2.11 Immunofluorescence
	2.12 Mouse strain
	2.13 Experimental animal work
	2.14 Xenograft assays
	2.15 Lestaurtinib in vivo treatment
	2.16 MRI
	2.17 Survival analysis
	2.18 Statistical analysis

	3 Results
	3.1 Lestaurtinib inhibits citron kinase enzymatic functions
	3.2 Lestaurtinib reduces proliferation of MB cells through CITK-sensitive mechanisms and impairs their clonogenic potential
	3.3 Lestaurtinib induces cell cycle block, apoptosis and TP53 super family activation in MB cells
	3.4 Lestaurtinib treatment increases DNA damage in MB cells
	3.5 Lestaurtinib reduces tumor growth in SmoA1 MB bearing mice and increases survival

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References


