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p57Kip2 is a repressor of Mash1 activity and neuronal
differentiation in neural stem cells

B Joseph'®, ER Andersson®?, P Vlachos', E Sodersten?, L Liu?, Al Teixeira® and O Hermanson*?2

Mammalian central nervous system (CNS) development is a highly organized process involving the precise and coordinated
timing of cell-cycle exit, differentiation, survival, and migration. These events require proper expression of pro-neuronal genes
but also repression of alternative cell fates and restriction of cell-type-specific gene expression. Here, we show that the cyclin-
dependent kinase (CDK) inhibitor p57Kip2 interacted with pro-neuronal basic helix-loop-helix (bHLH) factors such as Mash1,
NeuroD, and Nex/Math2. Increased levels of p57Kip2 inhibited Mash1 transcriptional activity independently of CDK interactions
and acted as a direct repressor in transcriptional assays. Proliferating telencephalic neural progenitors co-expressed basal
levels of Mash1 and p57Kip2, and endogenous p57Kip2 accumulated transiently in the nuclei of neural stem cells (NSCs) during
early stages of astrocyte differentiation mediated by ciliary neurotrophic factor (CNTF), independent of cell-cycle exit and at
times when Mash1 expression was still prominent. In accordance with these observations, gain- and loss-of-function studies
showed that p57Kip2 repressed neuronal differentiation after mitogen withdrawal, but exerted little or no effect on CNTF-
mediated astroglial differentiation of NSCs. Our data suggest a novel role for p57Kip2 as a context-dependent repressor of

neurogenic transcription factors and telencephalic neuronal differentiation.
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The development of the mammalian central nervous system
(CNS) critically relies on a tight coordination among cell
proliferation, survival, migration, and differentiation.'? Proper
neuronal differentiation does not only require pro-neuronal
genes but also regulated repression of other cell fates, such as
glial differentiation.? Thus, early neural progenitors preferen-
tially differentiate into neurons and do not respond properly to
astrocyte-inducing cytokines, at least in part due to DNA
methylation of astrocyte-characteristic genes such as glial
fibrillary acidic protein (GFAP).>* In line with these observa-
tions, it has been shown that loss of the DNA methyl
transferase DNMT1 results in hypomethylation and precocious
onset of astrocytic genes at the expense of neurogenesis in
early neural precursors.® In later progenitors, astrocytic genes
become demethylated.®>* Transcriptional repression of astro-
cytic genes and thus the correct numbers of progenitors and
neurons at these late events, instead depends on other factors
such as the Notch-regulated transcription factor CSL/RBP-Jx
and the co-repressors N-CoR and SMRT.®’ In addition,
neurogenic members of the basic helix-loop-helix (bHLH)
family of transcription factors, such as Mash1 and Neurogenin
(Ngn) 2, interferes with astrocyte differentiation in multipotent
neural progenitors at least in part by sequestering the co-
activators CBP/p300 required for astrocyte differentiation.®
Less is understood regarding a corresponding repression of
neuronal differentiation during glial differentiation. Hes tran-

scription factors repress neurogenic genes such as Mash1 at
a transcriptional level.® Indeed, inactivation of multiple Hes
genes results in premature onset of neuronal genes and thus
reduced number of both glial precursors and neurons.®
Correct regulation of the spatial and temporal expression
and activity of neurogenic and repressive bHLH transcription
factors thus appears to be absolutely essential for proper
development of the forebrain and correct number of progeni-
tors and terminally differentiated cells.

The regulation of stem cell division and differentiation is
influenced by many additional factors, including cell-cycle
regulators.”'® The Cip/Kip family of cell-cycle inhibitors
consists of three factors in mammals, p21Cip1, p27Kip1,
and p57Kip2. The three factors are all characterized by their
ability to bind and inhibit cyclin-dependent kinases (CDK)
thereby inhibiting proliferation, also in neural precursors of the
forebrain.'™'2 In addition, CDK-inhibitors (CKIs) have been
shown to play active roles in neural differentiation and
migration.'®'3'* The expression of p21Cip1 in the developing
telencephalon is relatively low, but it has been reported that
p21Cip1 is essential for the maintenance of adult neural
progenitors in the forebrain.'® p27Kip1 has been implicated in
the cell-cycle arrest of neural precursors during forebrain
development, and also in oligodendrocytic specification and
differentiation.'®'® More recently, it has been demonstrated
that p27Kip1 plays an important role in regulating neuronal
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migration in the developing neocortex.'*'” In addition,
p27Kip1 exerts a direct effect on neuronal differentiation by
increasing the stability of the neurogenic bHLH factor Ngn2.'*

The role for p57Kip2 in brain development is less clear,
despite the fact that p57Kip2 is the only CKI of the Cip/Kip
family that is absolutely required for survival.'® p57Kip2 has
been implicated in the control of neural precursor proliferation
at several levels of the developing nervous system,'"'® and
recent in vivo studies have established that the correct
expression levels of p57Kip2 is required for proper develop-
ment of the developing spinal cord.'® In addition, it was
recently shown that p57Kip2 in cooperation with p27Kip2
regulates cell migration in the developing neocortex.'”

p57Kip2 has also been shown to play a direct role in
regulating the activity of transcription factors implicated
in neuronal differentiation. For example, p57Kip2 interacts
directly with the nuclear receptor Nurr1 and promote matura-
tion of dopaminergic neurons in postmitotic precursors.?®
However, during development, p57Kip2 are also expressed in
mitotic multipotent neural progenitors in the ventricular and
subventricular zones (SVZs) of specific regions of the
forebrain, including the telencephalon,?’ and the understand-
ing of the mechanisms underlying the diverse effects of
p57Kip2 in different contexts remains limited.

The aim of this study was to investigate putative interactions
of p57Kip2 with bHLH factors involved in neural differentiation,
and whether p57Kip2 exerted any influence on the differentia-
tion of neural stem cells (NSCs). We found that p57Kip2
interacted robustly with a subset of neurogenic bHLH
proteins, including Mash1, NeuroD, and Nex/Math2.
p57Kip2 repressed Mash1 transcriptional activity, and the
interaction with Mash1 as well as the repression of transcrip-
tional activity turned out to be independent of CDK inter-
actions. Importantly, p57Kip2-mediated repression was not
due to sequestering of Mash1 from the promoter and p57Kip2
exerted direct transcriptional repression in a GAL4 assay.
Mash1 and p57Kip2 expression patterns overlap in proliferat-
ing cells of the developing ventral telencephalon, and Mash1
and p57Kip2 were both found to be expressed in proliferating
cultures of telencephalic NSCs. Accordingly, p57Kip2 accu-
mulated at defined Mash1 response elements in regulatory
regions of the DIx1 gene, an important regulator of tele-
ncephalic progenitor differentiation. In addition, a nuclear
accumulation of p57Kip2 was seen in telencephalic NSCs
after 16—24 h treatment with CNTF and astrocytic differentia-
tion, at a time point when Mash1 was still highly expressed in
the nuclei of the differentiating progenitors. Loss- and gain-of-
function approaches suggested that p57Kip2 exerted a
context-dependent repressive effect on neuronal but not
astrocyte differentiation after mitogen withdrawal. We pro-
pose that p57Kip2 is a repressor of Mash1 activity and a
context-dependent repressor of neuronal differentiation,
possibly to allow proper glial differentiation.

Results

p57Kip2 interacts with neurogenic bHLH factors
including Mash1. Earlier studies on muscle development
have shown that p57Kip2 is involved in the differentiation of
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skeletal muscle and can interact with the myogenic bHLH
factor MyoD.?? We asked whether p57Kip2 could interact in a
similar way with neurogenic bHLH factors. HEK293 cells
were transfected with p57Kip2 cDNA conjugated with an
hemagglutinin (HA)-tag together with various members of
different classes of bHLH proteins, and total cellular extracts
were immunoprecipitated with p57Kip2 antibodies. The preci-
pitated complexes were then investigated by immunoblotting
with antibodies against HA (p57Kip2), myc-tag (myc-Mash1),
and Flag (Flag-NeuroD, Flag-Nex/Math2). These experi-
ments revealed that p57Kip2 co-immunoprecipitated robustly
with a subset of bHLH factors including Mash1, and also
NeuroD and Nex/Math2 (Figure 1a). In contrast, we failed to
co-precipitate Ngn1/2/3 or Hes1 with p57Kip2 under similar
conditions (data not shown).

To confirm whether p57Kip2 and Mash1 could interact in
neural cells, we used the Mash1-expressing neuroblastoma
cell line (SH-SY5Y), transfected those cells with HA-p57 and
immunoprecipitated the total cell extracts with HA antibody.
These experiments demonstrated that endogenous Mash1
co-immunoprecipitated with p57 in neuroectodermal cells
(Figure 1b).

p57Kip2 represses Mash1 transcriptional activity and
acts as a direct repressor of transcription in a GAL4
assay. To investigate putative effects of p57Kip2 on Mash1
activity, Mash1 was co-expressed with increasing amounts of
p57Kip2 in HEK293 cells and the activity of co-transfected
reporter genes regulated by Mash1-binding E-box seq-
uences was evaluated after normalization of the activity to
a co-transfected pCMX-8-galactosidase reference plasmid.
These experiments demonstrated that p57Kip2 significantly
repressed Mash1-dependent transcriptional activation
efficiently in a dose-dependent manner (Figure 1c). To eval-
uate whether this effect was associated with the binding of
p57Kip2 to CDKs and regulation of cell-cycle exit, we used a
mutant version of p57Kip2 containing four substitutions in the
CDK interacting domain ablating the interaction with
CDKs?°2® and performed similar experiments. Importantly,
this mutant, p57CKmut, also interacted with Mash1
(Figure 1d) and repressed the Mash1 transcriptional activity
to a similar extent as wild-type p57Kip2 (Figure 1e). These
results suggested that the effect of p57Kip2 on Mash1
transcriptional activity is independent from binding to CDKs
and regulation of cell-cycle exit.

To investigate whether the influence p57Kip2 exerted on
Mash1 activity could be direct by acting as a transcriptional
repressor, we used a p57Kip2 construct fused to the
DNA-binding domain of GAL4 (GAL4-DBD) and studied the
effect of this protein on a luciferase reporter construct
containing four GAL-binding sites fused to a basal promoter
(HSP) and compared with the effects of GAL4-DBD only. The
results were compared with the effects by GAL4-DBD and
GAL4-p57Kip2 on a construct only containing the basal
promoter (HSP luciferase). Whereas the activity of the HSP-
luciferase construct was unaffected, GAL4-p57Kip2 potently
repressed the GAL4 reporter activity compared with control
(Figure 1f). This experiment suggested that the repressive
effect of p57Kip2 on Mash1 transcriptional activity could be a
direct effect by p57Kip2 acting as a transcriptional repressor.
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Figure 1 p57Kip2 interacts directly with neurogenic bHLH factors and represses transcription. (a) Co-transfections of HA-tagged p57Kip2 and myc-Mash1, Flag-NeuroD,
and Flag-Nex/Math2, respectively, were followed by immunoprecipitations with a p57Kip2 antibody. Subsequent immunoblotting with HA, myc, and Flag antibodies revealed
that Mash1, NeuroD, and Nex/Math2 co-precipitated with p57Kip2. (b) Transfections of HA-tagged p57Kip2 or mock constructs in the neuroblastoma cell line SH-SY5Y,
expressing endogenous Mash1, were followed by immunoprecipitations with an HA antibody. Subsequent immunoblotting revealed that endogenous Mashi co-
immunoprecipitated with p57Kip2. (¢) A transfected TK-luciferase reporter regulated by an E-box was activated by Mash1 co-transfection, whereas co-transfections of
increasing amounts of p57Kip2 repressed the Mash1-induced reporter activity in a level-dependent manner. (d) Immunoblots of immunoprecipitations of HEK293 cell extracts
with a p57 antibody after co-transfections of myc-Mash1 and a cDNA encoding p57Kip2 harboring four-point mutations interrupting interactions with CDK, p57CKmut,
demonstrating that the Mash1 interaction was not dependent on the CDK interaction. (e) p57CKmut showed similar effects in the luciferase assay as wild-type p57Kip2.
(f) Full-length p57Kip2 fused to the DNA-binding domain of GAL protein specifically repressed reporter activity, indicating that p57Kip2 can act directly as a transcriptional
repressor. Black bars represent HSP-luciferase (control), white bars represent MH100-HSP-luciferase (with 4 GAL-binding sites). (g) PCR results after chromatin
immunoprecipitation (ChIP) experiments of HeLa cell extracts with a myc antibody after transfections of E-box containing luciferase reporter gene (mck-fos-luc), and HA-

p57Kip2 and/or myc-Mash1 cDNA. Error bars in ¢, e, and f: S.E.M. (*P<0.05)
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Figure 2 A subset of Mash1-positive neural progenitors in the ventral telencephalon co-express nuclear p57Kip2 and p57Kip2 is enriched at defined Mash1-binding sites
in neural stem cells. (a) High and low magnification confocal imaging micrographs depicting transverse sections of mouse brain from embryonic day (E) 12.5 after
immunohistochemistry experiments using antibodies against p57Kip2 and Mash1, respectively. Topro3 staining was used to demonstrate nuclei. Red labeling: p57Kip2
immunoreactivity; green labeling: Mash1 immunoreactivity; blue labeling: Topro3 staining. (b) High magnification confocal imaging revealed nuclear double labeling of p57Kip2
and Mash1 in the ventral telencephalon. (¢) Quantitative PCR results after chromatin immunoprecipitation experiments of neural stem cell extracts using a p57Kip2 antibody
demonstrating an accumulation of p57Kip2 on an earlier described Mash1-binding site in the regulatory region 112b of the DIx1/2 gene

This is to our knowledge the first demonstration of a CKl acting
directly as a transcriptional repressor.

Although these data demonstrate that p57Kip2 can act as a
transcriptional regulator, it was still possible that the decrease
in Mash1 activity was due to p57Kip2-mediated sequestering
of Mash1 from the promoter. We therefore performed
chromatin immunoprecipitation (ChlIP) experiments to inves-
tigate the presence of Mash1 on the reporter construct in the
absence and presence of p57Kip2. Mash1 was found to
occupy the E-box sites in the promoter both during basal
conditions as well as when co-transfected with p57Kip2
(Figure 1g), suggesting that the repressive effects of p57Kip2
on Mash1 transcriptional activity is not likely to be the result of
sequestering Mash1 away from the promoter.

p57Kip2 is co-expressed with Mash1 and p57Kip2
is transiently accumulated in NSC nuclei during
CNTF-mediated astrocytic differentiation. We next
investigated the expression pattern of p57Kip2 in the
developing mouse telencephalon by immunohistochemistry.
At embryonic day (E) 12.5-13, a critical time point in
telencephalic development, we found prominent p57Kip2
expression in the SVZ of the ventral telencephalon including
the medial ganglionic eminence and the developing preoptic
area (Figure 2a). Cells of the medial ganglionic eminence
SVZ have been shown to contribute to the developing
striatum and cortical GABAergic interneurons.?* Notably, the
p57Kip2 labeling was found to be predominantly nuclear
(Figure 2a). As Mash1 at this time of development is
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expressed in the SVZ of the ventral telencephalon,
we performed double-labeling immunohistochemistry and
confocal imaging that revealed p57Kip2 co-expression with
Mash1 in the nuclei of a subset of telencephalic progenitors
in the SVZ (Figure 2a and b).

To investigate a putative role for p57Kip2 in neural
differentiation, we pursued a series of experiments investigat-
ing the expression of p57Kip2 in fibroblast growth factor-2
(FGF2) expanded embryonic telencephalic multipotent NSCs
isolated from primary cortices. One passage after primary
isolation, these NSCs constitute a homogenous progenitor
population positive for stem cell markers such as nestin and
negative for markers of terminal differentiation (Supplemen-
tary Figure 1A-D). The telencephalic NSCs can rapidly and
efficiently be differentiated into neurons, astrocytes, and
smooth muscle-like cells after various treatments as as-
sessed by morphology and cell fate markers.®”?>26 For
example, treatment of NSCs with PDGF, BDNF, or valproic
acid results in increased neuronal differentiation and TuJ1
antibody staining, CNTF, LIF, CT1, or BMP4 treatment induce
astrocytic differentiation and increased GFAP staining, and
treatment with fetal bovine serum or BMP4 yields increased
mesenchymal differentiation and increased numbers of cells
expressing smooth muscle actin (SMA) (Supplementary
Figure 1F—H).

We first aimed at investigating whether p57Kip2 was
associated with the role for Mash1 in NSCs. We, therefore,
performed ChIP experiments using the p57Kip2 antibody and
cell extracts from NSC, and assessed the enrichment of
p57Kip2 at a well-characterized Mash1 response element in
the regulatory region of the DIx1/2 gene.?” We found a
significant accumulation of p57Kip2 at the 112b intergenic
regulatory region, around three-fold compared with
the presumably less relevant and thus control M1 region of
the MBP gene (Figure 2c), suggesting that endogenous
p57Kip2 is enriched at Mash1-binding sites in NSCs.

We next aimed at assessing the expression and subnuclear
localization of p57Kip2 in FGF2-expanded NSCs during
proliferating conditions. Immunocytochemistry experiments
revealed basal p57Kip2 immunoreactivity both in the nucleus
and the cytoplasm in FGF2-treated NSCs (Figure 3a, left
panels). Immunoblotting of FGF2-expanded NSCs confirmed
basal expression of p57Kip2 in FGF2-expanded NSCs
(Supplementary Figure 11). We next investigated the expres-
sion of p57Kip2 during differentiating conditions. Treatment
with ciliary neurotrophic factor (CNTF) induces a rapid
(<48h) and efficient (>90%) differentiation of NSCs into
GFAP-positive astrocytes.>2® CNTF treatment of NSCs
induced a clear increase in nuclear staining of p57Kip2 in a
large number of cells (Figure 3a, right panels). Immuno-
blotting showed no increase in total p57Kip2 protein levels but
an induction of GFAP protein and a decrease in N-CoR, a
known repressor of astrocytic differentiation (Supplementary
Figure 11).° Time-course experiments revealed that the
increase in nuclear p57Kip2 started at around 8h, peaked
after around 20 h, subsequently decreased and returned to
control levels 72-96 h after the initiation of astrocyte differ-
entiation by CNTF (Figure 4a and b). This nuclear accumula-
tion of p57Kip2 was abolished by pre-treatment with the
PI3K/Akt kinase inhibitor LY294002 at 10 uM but unaffected
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Figure 3 p57Kip2 displays a nuclear accumulation during CNTF-mediated
astrocyte differentiation and co-localize with Mash1 immunoreactivity in the nucleus.
(a) Micrographs demonstrating cell nuclei (DAPI) and p57Kip2 immunostaining in
FGF2- versus CNTF-treated NSCs 24h after initiation of CNTF stimulation.
(b) Micrographs depicting immunostaining for Mash1 and p57Kip2 in NSCs
demonstrating nuclear co-localization 24 h after initiation of CNTF treatment

by pre-treatment with the MEK inhibitor PD98059 at 25 uM
(Supplementary Figure 1J). In silico investigation of putative
phosphorylation sites of the p57Kip2 protein (Scansite) at high
or medium stringency failed to reveal any putative Akt kinase
motifs, but identified a direct GSK3 kinase site (data not
shown). GSKS3 kinase is a major target for Akt kinase in
NSCs,® suggesting the possibility that the regulation by the
PI3K/Akt kinase signaling pathway is indirect. We and others
have shown earlier that the subcellular localization of p57Kip2
is regulated and that this protein can shuttle between the
nucleus and the cytoplasm.?®?® Taken together, these
observations suggest that the increase in nuclear immuno-
reactivity was primarily the result of a PI3K/Akt kinase-
dependent accumulation of p57Kip2 protein in the nucleus.
FGF2 treatment has been shown to influence telencephalic
NSCs by regulating an increase in the expression of genes
usually highly expressed in the ventral telencephalon, such as
Mash1.% It has, however, also been shown that Mash1 can
rapidly be degraded during BMP-mediated astroglial differ-
entiation of forebrain progenitors.31 We, therefore, assessed
whether nuclear Mash1 expression was affected by the
CNTF-mediated astrocytic differentiation. Immunocytochem-
istry experiments showed that at the peak of nuclear p57Kip2
labeling (16—24 h after CNTF stimulation), Mash1 expression
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Figure 4 The nuclear accumulation of p57Kip2 during astrocyte differentiation
is transient, peaks at 2024 h, and is not associated with an increase in cell-cycle
exit. (@ and b) Quantifications of NSCs that displayed predominantly nuclear
p57Kip2 staining at different time points during CNTF-mediated astrocyte
differentiation. Long time course experiments demonstrating a peak after 24 h
(@). Short term course experiments confirming the peak of NSCS that
displayed strong nuclear p57Kip2 staining at 20-24h of CNTF-treatment in
comparison with FGF2-treated cells (b). (c) Quantifications of numbers of CNTF-
stimulated NSCs displaying PCNA immunostaining at 4-24h after initiation of
treatment. All experiments were repeated three times independently. Error bars:
S.E.M. (a and b), S.D. (¢)
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was still prominent in the nuclei and co-localized to a large
extent with p57Kip2 immunoreactivity in the nucleus
(Figure 3b), whereas the Mash1 expression at later time
points (>48h) was below detection levels (data not shown).

We next investigated whether a change in proliferative state
of the cells after CNTF treatment was associated with the
increase in nuclear p57Kip2 staining by using time-lapse
microscopy. Bright-field micrographs were taken of NSCs
every 30min for 48h after FGF2 or CNTF administration.
These experiments demonstrated that there was no signifi-
cant increase in cell-cycle exit at the times when p57Kip2
nuclear expression was most prominent after CNTF treatment
(Supplementary Video 1 and 2). Immunocytochemical detec-
tion of the proliferative marker PCNA at 4-h intervals further
supported this observation as there was no significant
decrease but rather an increase in PCNA staining in CNTF-
stimulated NSCs after 16—24 h compared with earlier time
points (Figure 4c). These experiments indicate that the
increase in nuclear p57Kip2 was not primarily associated
with cell-cycle exit.

Overexpression of p57Kip2 or p57CKmut inhibits
neuronal differentiation of NSCs. To investigate a
putative role for p57Kip2 in neural differentiation, we trans-
fected NSCs with wild-type p57Kip2 and the p57CKmut that
does not interact with CDKs, and subsequently treated the
cells with FGF2 for 12h followed by CNTF stimulation or
withdrawal of FGF2. FGF2 withdrawal results in a differen-
tiation of NSCs into roughly 30% neuronal cells and 30%
astrocytes after 120 h and is to be considered as permissive
conditions. NSCs treated with CNTF for 24h after trans-
fection with p57Kip2 and p57CKmut plasmids did not show
any significant difference in the expression of GFAP
compared with mock-transfected NSCs (Supplementary
Figure 2B). In contrast, NSCs that had been transfected
with wild-type p57Kip2 in the presence of FGF2 and
subsequent withdrawal of FGF2 for 120 h, showed a clear
(46.3%, P<0.05) decrease in the number of cells that
stained positive for the neuronal marker Tud1, and little
change in the number of GFAP-positive cells (Figure 5a).
Cells transfected with p57CKmut showed a similar decrease
(42.2%, P<0.05) in neuronal marker expression indicating
that the effect on neuronal differentiation was uncoupled from
putative effects on proliferation (Figure 5a).

Reduced levels of endogenous p57Kip2 result in an
increase in expression of neuronal-specific antigens. To
evaluate the loss of p57Kip2 function, we overexpressed
antisense oligonucleotides directed against p57Kip2 together
with an EGFP vector that labeled the transfected cells. These
antisense constructs effectively and selectively reduce
p57Kip2 expression compared with control cultures
(Supplementary Figure 2A and 3). NSCs treated with
CNTF for 48h after transfection with antisense or sense
oligonucleotides showed no significant difference in the
number of GFAP-expressing cells (93.7 versus 91.2%). In
contrast, in conditions of growth factor withdrawal for 120 h
after transfection, there was a clear increase (62.6%, P<0.05)
in the proportion of cells that stained positive for Tud1 and a
reduction of GFAP expression (30.7%, P<0.05) in cells that
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Figure 5 p57Kip2 inhibits neuronal differentiation of NSCs after mitogen
withdrawal. (a) Quantifications of transfected NSCs identified by GFP expression
that were positive for staining after incubation with Tud1 antibody (bars 1-3) or
GFAP antibody (bars 4-86) indicating neurons and astrocytes, respectively, after
120 h of growth factor (FGF2) withdrawal. The transfected constructs are indicated.
(b) Quantifications of TuJ1- or GFAP-positive cells transfected with p57Kip2 sense
or p57Kip2 antisense oligonucleotides and counted 120 h after FGF2 withdrawal. All
experiments were repeated five times independently. Error bars: S.E.M. (*P<0.05)

had received p57Kip2 antisense versus sense oligonucleotides,
respectively (Figure 5b). It should be noted that like in the
overexpression experiments above, the transfection efficiency
of NSCs was low compared with cell lines (see Materials and
Methods), and the possibility that the transfected cells thus
represented a subset of NSCs that theoretically could be more
committed cells should be taken into account. In addition, a
significant proportion of cells that received p57Kip2 antisense
did indeed still express GFAP and were TuJ1 negative,
suggesting that the increase in the number of Tud1 cells was
due to a selective induction of Tud1 expression in a subset of
the differentiating progenitors.

Discussion

It is known that certain CKls play important roles in neural
development as well as in neuro- and gliogenesis in addition to
regulation of cell-cycle exit, but the molecular mechanisms
underlying the diverse effects have not been extensively
investigated. We show that p57Kip2 acts as a transcriptional
repressor, a repressor of Mash1 activity and exerts a context-
dependent inhibition of neuronal differentiation, independent
of the interaction with CDKs and cell-cycle exit. Our results
expand the understanding of CKI function in neural differ-
entiation and strengthen the hypothesis that CKls provide a
direct molecular link between cell-cycle exit and differentia-
tion, in addition to previous reports on roles in neural
migration.

Independent observations from other laboratories have
shown a transient expression of p57Kip2 in the mouse and
chick spinal cord and also a higher number of neurons after
loss of function experiments.’® Although these experiments
clearly indicate that higher number of neurons observed after
loss of p57Kip2 is due to aberrant regulation of progenitor cell-
cycle exit and timing, additional mechanisms should also be
considered. In our in vitro assays, we found no association of
the increase in nuclear p57Kip2 staining with cell-cycle exit or
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CDK-interacting function. It is, therefore, plausible that
p57Kip2 plays multiple spatial and temporal context-depen-
dent roles in neural differentiation and proliferation.

p57Kip2 has been shown earlier to exert important roles in
neuronal migration but less so in neuronal differentiation of the
dorsal pallium."” There are several differences between this
study and the present. Most importantly, ltoh et al.'” focused
at roles for p57Kip2 and other CKls in the dorsal telencepha-
lon and neocortex, whereas in this study, we used an in vitro
system of telencephalic neural progenitors that include both
dorsal and ventral progenitors and is known to be ‘ventralized’
in character by the FGF2-mediated expansion of the stem cell
cultures.® As the expression of CKls and neurogenic factors
such as bHLH transcription factors show spatiotemporal
variations during telencephalic development, conditional gene
deletion strategies will be required to elucidate these
questions in more detail.

The CKI p27Xic1 has been shown earlier to promote glial
differentiation in the Xenopus retina in a Notch-dependent
manner,'® and recent studies have reported clear associa-
tions between Notch signaling and p57Kip2 expression in
different systems.®233 Because of the essential role for Notch
signaling in stem cell maintenance and glial differentiation, we
tested whether p57Kip2 could interact directly with the Notch
signaling transcription factor CSL/RBP-Jx, but we failed to
detect an interaction between these two factors in immuno-
precipitation experiments (BJ, unpublished observations).
We further did not find any interaction between p57Kip2 or
Hes proteins. Yet our results provide an indirect association of
p57Kip2 to Notch signaling as Mash1 is a second-order target
of Notch signaling via Hes1. Context-dependent differences in
the function of p57Kip2 and other CKls may further be
explained by the variations in levels,3* spatial and temporal
expression patterns, as well as the subcellular localization of
p57Kip2;2° present study).

Ventral telencephalon is known to give rise to the early
waves of oligodendrocytes.®® As the expression of p57Kip2
was found to be high in the ventral telencephalon (Figure 2a),
it is tempting to speculate whether a potential role for p57Kip2
could be to repress neuronal differentiation to secure proper
oligodendrocyte proliferation, specification, and/or differentia-
tion. An expression-level-dependent role for p57Kip2 in
Notch-regulated oligodendrocyte specification in the ventral
spinal cord has been suggested from elegant experiments in
zebrafish,®* and it was recently shown that proper levels of
p57Kip2 is critical for correct proliferation as well as
differentiation of primary oligodendrocyte progenitor cells as
well as Schwann cells.®6*” Furthermore, the timing and levels
of Mash1 and DIx1/2 expression, as well as Notch signaling,
have been shown to be critical parameters to secure the
proper proliferation, differentiation, and migration of ventral
telencephalic progenitors.®* It is at present difficult experi-
mentally to yield efficient oligodendrocyte production from
embryonic NSCs hampering such investigations in NSCs, but
future studies should address this hypothesis in greater detail.
Our present findings indicate that p57Kip2 can interact with a
subset of neurogenic bHLH factors, such as Mash1, and
thereby contribute to the balanced regulation of neurogenesis
in the ventral telencephalon (Figure 6). We speculate that this
regulation occurs in a subset of glial progenitors.



Figure 6 A representation of the left side of an embryonic rodent forebrain
suggesting a putative integration of p57Kip2 as a Mash1 interacting protein with
earlier data on telencephalic progenitor differentiation. It has been shown earlier that
the balance of the expression of Mash1 and Dix genes, such as DIx1/2, is a critical
parameter for differentiation of neural progenitors in the ventral telencephalon®2*
and that Mash1 can directly regulate the DIx1/2 gene through binding to the 112b
enhancer®” suggesting that p57Kip2 may play a specific role in the generation of
cortical GABAergic interneurons and/or the developing striatum. The coactivator
CBP has been shown to be critical for Mash1 activity, whereas the Id family of
bHLH-interacting proteins repress the activity of bHLH transcription factors.®® Earlier
studies have shown that p27Kip2 and Neurogenin2 (Ngn2) interacts in the dorsal
pallium and developing neocortex'*'” suggesting in addition to the temporal
aspects, a spatial component in the expression and function of different CKls

Materials and Methods

Cell cultures. Human neuroblastoma SH-SY5Y cell line (ATCC CRL-2266),
human cervical carcinoma Hela cell line (ATCC CCL-2), and human embryonic
kidney HEK-293 (ATCC CRL-1573) were cultured as described.?*2? Isolation and
culture of multipotent neural progenitors, referred to as NSCs, were performed
essentially as described earlier.>"?>2 In brief, cortices from rats at embryonic day
15 were dissected and mechanically dispersed in a modified serum-free, HEPES-
free N2-supplemented DMEM/F12 medium (Invitrogen, Carlsbad, CA, USA). All
animal experiments were done in accordance with the approval of the local ethics
committee (Stockholms Norra Djurférsoksetiskandmnd). The primary cells were
plated on dishes (35, 60, 100 mm) coated with poly-L-ornithine and fibronectin
(Sigma, St Louis, MO, USA). The cells were treated with human recombinant basic
FGF2 at 10ng/ml every 24h and the N2 medium was replaced every 48h. All
treatments and transfections were performed after the first passage when > 99% of
the cells displayed nestin expression and typical NSC morphology and < 1% of the
cells expressed neuronal and glial differentiation markers accompanied with very
low levels of mRNA levels for terminal markers (see Results). To achieve astrocytic
differentiation, the cells received CNTF (R&D Systems, Minneapolis, MN, USA) at
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10 ng/ml for 48 h. When used, LY294002 (10 «M) or PD98059 (25 uM; both Cell
Signaling Technology, Beverly, MA, USA) was added 45 min before the CNTF. Al
results are based on at least three independent experiments.

Immunohistochemistry and antibodies. All animal expetiments were
done in accordance with the approval of the local ethics committee (Stockholms
Norra Djurforsoksetiskandmnd). Time mated C57BL6 mice from Scanbur, Sweden,
were used for immunohistochemistry experiments. Noon of day of plug was taken
as embryonic day (E) 0.5. Embryos were dissected out at E12.5, decapitated and
fixed in 4% paraformaldehyde for 2h at 4°C, and then washed in phosphate
buffered saline (PBS). Embryos were transferred to 30% sucrose, rocked overnight,
and then embedded in OCT (TissueTek) and frozen on dry ice. Serial coronal
14 mm sections were collected on a cryostate. Sections were firstimmersed in PBS
for 5min, and then blocked with 5% goat serum (GS) in PBS with 0.1% Triton-X
(PBST) for 1 h. Primary antibodies were diluted in 5% GS/PBST overnight at 4°C.
Slides were then washed in PBS, 3 x 15min, and secondary antibodies, diluted in
5% GS/PBST, were applied for 1 h at room temperature (RT). The slides were then
washed again, 3 x 15min, counterstained with Topro-3 (Invitrogen) and washed
twice more. Slides were mounted in glycerol/PBS 9: 1. The following antibodies
were used: rabbit anti-p57Kip2 (1:50, Santa Cruz, Santa Cruz, CA, USA), mouse
anti-Mash1 (1:500, BD Pharmingen, San Diego, CA, USA), secondary antibodies
from Molecular Probes (Leiden, Netherlands) (see further below). All images were
acquired on a Zeiss LSM 510 confocal (Zeiss, Germany) with Zeiss software.

Immunocytochemistry and antibodies. Forimmunocytochemistry, cells
were fixed in the plates with formalin for 20 min at RT, rinsed three times in PBS, and
incubated in primary antibodies O/N at 4°C under agitation. The cells were then
rinsed six times in PBS before incubation in secondary antibody for 1 h at RT in the
dark under agitation. After three additional rinses, the plates were coverslipped with
Vectashield with DAPI. Primary antibodies: goat anti-p57Kip2, rabbit anti-PCNA
(1:100-1000; Santa Cruz Biotechnology), mouse anti-p57Kip2, mouse anti-nestin,
mouse anti-Mash1 (1:100-1000; Pharmingen, San Diego, CA, USA), mouse anti-
Tuj1 (1:500; Covance), mouse anti-MAP2 (1:500; Sigma), rabbit anti-GFAP
(1:500; DAKO), rabbit anti-SMA (1:1000, Sigma), rabbit anti-Actin (1:2000;
Sigma), chicken anti-GFP (1:1000; Chemicon, Temecula, CA, USA). Secondary
antibodies for immunocytochemistry were purchased from Molecular Probes and
included donkey-anti-mouse, donkey-anti-goat, donkey-anti-rabbit, and donkey-
anti-chicken conjugated to Alexa 488 and Alexa 594 and used at 1: 500. Secondary
antibodies for immunoblotting were purchased from Chemicon and included
peroxidase-conjugated rabbit-anti-goat and rabbit-anti-mouse used at 1:2000.

Cell extract preparations, immunoprecipitations and immuno-
blotting. For whole cell lysates, cells from 10 cm dishes were scraped and lysed
in NETN buffer with 1 x protease inhibitor cocktail (Complete, Roche) for 15 min
followed by centrifugation at 4°C for 20 min. For immunoprecipitation, protein
Sepharose-precleared nuclear extracts were incubated with the indicated antibody
in nuclear extract buffer overnight at 4°C. Immunocomplexes bound to protein A- or
G-Sepharose were collected by centrifugation and washed in radioimmuno-
precipitation assay buffer. For immunoblot analysis, nuclear-cell extracts or
immunoprecipitates were resolved on SDS-PAGE and blotted; protein pieces were
detected with anti-p57Kip2 (Santa Cruz Biotechnology), anti-Mash1 (Pharmingen),
anti-Flag (Sigma), or anti-HA (Roche Diagnostics, Stockholm, Sweden) antibodies.

DNA delivery and constructs. SH-SY5Y cells and HEK293 cells were
cultured and transfected as described elsewhere.?® Transient transfections of NSCs
were performed essentially according to the supplier's recommendations
(Effectene, Qiagen, Courtaboeuf, France). Antisense and eGFP were in addition
delivered by nucleofection using a Nucleofector device and the Rat NSC
Nucleofector Kit according to the supplier's protocol (Amaxa, Lonza, Switzerland).
Transfections efficiencies of NSCs ranged between 5 and 20%. Expression
constructs used in this study: pCMV-HAp57Kip2 and pCMV-HA-p57CKmut were
gifts of Dr. SA Leibovitch (Centre National de la Recherche Scientifique, Villejuif,
France) and Dr. Y Xiong (University of North Carolina, Chapel Hill), respectively.
pCMX-asp57Kip2 was obtained by inserting in antisense orientation the Ncol-
Hindlll fragment from pEX10X-p57Kip2 (gift from Dr. J Massagué, Sloan—Kettering
Cancer Center, New York, USA), into expression plasmid pCMX.2° Gal4DBD-
p57Kip2 encodes full-length cDNA sequence of the mouse p57Kip2 in frame with
the yeast Gal4 DNA-binding domain. pCDNA3.1-Hes1 was a gift from Dr. K Jepsen,
University of California, San Diego, USA. pCMV-MASH1 and pCMV-Ngn 1-3 were
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gifts from Drs. J Frisén and J Ericson, Karolinska Institutet, Sweden. pCMV-NeuroD
and pCMV-Nex were gifts from Dr. MH Schwab, Max Planck Institute, Géttingen,
Germany.

Reporter gene assays. The E-box reporter plasmid containing region
of the MCK enhancer coupled to luciferase, MCK-fos-luc was a gift from
Dr. M Sigvardsson. Dr. T Perlmann provided us with plasmids encoding 8-
galactosidase, HSP-luc and MH100-HSP-luc. Transfections were performed in 24-
well plates with Lipofectamine 2000, according to the manufacturer's protocol. For
promoter-luciferase constructs, each well was transfected with 100 ng of reporter
plasmid (MCK-fos-luc), 300 ng of expression vectors (pCMV-HA-p57Kip2; pCMV-
HA-p57CKmut; pCMV-MASH1) and 100ng of pCMX-B-gal reference plasmid
containing a bacterial 3-galactosidase gene. For Gal4-RE-luciferase constructs,
each well was transfected with 100 ng reporter plasmid (MH100-HSP-luc; HSP-luc),
200 ng expression vector (Gal4DBD; Gal4DBD-p57Kip2), and 100 ng pCMX-B-gal
reference plasmid. The same amount of DNA was added to each well. Cells were
harvested 24 h after transfection, lysed and extracts were assayed for luciferase and
B-galactosidase activities in a microplate luminometer/photometer reader (Orion
Microplate Luminometer; Berthold detection systems). Relative light units were
computed after normalization to $-galactosidase activities. Values shown are
representatives of at least three independent experiments, made in triplicates, with
error bars representing S.E.M.

ChIP and gPCR. Hela cells were transfected with plasmids encoding mck-fos-
luc, Mash1 and p57. ChIP were carried out using ChIP assay kit (Upstate
Biotechnology, Lake Placid, NY, USA) according to the manufacturer’s protocol and
using c-myc antibody (Santa cruz sc-7189). PCR were performed using primers for
the mck-fos-luc promoter (forward: RVprimer3 5'-ctagcaaaataggctgtcee-3', reverse:
GLprimer2 5'-ctttatgtttttggcgtcttcca-3’). For NSCs, ChlP-IT Express (Active Motif,
Carlsbad, CA, USA) was used according to the suppliers recommendations.
Protein content of cells was cross-linked using 1mM dithiobissuccinimidyl-
propionate for 30 min, followed by fixation with 1% formaldehyde for 10 min. Cells
were rinsed twice with cold PBS, collected by scraping and pelleted at 2000 r.p.m.
for 4 min at 4°C. Frozen pelleted cells were resuspended in lysis buffer, centrifuged
for 10min at 4°C and the pelleted nuclei was resuspended in shearing buffer.
Chromatin was then sonicated using a Bioruptor 200 (Diagenode, Sparta, NJ, USA),
high frequency, 0.5 min/0.5 min, for 12 min. Sonicated chromatin was analyzed in a
2% agarose gel, to confirm optimal chromatin shearing efficiency. Input was
collected for further analysis. A measure of 5 ug of chromatin was incubated for 1 h
at 4°C with protein G magnetic beads and then immunoprecipitated overnight at
4°C with anti-p57Kip2, along with Histone H3 (Abcam, ab1791, positive control,
2 ug) and rabbit IgG (Active motif, negative control, 2 1g). After three washes with
ChIP buffer 1 and two washes with ChIP buffer 2, the IP DNA was decross-linked
and resuspended in a final volume of 130 ul. Purified DNA and 1% input were
analyzed by qPCR, using five-fold dilutions of the input for standard curves and
triplicates per sample. As the standard curve method was used, potential
differences in primer efficiency were taken in account and occupancy in different
regulatory regions could be compared for a specific antibody. Primers used: 112b
enhancer: for 3'-ggcccatcaaacacaacata-5' rev 3'-gattccctgggegaaaaa-5'; MBP, M1
3'-ttcaagaccccaggaagaaa-5’, rev 3'- ttetttgggtetgctgtgtg-5'.
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