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Depletion of Janus kinase-2 promotes neuronal differentiation

of mouse embryonic stem cells
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Janus kinase 2 (JAK2), a non-receptor tyrosine kinase, is a critical
component of cytokine and growth factor signaling pathways
regulating hematopoietic cell proliferation. JAK2 mutations are
associated with multiple myeloproliferative neoplasms. Although
physiological and pathological functions of JAK2 in hemato-
poietic tissues are well-known, such functions of JAK2 in the
nervous system are not well studied yet. The present study de-
monstrated that JAK2 could negatively regulate neuronal differ-
entiation of mouse embryonic stem cells (ESCs). Depletion of
JAK2 stimulated neuronal differentiation of mouse ESCs and
activated glycogen synthase kinase 38, Fyn, and cyclin-dependent
kinase 5. Knockdown of JAK2 resulted in accumulation of GTP-
bound Rac1, a Rho GTPase implicated in the regulation of cyto-
skeletal dynamics. These findings suggest that JAK2 might nega-
tively regulate neuronal differentiation by suppressing the GSK-3f3/
Fyn/CDK5 signaling pathway responsible for momphological matu-
ration. [BMB Reports 2021; 54(12): 626-631]

INTRODUCTION

Janus kinase 2 (JAK2) is a non-receptor somatic tyrosine kinase
belonging to the Janus family of kinases frequently involved in
cytokine and growth factor signaling pathways (1). Binding of
JAK2 to the associated receptor can lead to activation through
autologous and trans phosphorylation at tyrosine 1007/1008
(1). In turn, activation of JAK2 triggers a variety of downstream
signaling cascades by phosphorylating specific tyrosine residues
on target proteins.

Expression of JAK2 has been found in numerous tissues (2).
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In addition, many studies have shown that JAK2 is localized in
the cytoplasm, endoplasmic reticulum, and nucleus (3), suggest-
ing its additional physiological and pathophysiological signaling
functions (4, 5). Despite critical functions of JAK2 in various
organs and tissues are well-known, little is known about JAK2
functions in nervous system.

Recent studies have implicated the JAK/STAT pathway in lep-
tin-mediated neuroprotection and in central control of food in-
take (6). Others have reported that JAK/STAT pathway activity
can drive astrocyte reactivity and memory deficits in Alzheimer’s
disease models (7). However, specific cellular and molecular
mechanisms regulated by JAK/STAT signaling in neurons are
not well studied yet.

The present study showed that depletion of JAK2 enhanced
neuronal differentiation of J1 mouse embryonic stem cells (ESCs)
as evidenced by upregulated neuronal marker expression and
neurite outgrowth. Results of this study suggest that JAK2 nor-
mally suppresses neuronal differentiation from ESCs by negative-
ly regulating the GSK-3f beta/Fyn/CDK5 signaling pathway.

RESULTS

Depletion of JAK2 enhances neurite outgrowth

To analyze expression levels of JAK2 during neural differentia-
tion, both JAK2 and phosphorylated (p)-JAK2 expression levels
were examined by Western blotting. Both proteins were down-
regulated progressively during culture under neuronal differen-
tiation conditions (Fig. 1A), with p-JAK2 expression being sig-
nificantly lower in differentiated ESCs than in undifferentiated
ESCs (Fig. 1B). These findings suggest that JAK2 activation normal-
ly serves to limit the progression of neuronal differentiation
and that its downregulation is an important event in the progres-
sion of differentiation.

To confirm this effect of JAK2 downregulation on neuronal
differentiation, we examined phenotypic changes following
shRNA-mediated JAK2 knockdown. Expression levels of JAK2
mRNA and protein were dramatically decreased in cells trans-
fected with shJAK2 compared to those in cells transfected with
scrambled shRNA (Fig. 2A-C). Furthermore, JAK2 depletion mark-
edly increased the neuronal differentiation efficiency of J1 ESCs
by day 3 of induction as evidenced by enhanced outgrowth of
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neurites and immunostaining for a neuronal differentiation marker
TUJ1 (Fig. 2D). Expression levels of neuron-specific marker pro-
teins MAP2, synapsin1, and synaptophysin as well as TUJ1 were
also increased in JAK2 knockdown cells during differentiation
culture (Fig. 2E, F). However, JAK2 knockdown had no effect
on cell survival on day 3 as evidenced by undetectable ex-
pression of apoptosis effector cleaved caspase-3 (Fig. 2G).

We also examined effects of the cell permeable JAK2 inhi-
bitor SD-1029 (8). Consistent with gene knockdown results, ex-
pression levels of neuronal markers were upregulated compared
to those in vehicle-treated cells under SD-1029 treatment con-
dition (Fig. 2H). Collectively, these results demonstrate that in-
hibiting JAK2 activity or expression can promote neuronal differ-
entiation.

Next, we investigated whether the enhancement of differentia-
tion by JAK2 knockdown could be reversed by reintroduction
of JAK2 using an overexpression vector. As shown in Fig. 2I, effects
of JAK2 knockdown, including neurite outgrowth and altered ex-
pression of neuron-specific marker proteins, were reversed to levels
in normally differentiated neurons by JAK2 transfection (Fig. 2I).

Depletion of JAK2 positively regulates the activity of GSK-3
and Fyn kinase

To identify signaling pathways mediating enhanced neuronal
differentiation following JAK2 knockdown, we first screened
for changes in expression levels of signaling molecules known
to participate in JAK2 signaling cascades. Previous studies have
demonstrated that GSK-3f is a common signaling molecule in
JAK2 cascades either as a downstream target, upstream effector,
or by acting cooperatively (9, 10). To address the association
between GSK-3f and JAK2 during neuronal differentiation, we
analyzed the activity of GSK-3f in JAK2-deficient cells on differ-
entiation day 3. We found that GSK3p phosphorylation at Ser9

Neuron Day

. —
123 45

ml o JAK2
o | actubulin

NES

Differentiated Neuron
PAAK2.

Fig. 1. JAK2 is downregulated during neuronal differentiation. (A) Ex-
pression levels of JAK2 and phosphorylated (p)JAK2 in J1 embryonic
stem cells (ESCs) at various time points during differentiation culture
as analyzed by immunoblotting. (B) Immunofluorescence analysis of J1
ESCs and differentiated neurons. Phosphorylated JAK2 was stained green.
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was decreased while phosphorylation at Tyr216 was increased
in JAK2 knockdown cells (Fig. 3A). Phosphorylation at Y216 is
known to activate GSK-38, suggesting that GSK-3f3 activation is
required for the differentiation-promoting effect of JAK2 depletion
(9, 10). Also, consistent with a contribution of JAK2-GSK3p sig-
naling to neuronal differentiation, treatment with a GSK inhibitor
LiCl for 12 h decreased expression levels of neuronal differen-
tiation markers in JAK2-knockdown ESC-derived neurons to
levels measured in untreated JAK2-knockdown neurons (Fig.
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Fig. 2. Depletion of JAK2 enhances neurite outgrowth. (A-C) J1 ESCs
were infected with lentivirus encoding scrambled or JAK2-targeted
small hairpin RNA (shRNA) and cultured under differentiation condi-
tions. Knockdown efficiency was confirmed by semi-quantitative poly-
merase chain reaction (QPCR) (A) and immunoblotting (B) after three
days of differentiation culture. (C) Expression levels of JAK2 as deter-
mined by densitometry. (D) Immunofluorescent images of ESCs infected
with either a scrambled or JAK2-targeted shRNA and cultured under
neuronal differentiation conditions. Representative images were acquired
on day 3. The neuronal marker TUJ1 was stained green. (E, F) Expres-
sion levels of neuron-specific marker proteins analyzed by immunoblot-
ting (E) and gqPCR (F) in control and JAK2-knockdown J1 ESCs after
3 days of neuronal differentiation culture. (G) Cleaved caspase 3 ex-
pression in differentiated J1 ESC-derived neurons as assessed by im-
munoblotting. (H) Expression levels of neuronal markers in J1 ESCs
treated for 24 with the JAK2 inhibitor SD-1029 or vehicle as estimated
by western blotting. (I) ESCs infected with GFP or GFPJAK2 WT vector
and grown in differentiation culture. Whole-cell lysates were prepared
on day 3 for western blot analysis of neuron-specific markers. All results
are expressed as mean + SD. Treatment group means were compared
by Student’s t-test (n=3; *P < 0.05; **P < 0.01; ***P < 0.005).
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Fig. 3. Depletion of JAK2 upregulates activities of GSK3beta and Fyn.
(A) JAK2 knockdown cells were induced to differentiate into neuronal
cells for three days and subjected to immunoblotting for GSK3beta
and Fyn. (B) JAK2 knockdown cells were induced to differentiate into
neuronal cells for 2 days and then treated with 2.5 uM of the GSK3beta
inhibitor LiCl or saline vehicle for 24 h. Whole-cell lysates were pre-
pared on day 3 for Western blot analysis. (C) JAK2 knockdown cells
were induced to differentiate into neuronal cells for three days and
then examined for GSK3beta and Fyn expression levels by immunoblotting.

3B). These findings suggest that JAK2 can promote differentia-
tion in part by negatively regulating GSK-33 activity.

It is likely that GSK-3B functions upstream of Fyn because
nuclear accumulation of Fyn is dependent on GSK-3f activity
(11). Fyn is a membrane-associated tyrosine kinase expressed
in the CNS. It is a well-known regulator of T cell receptor sig-
naling, cell division, and cell adhesion (12). To examine poten-
tial involvement of Fyn in JAK2-GSK-3f signaling during neuro-
nal differentiation, Fyn expression levels were compared between
JAK2-deficient ESCs and control ESCs on day 3 in differentiation
culture. Like GSK-3p, phosphorylation of Fyn was greater in JAK2
knockdown cells when compared to control cells (Fig. 30).
Furthermore, treatment with LiCl reduced Fyn phosphorylation
in JAK2 knockdown cells under differentiation culture conditions
(Fig. 3B), suggesting that GSK-3f could act as an intermediate
signal for Fyn activation following JAK2 knockdown.

JAK2 knockdown positively regulates CDK5

To identify additional downstream signaling mechanisms involved
in the promotion of neuronal differentiation by JAK2 depletion,
we examined expression levels and activities of known down-
stream targets of GSK-33—Fyn. Previous studies have demonstrated
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Fig. 4. JAK2 knockdown upregulates CDK5. (A, B) JAK2 knockdown
cells were induced to differentiate into neuronal cells for three days
and expression levels of CDK5 and P35 were analyzed by semi-quantita-
tive polymerase chain reaction (qPCR) (A) and immunoblotting (B).
(C) J1ES cells were induced to differentiate into neuronal cells for
2 days and then treated with SD-1029 (indicated concentration) or
DMSO for 24 h. Expression levels of CDK5 and actin were analyzed
by Western blot. (D) JAK2 knockdown cells were induced to differentiate
into neuronal cells for 2 days and then incubated with 2.5 uM LiCl
or saline for 24 h. Whole-cell lysates were prepared on day 3 for
western blot analysis of CDK5, P35, and actin expression. (E) J1 ESCs
were infected with lentivirus vector encoding scrambled shRNA or
shCDK5 and differentiated into neurons. Knockdown efficiency was
analyzed by immunoblotting after three days of differentiation culture.
(F) CDK5 knockdown cells were induced to differentiate into neuronal
cells for three days and then subjected to Western blot analysis of neuron
specific markers. (G) JAK2 knockdown cells were induced to differentiate
into neuronal cells for three days and then GST-fused Pak binding
domain was used for pull-down assay to determine GTP-bound active
Rac1 protein levels, while a parallel western blot analysis of total cell
lysate was performed to determine total Rac1 expression level. (H)
Quantitation by densitometry. Data are expressed as mean + SD. Treat-
ment group means were compared by Student’s t-test (*P < 0.05;
*¥*p < 0.01; ***P < 0.005).

that activated Fyn is associated with CDK5 and that Fyn can
promote CDK5 activation via Tyr15 phosphorylation (13, 14).
Consistent with these findings, expression levels of CDK5 were
elevated in JAK2 knockdown cells as well as expression levels
of the brain-specific CDK5-related protein and activator P35
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(Fig. 4A, B) (15, 16). The expression level of CDK5 was also
increased after cells were exposed to a JAK2 inhibitor SD-1029
(Fig. 4C). Furthermore, expression levels of both proteins were
reduced by GSK-3p inhibitor LiCl (Fig. 4D). Therefore, CDK5
appears to be a direct downstream target of the JAK2-GSK-33-
Fyn cascade.

It has been shown that the CDK5/p35 complex can regulate
neurite outgrowth in cultured rat hippocampal neurons (16),
suggesting that the observed CDK5 upregulation under JAK2
knockdown is also required for the pro-differentiation response.
To test this notion, we generated J1 ESCs stably expressing
shCDK5 and confirmed that CDK5 expression was efficiently
suppressed (Fig. 4E). As predicted, CDK5 knockdown complete-
ly inhibited neurite outgrowth in JAK2 knockdown ESCs during
differentiation culture (Fig. 4F).

JAK2 knockdown enhances Rac1 activation

We then examined potential Fyn-CDK5-dependent mechanisms
for neurite outgrowth in JAK2-depleted neurons. The Rho family
of small GTPases (Rac1 and CDC42) is involved in cytoskeletal
rearrangement (17, 18). Moreover, both Rac1 and CDC42 have
been implicated in neurite outgrowth from neuronal cells (19).
A previous study has also reported that CDK5/P35 can phos-
phorylate serine/threonine kinase Pak1 in a RacGTP-dependent
manner, which in turn can regulate neural morphology via phos-
phorylation of various cytoskeletal proteins (20). Thus, we invest-
igated whether Rac1 was involved in neurite outgrowth caused
by JAK2 knockdown. Results showed that lysates from JAK2 knock-
down ESCs contained greater amounts of endogenous GTP-bound
Rac1 compared to those from control ESCs under the same culture
conditions as revealed by GST-PAK pull-down assays (Fig. 4G, H).

DISCUSSION

The JAK2 tyrosine kinase is implicated in numerous developmen-
tal, physiological, and pathological processes (21) through its
associations with cytokine and growth factor receptors (2). How-
ever, many fundamental questions regarding JAK2 remain unclear,
including its role in nervous system development, adult neuro-
genesis, appetite control, and neuro-inflammation. In this study,
we found that JAK2 knockdown markedly enhanced the neuro-
nal differentiation capacity of ESCs. This suggests that JAK2 nor-
mally suppresses neuronal differentiation and maturation.

There is accumulating evidence that JAK2 is a multifunctional
signaling factor in the central nervous system. JAK2 is highly
expressed in the developing brain, particularly in the early
embryonic stages. It then gradually decreases with age (22). Our
results were consistent with these developmental studies as
expression levels of JAK2 and phosphorylated JAK2 in J1 ESCs
were gradually decreased during differentiation culture and in-
versely related to neuronal maturation.

The strong association of JAK2 with cytokine receptors suggests
potential functions of JAK2 in neurodegenerative/neuroinflam-
matory disorders. The JAK/STAT3 pathway is activated in reactive
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astrocytes in several mouse and nonhuman primate models of
Alzheimer’s disease (AD) and Huntington’s disease (HD) (23).
Moreover, an APP/PST mouse model of AD shows reduced neuro-
nal differentiation and markedly increased astrocytic differentia-
tion compared to WT controls (24). Intriguingly, treatment with
JAK2 inhibition enhanced neuronal differentiation capacity but
inhibited the production of astrocytes, further supporting our
findings that JAK2 could negatively regulate neuronal differen-
tiation (24). The same group has also found that the JAK2/STAT3 path-
way is activated in the hippocampus and that JAK2/STAT3 inhibi-
tion can rescue cognitive deficits and adult hippocampal neuro-
genesis in APP/PS1 mice (24). Elucidation of the signaling pathways
linking JAK2 to neurogenesis may help the development of treat-
ments for neurodegenerative and neuropsychiatric disorders.

We also demonstrated that JAK2 deficiency and neuronal differ-
entiation were associated with increased activity of GSK-3f, a
kinase known to promote neuronal survival (25, 26). Overex-
pression of constitutively active GSK-3f in neurons can trigger
differentiation (25, 26). Alternatively, other reports have found
that GSK-3 activity can promote neurite growth (27). Similarly,
GSK-30/p double knockout ESCs exhibit severely impaired dif-
ferentiation capacity primarily due to hyper-activation of the
Wht signaling pathway (28). Additionally, expression of mutant
GSK-3p and RNAi-mediated GSK-3 knockdown can disrupt neuro-
nal polarity in primary culture (29). Knock-in mice expressing
GSK-30/ (Ser21/9Ala) show decreased neurogenesis and induced
abnormal behavior (30). This suggests that low GSK-3f activity
can promote proliferation and prevent differentiation. However,
there are conflicting data regarding neuronal differentiation. It has
been reported that GSK-3f can promote neural differentiation of
PC12 cells (31). The most parsimonious conclusion is that the
influence of GSK-3f3 on neuronal differentiation is highly dependent
on substrate expression. Substrates negatively regulated by GSK-33
are generally involved in enhancing proliferation and/or survival,
whereas substrates positively regulated by GSK-3f are required for
mature neuronal function. Thus, they are primarily expressed in
differentiated neurons (32). Substrates negatively regulated by
GSK-3p include proliferation-related transcription factors, while
substrates positively regulated by GSK-3f include cytoskeleton-
related factors, which could in turn mediate morphological
maturation.

Expression levels of CDK5/p35 and p-CDK5 were also increased
in JAK2-knockdown cells differentiated into neurons. Furthermore,
CDKS5 knockdown abrogated neurite outgrowth under JAK2 de-
ficiency. While CDK5 phosphorylation by Fyn kinase and its sub-
sequent activity are expected, upstream pathways increasing CDK5
expression following JAK2 knockdown are unclear. Expression
of CDKS5 is upregulated through the Erk1/2 pathway and transcrip-
tion factors Fos and cAMP-responsive element binding protein
(CREB) (33). The transcription of Cdk5 is also stimulated by the
FosB gene product 6FosB and by a member of the Jun family
of transcription factors (34). Future studies are needed to confirm
the involvement of these pathways in CDK5 upregulation under
JAK2 deficiency and during neuronal differentiation.
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In conclusion, the current results indicated that JAK2 nega-
tively could regulate neuronal differentiation. Depletion of JAK2
stimulated neuronal differentiation capacity through sequential
activation of GSK-3p3, Fyn, and CDKS5. Thus, we identified a pre-
viously unknown regulatory mechanism for neurogenesis med-
iated by JAK2 in ESCs. Future work is needed to determine whe-
ther the same signaling mechanisms operate in vivo. Studies
on how JAK2 and its downstream effectors regulate neurogene-
sis may help develop novel treatment strategies for neurological
diseases such as Alzheimer’s disease, Parkinson’s disease, and
neuropsychiatric conditions such as major depression.

MATERIALS AND METHODS

Cell culture and neuronal differentiation
The mESC line, J1 ES [American Type Culture Collection (ATCC),
Manassas, VA], derived from strain 129s4/Jae was routinely
maintained on gelatin (Millipore, Billerica, MA) coated- dishes
in ESC medium with 1 x 10° U/ml of leukemia inhibitory factor
(LIF) (Millipore) at 37°C in a humidified atmosphere with 5% CO2.
Cells were differentiated in medium without LIF as described
previously (35). All trans-RA (10 uM) (Sigma-Aldrich, St. Louis,
MO) was added every two days from day 4 to 6. At day 8, EBs
were trypsinized and cells were plated on poly-D lysine/laminin
(Sigma-Aldrich)-coated dishes in DMEM medium containing
N2 supplement (Invitrogen) and 20 ng/ml bFGF (Invitrogen).

Construction of lentiviral vectors and transduction

For stable expression of GFP-tagged wild type JAK2, ESCs were
infected with pLentiX-GFP-c1 vector (Clontech Laboratories, Moun-
tain View, CA) encoding GFP-tagged JAK2. The concentrated virus
was used to infect cells in the presence of 8 ug/ml polybrene
(Sigma-Aldrich). Infected cells were selected using a FACSAria
cell sorter (BD biosciences, San Jose, CA).

For stable JAK2 or CDK5 knockdown, ESCs were transfected
with vector encoding a puromycin resistance gene and short
hairpin (sh)RNA sequences targeting JAK2 (shJAK2) or CDK5
(shCDKS5) (Sigma-Aldrich). shJAK2 or shCDK5 transduced cells
were selected by repeated passage for 10 days in medium con-
taining 10 pg/ml puromycin (Invitrogen).

RNA extraction and real-time polymerase chain reaction
Total RNA was extracted from the cultured cells using the Trizol
RNA reagent (Qiagen, Hilden, Germany). RNA extraction carried
out following the manufacturer’s instructions. First-stranded com-
plementary DNA (cDNA) was synthesized following the manu-
facturer’s instructions.

Western blot analysis

Cells were washed with ice-cold phosphate buffered saline
(PBS), harvested, and lysed using NP40 lysis buffer [1% Nonidet
P-40, 150 mM NaCl, 10% glycerol, 2 mM EDTA, and 20 mM
Tris-HCI (pH 8)] containing protease inhibitors (cOmplate mini
EDTA-free; Roche, Penzberg, Germany). Proteins were separated
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by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to polyvinylidene fluoride membranes
(Millipore).

The primary antibodies used were anti-MAP2 (Abcam, Cam-
bridge, UK), anti-TUJ1 (Cell Signaling, Danvers, MA, USA), anti-
SYNAPTOPHYSIN (Cell Signaling), anti-SYNAPSIN1 (Cell Signal-
ing), anti-JAK2 (Abcam), anti-pJAK2 (Abcam), anti-CDK5 (Cell
Signaling), anti-FYN (Abcam), anti-pFYN ( Abcam), anti-GSK-33
(Cell Signaling), anti-pGSK-3p (S9) (Cell Signaling), anti-pGSK-3
(Y215) (Abcam), anti-RAC1 (Cell Signaling), anti-B-actin (Sigma-Ald-
rich), and anti-ortubulin (Sigma-Aldrich) as the gel loading control.

Small GTPase activity assay

Cells were harvested with ice-cold lysis buffer (25 mM HEPES
[pH 7.5], 150 mM NaCl, 1% Nonidet P-40, 10 mM MgCl,, 1
mM EDTA, 10% glycerol, 10 mM NaF, T mM Na3;VO,, and
complete protease inhibitor mixture). Total cell lysates were
clarified by centrifugation, and incubated overnight at 4°C with
GST-PBD (p21-binding domain from PAK for Rac1 and Cdc42)
immobilized on GST beads. Bound small GTPases were sepa-
rated by 15% SDS-PAGE and detected by western blotting with
antibodies against Rac1.

Immunofluorescence

Cells were rinsed with PBS and fixed in 4% paraformaldehyde
(Invitrogen) for 15 min at room temperature. After washing with
PBS, the fixed cells were permeabilized and blocked with 0.1%
Triton™ X-100 (Sigma) diluted in 1x Western Blocking Reagent
Solution (Roche) for 1 h at room temperature. Cells were incu-
bated overnight with primary antibodies at 4°C and incubated
with Alexa 488- or Alexa 594-conjugated secondary antibodies
(Invitrogen) at room temperature for 1 h. Fluorescence images
were captured using a Leica microscope (Leica Microsystems,
Wetzlar, Germany).

Statistical analysis
Group means were compared by Student’s t-test. A P < 0.05

(two-tailed) was regarded as statistically significant (*P < 0.05,
*¥*P < 0.01, ***P < 0.001).
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