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SUMMARY

During the development of central nervous system, cell proliferation and neuronal differentiation
must be tightly regulated to maintain progenitor pool and generate correct number and types of mature
neurons. Cyclin-dependent kinase inhibitors (CKls) provide negative control on cell cycle by inhibiting -

activities of cyclin-dependent kinases. In the developing vertebrate spinal cord, CKlIs displayed distinct

kipl gINK+4d

expression patterns in complementary regions. p21°?! is restricted in V2 interneurons, p27**’ and p1

are mostly expressed in mature neurons. Whereas p57#? is expressed in nascent interneurons at G1/G0

phase, preventing them from re-entering cell cycle. Loss of p57 leads to inappropriate entry into S phase
and increased number of mature neurons were generated in the null mice. p27*' does not appear to
compensate for the loss of p57 during neurogenesis. Overexpression of Cip/Kip family in chick embryos
indicates that CKI domain cénserved among family members is sufficient and required to force cell cycle

kip2 - .
7% is not required

exit in dividing cells. Loss of function“and gain of function studies also suggest that p57
for cell cycle exit, rather for timely cell cycle withdrawal. Its C-terminal QT domain inhibits the
transcription of homeodomain factors while inducing general neuronal differentiation program. Therefore

p57“P? has dual functions of regulating proliferation and timely neuronal differentiation in vertebrate

spinal cord.
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INTRODUCTION

Development of vertebrate central nervous systemr (CNS) is a complex process that involy'es with multiple
steps and sequential order of gene expressions. Neural induction and patterning are 'the two important
steps that both require precise cell cycle control to maintain stem cell pool and generate certain amount of
mature neuron in CNS (Bally-Cuif er al, 2003). Timely regulated cell cycle exit and cellular
differentiation determines appropriate number of post-mitotic cells produced at specific time wi'ndow,
which ensures normal organogenesis and morphogenesis during embryonic development (cie Nooij, et al.
1996; Cremisi et al., 2003). Extracellular signals and intrinsic factors exert controls on cell cycle by
affecting the activities of cyclin-dependent kinases (Cdks). Cdks are the core; eleme;lts of cell cycle
machinery that integrate growth regulatory signals and intracellular signaling. Their activities require
association with cognate cyclins and are regulated positively or negatively with different sites
phosphorylated. In addition, cyclin-dependent kinase inhibitors (CKlIs) bind and inhibit cyclin/Cdk
complex (Sherr et al, 1999). Two classes of CKIs have been found in mammals based on their structure
and target Cdks. INK4 family including p16 (Serrano et al. 1993), p15 (Hannon and Beach 1994), p18§
(Guan ez al. 1994; Hirai et al. 1995) and p19 (Chan ez al. 1995; Hirai et al. 1995) share ankyrin repeats
and specifically bind to Cdk4/6. Cip/kip family has three members, p21°?/ (Harper et al. 1993), p27
(Polyak ez al. 1994; Toyoshima and Hunter 1994) and p57“"* (Lee et al. 1995; Matsuoka et al. 1995) with
common and unique domains, whose actions affect activities of cyclin D-, E- and A-dependent kinases.

Once enough progenitor cells have been expanded in the developing CNS with certain cell cycles, it is
important for them to exit cell cycle when differentiation program is initiated. Although banks of positive
and negative regulators of cell cycle have been identified, it remains poorly understood what signals in
vivo lead to the induction of Cdk inhibitors and growth arrest at the transition between proliferation and
differentiation. It is also undefined how proliferation and differentiation are coordinated as whether cease

of proliferation is due to scarce of mitogenic signals, increase of pro-differentiation factors or both.
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Drosophila and Xenopus turned out to be good models with‘on]y one CKI identified in the organisms.
Dacapo has been identified as the Cip/Kip homolog in Drosophila similar to vertebrate p27*%/ (de Nooij et
al 1996; Lane et af. 1996). qus of dacapo results in extra round of cell cyﬁling and delayed
differentiation with no apparent change of cell fates and morphogenesi's. It was proposed that upregulated
dacapo and reduced level of cycli'ns"redundantly control the timely exit of cell cycle. Although Dacapo
control proliferation, Meyer et al. 'showed during Drésop‘hi]a imaginal development that dacapo
transcription is not coupled to cell'cycl‘é progression (Meyer et al., 2002). It is the similar case in Xenopus
which has the advantage of only one cip/kip member p27xicl. It has been shown that p27xicl is required
for promoting differentiation both‘in myogenesis and neurogenesis (Vernon ef al. 2003a, b). The function
of p27xicl was suggested to stabilize basic helix-loop-helix (bHLH) factors myoD and neurogenin that
promote muscle and neuronal differentiation, respectively. Knockdown of p27xicl resulted in increased
proliferation and suppressioh of neuronal marker N-tubulin, further supporting that p27xicl is essential
for cell cycle regulation and differentiation. With p27xic depleted, neurogenesis was halted at the
transition from proliferation to differentiation (Carruthers et al., 2003). These findings are consistent with
previous study in myogenesis that myogenin mutant has the same phenotype as p21;p57 double knockout
mice (Zhang er al. 1999). It was proposed that even cell cycle regulators and myogenin are parallel and
independent, they are closely coordinated for timely cell cycle arrest and terminal differentiation. CKI
target gene pRB is the link that connects myogenic program and cell cycle regulator. With more CKlIs in
higher vertebrate, their role in coordinating proliferation and differentiation programs has remained
refractory. Mice lacking p21 develop normally (Deng et al., 1995) and mice deficient for p27 also
develop normally until birth with increased number of céll and body size (Fero er al., 1996; Kiyokawa et
al., 1996). In the developing vertebrate retinae, dynamic expression of p27 and p57 in distinct populations
as well as loss-of-function studies indicate that they regulate proliferation in different manners (Dyer and
Cepko, 2000, 2001). However in lens fiber cells, Zhang er al. showed that p27 and p57 are expressed in

same cells and cooperate in controlling cell cycle exit and differentiation (Zhang et al., 1998). p21 and
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p57 were also shown highly expressed in developing muscle cells and redundantly regulated proliferation
and muscle differentiation. p19™**! and p27 Iwere found overlapped in retina cells and functio,n
synergistically in driving cell cycle exit (Cunningham et al. 2002), while in postnatal CNS they appear to
maintain the differentiated neurons in quiescent state (Zindy et al., 1999). Similar mecl;anism underlies
the maturation of oligodendrocytes with p27 controlling cell cycle arrest and p21 'on differentiation
independent of cell cycle withdrawal. Overall, expression and function of CKIs in vertebrate embryonic
development are context-specific and may vary in different tissues and stages.

In the developing vertebrate CNS, it is still not clear how proliferation and differentiation are regul'flted to
ensure sequential generation of normal number and types of neurons. Lines of evidence inaicate that cell
cycle exit and acquisition of neuronal cell fate are not identical in forming subtypes of ﬁeurons. Therefore
it requires diverse controls on the cell cycle exit, parallel cell fate specification and generic neuronal
maturation. Although evidence accumulated for CKlIs controlling proliferation and differentiation in
several systems, it has not been fully characterized for CKIs function in the developing vertebrate spinal
cord. We reported here that CKIs are expressed in distinct but overlapped regions of vertebrate spinal
cord. p57°7 is expressed in nascent interneurons, preventing them from re-entering cell cycle. Loss of
function and gain of function studies proved that p57“% itself is not required for cell cycle exit but is
essential for timely cell cycle arrest. p27°' is present mostly in mature neurons and it does not
compensate for the loss of pS7 in controlling cell cycle withdrawal. In addition, p57 has inhibitory effect
on the timing expression of cell fate determinants when it induces generic neuronal differentiation at the

same time. Our results support redundant and unique roles of CKIs in regulating neurogenesis in the

vertebrate spinal cord.
Methods

Mice breeding
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p27""" (Kiyokawa et al. 1996) and p57k"”2 knockout mice (Zhang et al. 1997) were maintained in C57BL/6
and CD1 background. 'Doub]e mutant mice were generated in the mixed background by crossing
heterozygous mice. Genotypes were determined by PCR as described. (Zhang et al., 1998).

BrdU pulsing

Prior to collecting embryos at certain siages, Smg/ml BrdU was ‘applied to pregnant mouse (50ug/g) via
peritoneal injection and pulsed for required time. For the chick embryos, they were pulsed with 0.2ml

BrdU (5mg/ml) for 30 minutes before collection.

Constructs

Full-length cDNA and CKI domain of CKIs were subcloned into pCIG vector (Megason and McMahon,

2002). p57 with CKI domain deleted (ACKI) and QT domains of p27 and p57 were cloned in-frame into

pCS2+MT, respectively.

In ovo electroporation
The constructs were injected into neural tube of stage 12-14 chick embryos and electroporated as

described (Lei et al., 2004). Embryos were collected 24-48 hour after transfection at st 19-24.

In situ hybridization and Immunohistochemistry

In situ hybridization and immunohistochemistry were performed on 12-14um cryosections as described.
(Matise er al., 1998). Antibodies used were mouse anti-p21, p27 (BD), BrdU (Sigma), cyclin D1 (Upstate
Biotechnology), Isl1, Lhx1/2, Lhx3, Pax6, Pax7, c-myc (DSHB), Ngn2 (L. Lo), NeuN (Chemicon),
TulJ1(Covance), Neurofilament (Sigma); rabbit anti-p57 (Santa Cruz), pax2 (Zymed), engrailed-1 (A.
Joyner), phosphorylated histone 3, caspase 3 (Idun Pharmaceuticals), Chx10 (K. Sharma); goat p57
(Santa Cruz) detecting transfected mouse p57; guinea-pig anti-Prox-1, Lmx1b and Evx1 (T. Jessell). RNA

in situ probes were mouse p57 (M. Lee), pax2 (P. Gruss), and chick p57 ESTs (accession number
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BM489375, BM491273). For quantification, more than 5 embryos for each group were examined and

counted at least five sections. Statistics significance were determined by paired t-test.
Results

CKI proteins display distinct spatial and temporal expression patterns in the developing vertebrate
spinal cord.

To begin to address  the roles of CKIs in regulating neural development, we first examined their
expression patterns in the developing mouse spinal cord during early neurogenesis at émﬁryonic day (E)
10-13.5d. All three Cip/Kip family proteins that have been identified in vertebrate are expressed
primarily in cells located outside of the ventricular zone (VZ) which comains’ prolife'rating progenitor
cells. Among these, p21“/ displayed the most restricted expression pattern, being detected in cells
located immediately dorsal to Isletl/2+ motoneurons (MN) in the V2 domain (Fig. 1A). Both p57’“"2
protein (Fig.1B) and mRNA (Fig.1D, E) are expressed broadly than p21°?! in most nascent interneurons
located in an intermediate position between the VZ and mantle zone (MZ) containing differentiating
neurons, but excluding motoneurons and V2 interneurons, both of which express the Lhx3 homeodomain
(HD)-containing protein. Thus, p21 and p57 are expressed in non-overlapping sets of nascent
interneurons. In contrast to both of these, p27**’ protein was found in virtually all cells with the MZ,
including MN’s (Fig.1C). These results show that most or all nascent neurons within the developing
spinal cord express at least one or more Cip/Kip class protein during neurogenesis.

The restricted expression of p57*%? at the VZ/MZ border suggests that it may be transiently expressed in
nascent neurons exiting the VZ. To test this, we labeled proliferating cells in S phase with single pulse of
BrdU at increasing lengths of time prior to sacrifice. Virtually no cells were co-stained with BrdU and
p57 after an 8 hour pulse at E10.5d. Co-localized cells were only detected at 8-12 hour pulsed embryos

(Fig. 2A-E). As the total cell cycle length of CNS progenitors is on the order of 8-10 hours at this stage

(), this indicates that p57 is highly expressed in the cells which have exited the last cell cycle for longer
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than 8 hours prior to the BrdU pulsé at E10.5d. Our BrdU labeling results suggest that p57 expression is
initiated in cells that are exiting the cell cycle and begin to differentiate. To confirm this, we used
colabeling to examine p57 expression in relation to various markers that come only in post-mitotic cells.

Pax6 and pax7, which are the hdm;:c:domain proteins that specify neural cell fates in spinal cord, express
in progenitor cells throughout VZ and therefore at all cell cycle stages. 'Dorsally p57 was found outside of
pax6/7 regions, while from intermediate to ventral spinal cord, it coexpressed with weak pax6 and pax7
(Fig. 2A, B). bHLH factor neurogenin 2 was known to vpromote neurogenesis in CNS as well as in
peripheral nervous system. Ngn2 qel]s'close to the VZ" also express p57. These findings suggested that
when neurogenesis is embarked, profiles of progenitor markers are decreasing and at same time cell cycle
regulator is induced. Cell fate spe.ciﬁcation factors such as lim1/2 were initiated and coexpressed in these
cells (Fig. 2J). When immature interneurons from ventral to intermediate spinal cord (dN6, VO and V1)
expressed p57 and homeodomain proteins, high level of cyclin D1, which is the marker of G1 phase were
detected in the same cells at fhe meantime (Fig. 2K). D-type cyclins are induced at G2 and its level peaks
at mid-Gl1, acting as growth factor sensors (Sherr et al. 1999). This finding is consistent with low protein
level of pax6/7 in these differentiating neurons. On the other hand, p27 and generic neuronal markers for
mature neurons NeuN, Tul overlapped with p57 to diverse degrees (Fig. 2L-N). While few p57" cells
coexpressed neurofilament (NF) (Fig. 20). This could reflect the sequential order of gene expression
during generic neuronal differentiation in relation to the cell cycle regulators. According to the expression
profiles, we reasoned that p57 cells are nascent neurons that have reduced level of progenitor markers and
increasing expression of mature neuronal markers (F ig. 2P). Taken together, these findings show that p57
is highly expressed in nascent neurons, might function at G1/G0 phase to prevent them from re-entering
cell cycle due to the high level of residual cyclin D1. Other CKls observed in complementary regions of

spinal cord could have unique and redundant roles in regulating neurogenesis.

Loss of p57 in differentiating neurons resulted in abnormal cell cycling

Previous work in retinae and ocular lens fiber development demonstrated that p57 is not critical for cell
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cycle exit (Zhang et al., 1998; Dyer and Cepko, 2001). To determine whether it is required for p57 to
control neural development, we examine spinal' cord defects in knockout mice. We focused on the
embryos at e10.5d to e13.5d when most neurons are born and mature during this time window. To verify
the hypothesis that p57 is expressed in differentiating neurons preventing inappropriate,’S entry, we first
examined in p57 null mice S phase cells labeled with BrdU. One third of dorsal spinai cord was used to
quantify BrdU+ cells (Fig. 3D). More BrdU-positive cells were found in mutant embryos at E10.5d
(Fig.3A, B) and E11.5d (Fig.3C-D), and the significance is more evident in longer BrdU pulsed embryos
(Fig. 3E). This result suggested that more cells entered cell cycle in mutant compared to those in wild
type littermates within given time. The increased number of S phase cells could be acéouﬁted for by the
inappropriate cell cycle entry of differentiating neurons in the absence p57 control on G1/S transition. In
addition to S phase cells, we also examined dividing cells with phh3, which lalbels mi.totic phase cells
located close to central canal in wild type embryos. More M phase cells were observed in pS57 null mice

as well (Fig. 3F,G, I). These results proved that increased number of cells enter S phase and divide in the

absence of p57 control on cell cycle.

Abnormal cell cycling leads to ectopic cell division and cell death in p57kip2 null mice

Proliferative cells in the spinal cord have their nuclei moving back and forth between apical and basal
membrane, which is termed interkinetic nuclear migration. The nuclei are located laterally when cells
incorporate DNA in S phase, move back close to. central canal during G2 and divide at basal membrane
(Fig 3). However interkinetic nuclear migration was disturbed in the mice lacking of p57 as we observed
ectopic M phase cell laterally (Fig. 3G). Increased number of dividing cells seen in p57 null mice could
be derived from maintained progenitor pool and/or delayed differentiation for immature neurons having
extra round of cell cycle. Our data did not support the possi'bilily of increased precursor cells in the spinal
cord of p57 null mice (See the discussion). To address the latter possibility, first we exclude ectopic M
phase cells in mutants and quantified M phase cell close to the central canal. We found no difference of

basal mitotic cells between wild type and mutant (Fig.3]). This suggested ectopic M phase cells
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SUMMARY

During the development of central nervous system, cell proliferation and neuronal differentiation
must be tightly regulated to maintain progenitor pool and generate correct number and types of mature
neurons. Cyclin-dependent kinase inhibitors (CKls) provide negative control on cell cycle by inhibiting

activities of cyclin-dependent kinases. In the developing vertebrate spinal cord, CKIs displayed distinct

cipl 91NK4d

expression patterns in complementary regions. p21*" is restricted in V2 interneurons, p27*"" and pl

are mostly expressed in mature neurons. Whereas p57*? is expressed in nascent interneurons at G1/G0

phase, preventing them from re-entering cell cycle. Loss of p57 leads to inappropriate entry into S phase

kPl does not appear to

and increased number of mature neurons were generated in the null mice. p27
compensate for the loss of p57 during neurogenesis. Overexpression of Cip/Kip family in chick embryos
indicates that CKI domain conserved among family members is sufficient and required to force cell cycle

kip2 - .
7% is not required

exit in dividing cells. Loss of function'and gain of function studies also suggest that p57
for cell cycle exit, rather for timely cell cycle withdrawal. Its C-terminal QT domain inhibits the
transcription of homeodomain factors while inducing general neuronal differentiation program. Therefore

p57°7 has dual functions of regulating proliferation and timely neuronal differentiation in vertebrate

spinal cord.
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INTRODUCTION

Development of vertebrate central nervous system (CNS) is a complex process that involyles with multiple
steps and sequential order of gene expressions. Neural induction and patterning are Lche two important
steps that both require precise cell cycle control to maintain stem cell pool and generate certain amount of
mature neuron in CNS (Bally-Cuif er al, 2003). Timely regulated cell cycle exit and cellular
differentiation determines appropriate number of post-mitotic cells produced at specific time wilndow,
which ensures normal organogenesis and morphogenesis during embryonic development (de Nooij, et al.
1996; Cremisi et al., 2003). Extracellular signals and intrinsic factors exert controls on cell cycle by
affecting the activities of cyclin-dependent kinases (Cdks). Cdks are the core; e]emelyqtsv of cell cycle
machinery that integrate growth regulatory signals and intracellular signaling. Their activities require
association with cognate cyclins and are regulated positively or negatively with different sites
phosphorylated. In addition, cyclin-dependent kinase inhibitors (CKls) bind and inhibit cyclin/Cdk
complex (Sherr et al, 1999). Two classes of CKIs have been found in mammals based on their structure
and target Cdks. INK4 family including p16 (Serrano ez al. 1993), p15 (Hannon and Beach 1994), p18
(Guan er al. 1994; Hirai er al. 1995) and p19 (Chan ez al. 1995; Hirai et al. 1995) share ankyrin repeats
and specifically bind to Cdk4/6. Cip/kip family has three members, p21°”’ (Harper et al. 1993), p27*%!
(Polyak et al. 1994; Toyoshima and Hunter 1994) and p57%? (Lee et al. 1995; Matsuoka ef al. 1995) with
common and unique domains, whose actions affect activities of cyclin D-, E- and A-dependent kinases.

Once enough progenitor cells have been expanded in the developing CNS with certain cell cycles, it is
important for them to exit cell cycle when differentiation program is initiated. Although banks of positive
and negative regulators of cell cycle have been identified, it remains poorly understood what signals in
vivo lead to the induction of Cdk inhibitors and growth arrest at the transition between proliferation and
differentiation. It is also undefined how proliferation and differentiation are coordinated as whether cease

of proliferation is due to scarce of mitogenic signals, increase of pro-differentiation factors or both.
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Drosophila and Xenopus turned out to be good models with'on]y one CKI identified in the organisms.
Dacapo has been identified as the Cip/Kip homolog in Drosophila similar to vertebrate p27“7* (de Nooij et
al 1996; Lane et aZ. 1996). qus of dacapo results in extra round of cell cycling and delayed
differentiation with no apparent change of cell fates and morphogenesis. It was proposed that upregulated
dacapo and reduced level of cyclilns“redundant]y control the timely exit of cell cycle. Although Dacapo
control proliferation, Meyer et al."showed during Drdsop‘hila imaginal development that dacapo
transcription is not coupled to ce]l‘cycl’é progression (Meyer et al., 2002). It is the similar case in Xenopus
which has the advantage of only one cip/kip member p27xicl. It has been shown that p27xic1 is required
for promoting differentiation both‘in myogenesis and neurogenesis (Vernon et al. 2003a, b). The function
of p27xicl was suggested to stabilize basic helix-loop-helix (bHLH) factors myoD and neurogenin that
promote muscle and neuronal differentiation, respectively. Knockdown of p27xicl resulted in increased
proliferation and suppressioh of neuronal marker N-tubulin, further supporting that p27xicl is essential
for cell cycle regulation and differentiation. With p27xic depleted, neurogenesis was halted at the
transition from proliferation to differentiation (Carruthers et al., 2003). These findings are consistent with
previous study in myogenesis that myogenin mutant has the same phenotype as p21;p57 double knockout
mice (Zhang er al. 1999). 1t was proposed that even cell cycle regulators and myogenin are parallel and
independent, they are closely coordinated for timely cell cycle arrest and terminal differentiation. CKI
larget gene pRB is the link that connects myogenic program and cell cycle regulator. With more CKIs in
higher vertebrate, their role in coordinating proliferation and differentiation programs has remained
refractory. Mice lacking p21 develop normally (Deng et al., 1995) and mice deficient for p27 also
develop normally until birth with increased number of cell and body size (Fero et al., 1996; Kiyokawa et
al., 1996). In the developing vertebrate retinae, dynamic expression of p27 and p57 in distinct populations
as well as loss-of-function studies indicate that they regulate proliferation in different manners (Dyer and
Cepko, 2000, 2001). However in lens fiber cells, Zhang et al. showed that p27 and p57 are expressed in

same cells and cooperate in controlling cell cycle exit and differentiation (Zhang et al., 1998). p21 and
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p57 were also shown highly expressed in developing muscle cells and redundantly regulated proliferation
and muscle differentiation. p19™*** and p27 ;)vere found overlapped in retina cells and functio.n
synergistically in driving cell cycle exit (Cunningham et a/. 2002), while in postnatal CNS they appear to
maintain the differentiated neurons in quiescent state (Zindy et al., 1999). Similar mecl;anism underlies
the maturation of oligodendrocytes with p27 controlling cell cycle arrest and p21 'on differentiation
independent of cell cycle withdrawal. Overall, expression and function of CKlIs in vertebrate embryonic
development are context-specific and may vary in different tissues and stages.

In the developing vertebrate CNS, it is still not clear how proliferation and differentiation are regulfned to
ensure sequential generation of normal number and types of neurons. Lines of evidence inaicate that cell
cycle exit and acquisition of neuronal cell fate are not identical in forming subtypes of ﬁeurons. Therefore
it requires diverse controls on the cell cycle exit, parallel cell fate specification and generic neuronal
maturation. Although evidence accumulated for CKls controlling proliferation and differentiation in
several systems, it has not been fully characterized for CKIs function in the developing vertebrate spinal
cord. We reported here that CKIs are expressed in distinct but overlapped regions of vertebrate spinal
cord. p57“7? is expressed in nascent interneurons, preventing them from re-entering cell cycle. Loss of
kip2

function and gain of function studies proved that p57*% itself is not required for cell cycle exit but is

essential for timely cell cycle arrest. p27*”' is present mostly in mature neurons and it does not
compensate for the loss of p57 in controlling cell cycle withdrawal. In addition, p57 has inhibitory effect
on the timing expression of cell fate determinants when it induces generic neuronal differentiation at the
same time. Our results support redundant and unique roles of CKIs in regulating neurogenesis in the

vertebrate spinal cord.
Methods

Mice breeding
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p27! (Kiyokawa et al. 1996}) and p57k’p2 knockout mice (Zhang ez al. 1997) were maintained in C57BL/6
and CD1 background. Double mutant mice were generated in the mixed background by crossing
heterozygous mice. Genotypes were determined by PCR as described. (Zhang er al., 1998).

BrdU pulsing

Prior to collecting embryos at certain stages, Smg/ml BrdU was ‘applied to pregnant mouse (50ug/g) via
peritoneal injection and pulsed for ré'quired time. For the chick embryos, they were pulsed with 0.2ml

BrdU (5mg/ml) for 30 minutes befqre cé‘llection.

Constructs
Full-length cDNA and CKI domain of CKIs were subcloned into pCIG vector (Megason and McMahon,

2002). p57 with CKI domain deleted (ACKI) and QT domains of p27 and pS57 were cloned in-frame into

pCS2+MT, respectively.

In ovo electroporation
The constructs were injected into neural tube of stage 12-14 chick embryos and electroporated as

described (Lei et al., 2004). Embryos were collected 24-48 hour after transfection at st 19-24.

In situ hybridization and Immunohistochemistry

In situ hybridization and immunohistochemistry were performed on 12-14um cryosections as described.
(Matise et al., 1998). Antibodies used were mouse anti-p21, p27 (BD), BrdU (Sigma), cyclin D1 (Upstate
Biotechnology), Isl1, Lhx1/2, Lhx3, Pax6, Pax7, c-myc (DSHB), Ngn2 (L. Lo), NeuN (Chemicon),
TuJ1(Covance), Neurofilament (Sigma); rabbit anti-p57 (Santa Cruz), pax2 (Zymed), engrailed-1 (A.
Joyner), phosphorylated histone 3, caspase 3 (Idun Pharmaceuticals), Chx10 (K. Sharma); goat p57
(Santa Cruz) detecting transfected mouse p57; guinea-pig anti-Prox-1, Lmx1b and Evx1 (T. Jessell). RNA

in situ probes were mouse p57 (M. Lee), pax2 (P. Gruss), and chick p57 ESTs (accession number
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BM489375, BM491273). For quantification, more than 5 embryos for each group were examined and

counted at least five sections. Statistics significance were determined by paired t-test.
Results

CKI proteins display distinct spatial and temporal expression patterns in the developing vertebrate
spinal cord.

To beginto address the roles of CKls in regulating neural development, we first examined their
expression patterns in the developing mouse spinal cord during early neurogenesis at émﬁryonic day (E)
10-13.5d. All three Cip/Kip family proteins that have been identified in vertebrate are expressed
primarily in cells located outside of the ventricular zone (VZ) which contains' prolifelrating progenitor
cells. Among these, p21”’ displayed the most restricted expression pattern, being detected in cells
located immediately dorsal to Islet]/2+ motoneurons (MN) in the V2 domain (Fig. 1A). Both p5.7'"'p2
protein (Fig.1B) and mRNA (Fig.1D, E) are expressed broadly than p21°”" in most nascent interneurons
located in an intermediate position between the VZ and mantle zone (MZ) containing differentiating
neurons, but excluding motoneurons and V2 interneurons, both of which express the Lhx3 homeodomain
(HD)-containing protein. Thus, p2]1 and p57 are expressed in non-overlapping sets of nascent
interneurons. In contrast to both of these, p27*”' protein was found in virtually all cells with the MZ,
including MN’s (Fig.1C). These results show that most or all nascent neurons within the developing
spinal cord express at least one or more Cip/Kip class protein during neurogenesis.

The restricted expression of p57*%? at the VZ/MZ border suggests that it may be transiently expressed in
nascent neurons exiting the VZ. To test this, we labeled proliferating cells in S phase with single pulse of
BrdU at increasing lengths of time prior to sacrifice. Virtually no cells were co-stained with BrdU and
p57 after an 8 hour pulse at E10.5d. Co-localized cells were only detected at 8-12 hour pulsed embryos

(Fig. 2A-E). As the total cell cycle length of CNS progenitors is on the order of 8-10 hours at this stage

(). this indicates that p57 is highly expressed in the cells which have exited the last cell cycle for longer
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than 8 hours prior to the BrdU pu]sé at E10.5d. Our BrdU labeling results suggest ﬁhat p57 expression is
initiated in cells that are exiting the cell cycle and begin to differentiate. To confirm this, we used
colabeling to examine p57 expression in relation to various markers that come only in post-mitotic cells.

Pax6 and pax7, which are the hdme?domain proteins that specify neural cell fates in épinal cord, express
in progenitor cells throughout VZ and therefore at all cell cycle stages. vDorsally p57 was found outside of
pax6/7 regions, while from intermediate to ventral spinal cord, it coexpressed with weak pax6 and pax7
(Fig. 2A, B). bHLH factor neurogenin 2 was known to ‘promote neurogenesis in CNS as well as in
peripheral nervous system. Ngn2 qells‘close to the VZ* also express pS7. These findings suggested that
when neurogenesis is embarked, profiles of progenitor markers are decreasing and at same time cell cycle
regulator is induced. Cell fate spelciﬁcation factors such as 1im1/2 were initiated and coexpressed in these
cells (Fig. 2J). When immature interneurons from ventral to intermediate spinal cord (dN6, VO and V1)
expressed p57 and homeodomain proteins, high level of cyclin D1, which is the marker of G1 phase were
detected in the same cells at fhe meantime (Fig. 2K). D-type cyclins are induced at G2 and its level peaks
at mid-Gl1, acting as growth factor sensors (Sherr et al, 1999). This finding is consistent with low protein
level of pax6/7 in these differentiating neurons. On the other hand, p27 and generic neuronal markers for
mature neurons NeuN, TuJ overlapped with p57 to diverse degrees (Fig. 2L-N). While few p57" cells
coexpressed neurofilament (NF) (Fig. 20). This could reflect the sequential order of gene expression
during generic neuronal differentiation in relation to the cell cycle regulators. According to the expression
profiles, we reasoned that p57 cells are nascent neurons that have reduced level of progenitor markers and
increasing expression of mature neuronal markers (Fig. 2P). Taken together, these findings show that pS7
is highly expressed in nascent neurons, might function at G1/G0 phase to prevent them from re-entering
cell cycle due to the high level of residual cyclin D1. Other CKIs observed in complementary regions of

spinal cord could have unique and redundant roles in regulating neurogenesis.

Loss of p57 in differentiating neurons resulted in abnormal cell cycling

Previous work in retinae and ocular lens fiber development demonstrated that p57 is not critical for cell
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cycle exit (Zhang et al., 1998; Dyer and Cepko, 2001). To determine whether it is required for p57 to
control neural development, we examine spinall cord defects in knockout mice. We focused on the
embryos at €10.5d to e13.5d when most neurons are born and mature during this time window. To verify
the hypothesis that p57 is expressed in differentiating neurons preventing inappropriate‘IS entry, we first
examined in p57 null mice S phase cells labeled with BrdU. One third of dorsal spinai cord was used to
quantify BrdU+ cells (Fig. 3D). More BrdU-positive cells were found in mutant embryos at E10.5d
(Fig.3A, B) and E11.5d (Fig.3C-D), and the significance is more evident in longer BrdU pulsed embryos
(Fig. 3E). This result suggested that more cells entered cell cycle in mutant compared to those in wild
type littermates within given time. The increased number of S phase cells could be acéouﬁted for by the
inappropriate cell cycle entry of differentiating neurons in the absence p57 control on G1/S transition. In
addition to S phase cells, we also examined dividing cells with phh3, which ]ébels mi'totic phase cells
located close to central canal in wild type embryos. More M phase cells were observed in p57 null mice

as well (Fig. 3F,G, I). These results proved that increased number of cells enter S phase and divide in the

absence of p57 control on cell cycle.

Abnormal cell cycling leads to ectopic cell division and cell death in p57kip2 null mice

Proliferative cells in the spinal cord have their nuclei moving back and forth between apical and basal
membrane, which is termed interkinetic nuclear migration. The nuclei are located laterally when cells
incorporate DNA in S phase, move back close to‘ central canal during G2 and divide at basal membrane
(Fig 3). However interkinetic nuclear migration was disturbed in the mice lacking of p57 as we observed
ectopic M phase cell laterally (Fig. 3G). Increased number of dividing cells seen in p57 null mice could
be derived from maintained progenitor pool and/or delayed differentiation for immature neurons having
extra round of cell cycle. Our data did not support the possi'bi]ity of increased precursor cells in the spinal
cord of p57 null mice (See the discussion). To address the latter possibility, first we exclude ectopic M
phase cells in mutants and quantified M phase cell close to the central canal. We found no difference of

basal mitotic cells between wild type and mutant (Fig.3J). This suggested ectopic M phase cells
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contribute to the increase of mitotic cells in null mice. Second, we wanted to show whether the
differentiating neurons could enter énother cell cycle incorporéting BrdU in the absence of p57. To mark
the p57 expressing region in null mice at VZ', we stained with transcription factor prox1, which
colocalizes with p57 in most interpeurons. BrdU-labeled cells are located medially to VZ* in wild type
embryos (Fig.3B). In mutant mice, BrdU cells are expanded laterally énd colabeled with prox1 (Fig.4C).
These findings support 'the hypothlesi“s that in the absence of p57, nascent neurons may re-enter cell cycle
but are unable to translocate back to basa] membrane, and divide ectop;cally while they migrate laterally
to MZ. To further support this theory, we labeled dividing cells with short BrdU pulse. Normally pax2
and lim1/2 expressing cells are not labeled with short pulse of BrdU (Fig.4F, H), indicating that these
homeodomain factors are induce'dl in GO phase hours after the last cell division. In the absence of p57,
pax2 and lim1/2 cells incorporated BrdU with 2 hours pulsed (Fig. 4G, I). This result directly proved that
differentiating neurons are able to re-enter cell cycle when the checkpoint at G1/S is lost (Fig. J, K). It
further supported that the d.ifferenti'ating neurons with cyclin D1 in high level retained the ability of
entering cell cycle. It is also consistent with the Drosophila model that abundance of cyclin and Dacapo
cooperatively éontrol cell cycle exit.

During retina and lens development, loss of p57 results in abnormal cell division and cell death. We
observed more mature neurons in mutants, which peaks at E11.5d and declines at later stage. To
determine whether cell death compensates for the increase, we examined caspase 3 expression and found

more cells labeled with caspase 3 in p57 null mice compared to wild type. It indicated that cell death may

partially compensate for the increased number of neurons in p57 mutant.

More mature neurons were generated in pS7 mutant

Since we observed increased number of dividing cells in p57 null mice, we asked next whether there is
change of mature neurons as well. We examined p57-expressing interneurons from dN5 to V1 and pS7
V2 interneurons. Increased number of interneurons from dN5 to V1 but not V2 was observed in mutants

compared to wild type embryos (Fig.5A, B, D). We further looked at V1 interneurons at different stages.
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From €10.5d to e13.5d, more en-1 neurons (V1) were generated in p57 knockout mice (Fig.5D). Most
significantly, two-fold increase is seen in e11.5d mutant embryos. In p27/p57 double knockout mice, no
significantly more cells were found compared to the single p57 null mice (Fig. 5C, G). Increased number
of both dividing cells and differentiated neurons indicates that there is no ]imiting"control over the
transition from progenitor cells to mature neurons. p27*7" does not appear to compenlsate for the loss of
p37. More mature neurons generated in double null mice also suggested that p27 and p57 seemed not be
required for cell cycle exit. As we examined the increase of mature neurons, more cells appeared both in
VZ and MZ of mutant detected with en- (Fig. 5B) and pax2 (Fig.5F) antibodies compared to wild type
littermates. We proposed that p57 prevented premature induction of homebdomain factérs~during cell
fate acquisition and neuronal differentiation. In the absence of p57, they initiated precbciously in the VZ
and therefore generated more cells labeled with interneurons markers. To verifyvthis thf;ory, we detected
pax2 mRNA and found them located in the VZ of mutant mice. This result uncovered novel function of

p57 other than CKI in regulating differentiation during neurogenesis.
p57 kip?2 regulates timely cell cycle exit and differentiation

Increased number of proliferating and differentiated neurons in p57 null mice raised the possibility that
p574P? might have control on differentiation in addition to inhibition on proliferation. Increased mature
neurons in double null mice also indicated p27 and p57 are not required for cell cycle exit. To further
understand the mechanisms that controls cell cycle exit and differentiation, we perforr'ned gain-of-
function analysis in chick embryo. First we overexpressed mouse p57 in stage 12-14 chick embryos. In
VZ cells overexpressed with p57, cellular proliferation was forced to cessation assayed by BrdU staining
(Fig.6E), whereas proliferation was not perturbed by vector alone (Fig.6A). Overexpression of p21 and
p27, which also have conserved N-terminal CDK inhibiting domain, arrests cell cycle progression as well
(Fig.6C, D). The inhibitory domain alone including 3-10 helix structure (Hashimoto et al. 1998) is able

to drive cell cycle withdrawal (Fig. 6F). In contrast, p57 with N-terminal inhibiting domain deleted did
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not affect cell division (Fig. 6G). Tﬁe chick EST sequence with conserved N-termjnal CKI domain has
the same ability of arresting cell cycle progression (data not shown). Therefore the CDK inhibitory
domain in all Cip/kip family is sufficient and required to stop proliferation in transfected precursor cells.
Next we asked whether other dor.na_irllvs in p57 affect neuronal differentiation. Since full-length p57 forces
cell cycle exit and reduces number of precursor cells, p57 sequence wi;(h N-terminal CKI domain deleted
was transfected. Fewer pax2 and lim1/2 neurons were found in fransfected side compared to the control
one (Fig. 7B, C). In the C-termius, p57 is distinguished from p21/p27 with its unique domains following
CDK inhibitory region, including proli'ﬁe rich domain, acidic region and QT domain (Fig.7A). p57 with
CKI domain truncated had decreased percentage of pax2+ and lim1/2+ neurons similar to QT domain.
transfection, while the region 286-335aa is less efficient in reducing pax2 and lim1/2 interneurons.
Interestingly, both ACKI and QT do not have the same inhibitory effect on generic neuronal markers TulJ
and p27 expression. Rather it seemed to increase the expression of these markers in the transfected side
(Fig 7D, E, I and J). Therefo}e it indicates that region at N-terminus of QT interfere with the induction of
cell fate determinants and has distinct affect on the aspect of neuronal differentiation. This result
supported the hypothesis that p57 has other function on differentiation than cell cycle control. It controls

the timing expression. of cell fate determinants and the generic neuronal markers during neuronal

differentiation.
Discussion:

Multiple CKls provide levels of control on cell cycle progression in the early development. However it
has not been fully characterized for CKls regulating proliferation and neuronal differentiation in the
developing vertebrate spinal cord. In this paper, we examined CKls expression and their function during
neurogenesis of the vertebrate spinal cord. CKls are overlapped but complementarily expressed. They
have unique and redundant roles in regulating cell proliferation. p57”’ has dual functions in

neurogenesis, with CKI domain inhibiting cell cycle re-entry and QT domain on timing differentiation.

i3
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p27 appears not able to compensate for the loss of p57, and CKI might be dispensable for the cell cycle

exit in the developing spinal cord.

CKIs control cell cycle progression in developing spinal cord

During neurogenesis, determined progenitor cells exit cell cycle after certain cycles and initiate
differentiation programs. Studies showed that the timing of these two steps could vary in distinct
neuronal subtypes. For example in vertebrate spinal cord, cell fate specification in motor neuron and other
interneurons is not identical regarding to their cell cycle states. To explore the expression pattern and
functions of CKls, we might shed some lights on the difference of integrated prolif'eration and
differentiation along the spinal cord axis. ~CKlIs have proposed functions of arresting cell cycle
progression at G1/S and G2/M transition points. In particular, p57°%? of Cip/kip family has critical role in
inhibiting cyclin E-CDK2 complex, executing the checkpoint at G1 to S entry. Studies have sh(swed
distinct distributions of CKIs in diverse contexts. In the spinal cord, we showed that Cip/Kip family
members are all expressed in overlapped and complementary regions during neurogenesis. p21 is
restricted in V2 domain and p27 is mainly expressed in mature neurons along dolrsovemra] axis in MZ.
BrdU pulsing study indicated that p57% is expressed in newly born interneurons that are exiting from
cell cycle. Reduced level of pax6/pax7 and diverse overlapping with mature neuronal markers in p57+
cells further supported that these cells are at the transition from proliferation to differentiation.
Colocalization of p57, cyclin D1 and homeodomain transcription factors indicated that differentiating
neurons have the capacity of cell cycling, requiring CKIs to inhibit the residual Cdk activities. Loss of
p57 in immature neurons, therefore leads to inappropriate S phase entry, probably with remained cell
cycle machinery as we observed low level of pax6 and high level of cyclin D1 in p57 expressing cells.

Our results in p57 mutant mice showed that ectopic S and M phase cells contribute to the increase of
dividing cells in the absence of p57. Evidence argued against alternative possibility that the progenitor

pool was increased in the absence of p57. First with longer BrdU pulsed, more BrdU+ cells and higher
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significance of increased number were observed in mutant mice, indicating accumulating cells re-enter
the cell cycle. Second in nuil micevvand gain-of-function studies, therg is no evident change of expression
for Notch target genes Hesl and Hes5 and related repressor Groucho/TLE (Data not showed). Third we
verified that there is increased activity of CDK phosphorating pRB in the absence of p574%* (supplement
data). pRB is the downstream mec;iat-or of CKIs that regulates botﬁ proliferation and differentiation
(Zhang, 1999). However therev is" still possibility that some of the differentiating neurons might
translocate half-way back to the VZ. |

Gain-of-function data suggested that CKI domain is required and sufficient to force cell cycle exit in
progenitor cells. However increased number of mature neurons were observed in p577? and p27;p57 null
mice, indicating that progenitor cei]s will ultimately exit cell cycle and differentiate lacking the cell cycle
inhibitors. p27 and p19 are predominantly expressed in mature neurons. Low level of p27 in vivo is less
likely to be released from CDK4/6 sequestration to inhibit cyclin E-CDK2 complex. And INK4 function
depends on the availability of Cip/kip family. (Sherr and Roberts, 1999). We also found mouse p19,
which inhibits exclusively CDK4/6 is not as efficient as Cip/Kip in arresting cell cycle progression when
over-expressed in chick embryo (Data not shown). Therefore other CKIs than p27 and p57 might act
redundantly in controlling cell cycle withdrawal. Alternatively, as observed in Drosophila (de Nooij, et
al. 1996; Lane er al. 1996) and other vertebrate systems, CKI cooperates with reduction of cell cycle
machinery in regulating cell cycle arrest before cells differentiate. The expanded dividing cells
predominantly observed ventral spinal cord of p57 null mice (Fig.3B) is consistent with the finding of

highly expressed cyclin D1 in p57+ cells. No obvious change of cyclin DI in null mice explained the

inappropriate S phase re-entry of immature neurons in the absence of G1/S checkpoint control.

Dual function of p57*#? in neurogenesis
In vertebrate retina, p57 was detected at different stages and its role in regulating neuronal differentiation
at late stages was suggested (Dyer and Cepko, 2000). In the midbrain, p57 was proposed to cooperate

with nuclear orphan receptor Nurrl in developing dopamine cells (Joseph er al., 2003). We provided
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evidence that p57 has dual functions in regulating proliferation and differentiation in the developing
spinal cord. In the absence of p57, immature neurlons re-entered S phase and increased number of dividing
cells were seen. Supposedly there is no inhibition on differentiation, reduced post-mitotic cells and/or
delayed neuronal differentiation would be expected due to the extra round of cqi] cycle for the
differentiating neurons. In contrast, increased number of mature neurons were obse'rved in null mice,
indicating normal or increased output from the pool of dividing cells. In-situ result of pax2 supported that
differentiation program is initiated earlier in null mice (Fig. 5). The onset of differentiation also occurred
earlier along rostrocaudal axis of spinal cord in the knockout mice (Data not shown). These data
prompted us to the hypothesis that p57°? inhibits differentiation as well as proliferation. IThe proposed
novel function of p57 was consistent with its restricted expression in immature neﬁrons, then down-
regulated in mature neurons. This hypothesis was further supported by the g;iin-of-f:unction in chick
embryos. p57“%? with CK] domain truncated and its QT domain were both able to inhibit expression of
homeodomain transcription factors. Therefore the QT domain in the C-terminus of p57 act in controlling

timely cell fate specification independent of cell cycle regulation. Taken together, we proposed that p57

controls proliferation with CKI domain and timely differentiation with its QT domain.

Cell autonomous and non-autonomous activity of p57*%?

p57“P? is found to be expressed in the interneurons, but not in V2 and MN regions. In p57 null mice, VO
and V1 but not V2 interneurons were increased, indicating its cell autonomous activity. However we
observed robust apoptotic cells in MN as well as in interneurons regions. This non-autonomous change
could result from defective neighboring interneurons or muscular abnormalities during motor neuron axon

pathfinding. The exact mechanism needs to be determined.

The roles of QT domain in neuronal differentiation
It has been long proposed for unique function of QT domain of p57 (Matsuoka ez al., 1995; Lee e al.,

1995). Recent studies showed activities of other domains in p57 (Reynaud er al., 2000; Yokoo et al.,
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2003) and other functions of} CKls tﬁan cell cycle inhibitors (Zezula et al., 2001; Coqueret, 2003). We
proposed opposite regulgtion of differentiation pathways by p57 QT domain in the vertebrate spinal cord.
It inhibited the expression of homeodomain transcription factors but not changing the cell fates. At the
meantime QT domain alone can 'indlfce generic neuronal differentiation, including B-tubulin. Our results
strongly supported recent study in xenopus tropicalis that depletion of ]:‘)27(Xic1), the only known Cip/kip
family caused an increase in pro]ifefation and a suppression of the neuronal differentiation marker, N-
tubulin (Carruthers et al., 2003). A]tﬁough p27 also has QT domain in C-terminus, it shares only 44%
identity with p57 QT. Overexpression b27 QT has much less efficiency in inhibiting HD factors than p57
QT (Data not shown). No DNA binding region was identified on QT domain, therefore it is likely that its
function is operated through pr'otein-protein interactions. In the QT domain, it contains nuclear
localization signal and CDK phosphorylation site (Matsuoka et al., 1995; Lee et al.,1995). Therefore it is
attracting to speculate that recruitment of activator or repressor on HD or neuronal promoters by QT
domain might be regu]ated‘ by the N-terminal 'CKI domain. In this mechanism, proliferation and

differentiation during neurogenesis might be integrated and coordinated by one molecule.
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Figure Legends

Fig.1. CKIs display distinct spatial expression >patterns in the developing vertebrate spinal cord. (A)It
showed that p27°*' is highly eXpr_efsed in V2 interneuron region in the spinal cofd of E11d mouse
embryo. (B) By contrast, p27’“’” i§ widely expressed in mature neuron; in mantle zone (MZ) at the same
stage. (C) p57ki”2 is initiated early at i39.5-E]0d. (D) showed at E11d the unique pattern of p57“* along
dorsoventral axis of the spinal cord',' absent from V2 aﬁd motor neuron (MN) regions. (E) and (F)
displayed the similar pattern of p57 mﬁNA in E11d mouse and E4d chick embryos. (G) summarized the

unique and complementary expression of CKIs during neurogenesis.

Fig. 2. p57°7 s expressed in differentiating neurons at G1/GO phase. (A) to (E) are the E11d embryos
pulsed with diverse lengths of BrdU prior to collection. When pulsed with 2 to 8hr, p57+ cells were rarely
* labeled with BrdU ((A) to (D)). p57%%? is located laterally outside the ventricular zone (VZ), which was
designated as VZ". Double stained cells with p57 and BrdU were observed in embryos pulsed with 12
hours (E). (F) is the schema of p57 showing its expression initiated about 8 hours after last cell cycle. (G)
to (P) p57+ cells are the nascent interneurons that have reduced progenitor markers and increasing level
of differentiating markers. (G) and (H) showed p57 expression in relating to progenitor cell factors
pax7/pax6. In the intermediate spinal cord, low level of pax6 existed in p57+ cells (I). bHLH factor Ngn2
also overlapped with p57 at VZ* (J). (K) p57 is expressed in the interneurons that express cell fate
specification factor Lhx]. (L) Interneurons from dN6 to V2 have high level of cyclin D1 expression,
overlapped with p57 from dN6 to V1 regions. (M) to (P) are the E11.5d mouse embryos showing that
mature neuronal markers p27(M), NeuN(N), TuJ(O), Neurofilament (P) were coexpressed with p57 to the
variable degrees. (Q) Schematic diagram of p57 expression in regarding to different markers in the

developing vertebrate spinal cord.
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Fig.3. Loss of p57 resulted in abnormal cell cycling. The proliferative zone was evidently expanded
laterally in the cord (B,D). Increased number of.dividing cells labeled with BrdU was observed in p5v7
null mice at E10.5d (B) and E11.5d (D) compared to the wild type embryos (A) and (C). One third of
dorsal spinal cord delineated with square brackets in (C) and (D) was used to quantify th'e Brc!U+ cells in
wild type and mutant mice. (E) Significantly increased number of BrdU+ cells were (;bserved in mutant
compared to wild type littermates (p=0.0287) when pulsed with BrdU for 4 hours. Highly significance
was seen in longer pulse with 8 hours (p=0.0018). (F)-(J) M phase cells stained with phh3 were increased
in mutants at E11.5d (J). Ectopic M phase cells were observed laterally in VZL and MZ in mutants .(G, D.

T p<0.05, * denotes p<0.01.

Fig. 4. Abnormal cell cycling in p57 null mice leads to ectopic cell division and cell death. (A) and (A”)
showed the diagram of interkinetic nuclear migration in the spinal cord. (B) Normally dividing cells are
located in VZ and prox1, which is highly expressed in VZ", marked the outside boundary of proliferating
cells. (C) In p57 null mice, dividing cells were observed in VZ", labeled with prox-1 and BrdU as
indicated by the arrowhead. More cell death was seen in p57 mutants (E) compared to wild type (D)
Immature neurons may enter extra round of cell cycle in the absence of p57. 2 hours BrdU pulse at
E10.5d embryos showed that differentiating neurons (G, 1) incorporated BrdU in the absence of p57. The
inset in (QG) clearly exhibited pax2 cells stained with BrdU. (J) and (K) displayed the model that loss of

p57 in the nascent neurons at G1/S transition resulted in S phase re-entry and BrdU incorporation.

Fig. 5. More mature neurons were generated in p57 mutant. Signifcantly increased number of en-1 cells
were observed in p57 single (B) and p27;p57 double mutant (C) compared to wild type (A). VO and V1
but not V2 were increased (D). No more increase was seen in double mutant compared to p57 single
knockout mice. At different stages, more en-1 cells were found in pS7 mutant. Highest significance were

seen in E11.5d with 2-fold of increase in the null mice (1) (p<0.001). Differentiating neurons appeared in
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VZ (D, E) of mutant mice, indicating premature induction of HD factors. In situ hybridization of pax2

proved mRNA present close to central canal (H) in mutant comp‘ared to wild type (G).

Fig. 6. CKI domain conserved .in__(l?‘ip/kip family is sufficient and required for arresting cell cycle in
proliferating cells. (A) showed fogr important domains in p57, CKI do.main followed by proline domain,
acidic domain and QT rich domain. bohstructs used belowed were compared to the full length sequence.
(B) pCIG vector alone did not disturﬁ'cell division assayed‘by BrdU. (C), (D) and (E) were the embryos
transfected with mouse p21, p27 and ;)‘57, respectively. Dividing cells were forced to e>.(it cell cycle by
overexpression of cip/kip. CKI is sufficient to arrest cell cycle (F). With CKI domain truncated,

proliferation was not altered, suggesting that it is required for its function of cell cycle control.

Fig.7. QT domain regulates the timing of neuronal differentiation. (A) _CKI and QT domain (F) did not
affect cell division but it inﬁibited the transcription of HD domains pax2 (B, G) and Lim1/2 (C, H ).
However they are both able to increase the expression of p27 (D, I) and TuJ (E, J). (K) Zebra fish _-
tubulin enhancer reporter showed the activation in mature neurons. Cotransfected with p57QT

ectopically induced the reporter in VZ (L).
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