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Abstract

Cyclin dependent kinase 5 (cdk5) activity is critical for development and function of the nervous
system. Cdk5 activity is dependent on association with the regulators p35 and p39 whose expression
is highly regulated in the developing nervous system. We have identified a small 200bp fragment of
the p39 promoter that is sufficient for cell type-specific expression in neuronal cells. Mutational
analysis revealed that a cluster of predicted binding sites for Sp1, AP-1/CREB/ATF and E box-
binding transcription factors is essential for full activity of the p39 promoter. Electrophoretic mobility
shift assays revealed that Sp1 and Sp3 bound to sequences required for p39 promoter function and
chromatin immunoprecipitation assays confirmed binding of these proteins to the endogenous p39
promoter. Furthermore, depletion of either Sp1 or Sp3 by siRNA reduced expression from the p39
promoter. Our data suggest that the ubiquitously expressed transcription factors Sp1 and Sp3 regulate
transcription of the cdk5 regulator p39 in neuronal cells, possibly in cooperation with tissue-specific
transcription factors.

Introduction

Regulated activity of cyclin dependent kinase 5 (cdk5) is critical for the normal development
and function of the central nervous system. Mice deficient in cdk5 die perinatally and show
defects in neuronal migration in a number of brain compartments including the cerebral cortex,
cerebellum and hippocampus [1]. Aberrant cdk5 activity has been implicated in neuronal cell
death and the pathology of neurodegenerative diseases such as Alzheimer’s and amyotrophic
lateral sclerosis [2,3]. Cdk5 kinase activity is dependent on association with a regulatory
partner, either p35 or p39, whose expression is highly regulated in the developing nervous
system [4—6]. p35 expression is highest in post-mitotic neurons of the embryonic central
nervous system, with expression peaking in migrating cells of the developing cerebral cortex
[7]. In contrast, p39 expression is high in the spinal cord, peaks 1-3 weeks postnatally, and is
maintained at high levels in the adult cerebellum [8-10]. The different patterns of expression
of p35 and p39 may contribute to precise regulation of cdk5 activity.
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It is not known whether expression of the cdkb regulators p35 and p39 in neurons are
determined by similar or different transcriptional mechanisms. We have previously identified
a 17bp GC-rich element in the p35 promoter that was both necessary and sufficient for neuron-
specific expression [11]. Binding of the transcription factors Sp1, Sp3 and Sp4 to the critical
GC box in the p35 promoter in vitro was found to correlate with promoter function in vivo.
Sp4 expression is highest in the brain [12] and the transcriptional activities of the ubiquitously
expressed Spl and Sp3 proteins were found to be higher in terminally differentiated neurons
[11,13] suggesting that the regulated levels and activity of these GC box-binding proteins may
contribute to the cell type-specific expression of p35 in post-mitotic neurons. Additional
transcription factors contribute to the temporal, spatial and signal-dependent regulation of p35
in post-mitotic neurons. In cultured neurons, p35 MRNA levels are induced following
activation of MAPK signalling pathways downstream of NGF and Fas, which may involve the
Egrl transcription factor [14,15]. The POU-domain transcription factors Brn-1 and Brn-2 have
also been implicated in regulation of p35 and p39 transcription as loss of both Brn-1 and Brn-2
has been shown to reduce expression of p35 and p39 in some regions of the brain [16,17].

We have analyzed the promoter of the cdk5 regulator p39 in order to identify DNA elements
and transcription factors that regulate expression of p39 in neurons. We have mapped the
transcriptional start sites of the mouse p39 gene. Deletion analysis of the p39 promoter
identified a 200bp GC-rich minimal promoter that is sufficient for high levels of expression in
aneuroblastoma cell line (N2A), but not in a fibroblast cell line (NIH3T3). Mutational analysis
of the minimal p39 promoter revealed that a tight cluster of predicted binding sites for Sp1,
AP-1/CREB/ATF and E box-binding transcription factors were required for transcriptional
activity in neuronal cells. Analysis of a double mutant suggests a coordinated action of
transcription factors binding specific sites within the cluster. Predicted Sp1 binding sites
required for promoter function were demonstrated to be required for high-affinity binding of
the transcription factors Sp1 and Sp3 in vitro and these factors were shown to bind the
endogenous p39 promoter in vivo. Knockdown analysis using siRNA specifically targeting
either Sp1 or Sp3 revealed that both are required for full activity of the p39 promoter. These
data suggest that Sp1 and Sp3 regulate expression of the neuron-specific Cdk5 regulator p39.

Materials and Methods

Primer extension analysis

Total RNA was isolated using Trizol reagent (Invitrogen). For primer extensions, radiolabeled
primers were hybridized at 60°C for 90 min to 30ug total RNA isolated from 15 day old mouse
brain or liver and then reverse transcribed with Superscript I reverse transcriptase (Invitrogen).
The primers used in primer extensions were Primer 1 5'GCGACAGCACCGTGCCCATCCT?3’
and Primer 2 5’GGAAGCAGGGGAAAGCGACAGY'.

Northern Blot analysis

For Northern analysis, 20ug total RNA isolated from N2A and 3T3 cells was denatured and
resolved by gel electrophoresis on 6% formaldehyde, 1% agarose gels and then transferred to
Hybond N+ membrane (Amersham Biosciences). Hybridizations with 32P-labeled p39 or
GAPDH probes were carried out using Quickhyb (Statagene).

Cell Culture and Transfections

N2A and 3T3 cells were transiently transfected using LipofectAMINE (Invitrogen). 2x10°
N2A or 3T3 cells were plated into 24-well tissue culture plates, and were co-transfected with
500ng luciferase reporter construct and 25ng of Renilla reporter construct pRL-SV 24h after
plating. Cells were harvested 24h after transfection, and luciferase and Renilla assays were
performed using the Dual Luciferase Assay kit (Promega). For knockdown assays with specific
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shRNA constructs, 10° cells were plated in 6 well plates and transfected with 1ug of ShRNA
plasmid. For knockdown efficiency test, cells were co-transfected with 200ng of pBABE
puromycin resistant vector and selected 24h after transfection with 1.5ug/ml of puromycin for
two more days before protein extraction. For luciferase assay cells were co-transfected with
1png of shRNA construct, 200ng of reporter vector and 25ng of pRL-SV. Firefly and Renilla
activity were analyzed 48-72h after transfection. All transfections were done in triplicate on
multiple occasions.

Electrophoretic mobility shift assays

Nuclear extracts were prepared as described previously [18]. 3ug nuclear extract was incubated
with 100,000cpm of PCR amplified (using 32P-radiolabeled primers) p39-153/+46 or 4pmol
of 32P-radiolabeled annealed oligonucleotide in a binding buffer containing 12.5mM Hepes
(pH 7.9), 6.25mM M(gCly, 0.5uM ZnSOy4, 10% glycerol, 0.5mM dithiothreitol, and 3pg of
salmon sperm DNA at room temperature for 20min. Competitor oligonucleotides were
incubated with the nuclear extract for 20 minutes at room temperature before addition of the
radiolabeled probe. For supershift experiments, 2ug of anti-Sp1 (Upstate Biotechnology), anti-
Sp3 (Upstate Biotechnology), or anti-Sp4 (Santa Cruz Biotechnology) antibodies were
incubated with the nuclear extract at room temperature for 20 minutes before addition of the
radiolabeled probe. Free probe was separated from protein-DNA complexes by electrophoresis
at 200V on a 4% polyacrylamide gel in 0.5x TBE and 1% glycerol. The oligonucleotides used
in the EMSA were gel-purified and annealed. The sequences of the top-strand oligonucleotides
used in the EMSAS were:

WT: 5’GGGCCCAAGGGGTGGGGCTGACGCTGCAGCTGGCGCAGCTTS,
M2: 5’GGGCAACCTTTTGGGGGCTGACGCTGCAGCTGGCGCAGCTT3',
M3: 5"GGGCCCAAGGGGTGGGTAGTCATAGGCAGCTGGCGCAGCTTS;

M4: 5’GGGCCCAAGGGGTGGGGCTGACGCTGCATAGTTATACGCTTS,

Chromatin Immunoprecipitation

Chromatin immunoprecipitation was performed following Upstate Biotechnology ChIP assay
protocol with modifications. Neuro2A cells near confluence were crosslinked with 1%
formaldehyde for 15 min at 37°C. After washes with ice cold phosphate buffer containing
protease inhibitors, cells were resuspended in SDS lysis buffer. Chromatin was sonicated to
between 500 to 1000 bp and immunoprecipitated with 3 pg of either anti-Sp1 (Upstate), anti-
Sp3 (Santa Cruz), or rabbit anti-IgG (Promega) polyclonal antibodies. After phenol/chloroform
extraction and ethanol precipitation, sheared DNA was amplified by real-time PCR using
specific primers. The real-time PCR was performed as described by the manufacturer using
the iQ SYBR Green Supermix (BioRad). 10 % of total starting material was precipitated and
used as input.

p39-F 5'-GACCATTTTCACCTCACTTCAACC-3'
p39-R 5'-TCTACAGTCCCTTACCTTTTCCCAC-3’
actin-F 5-TGAGAGGGAAATCGTGCGTGAC-3

actin-R 5'-GCTCGTTGCCAATAGTGATGACC-3'
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Plasmid Constructs and DNA analysis

Results

The indicated regions of the p39 promoter DNA were amplified by PCR and cloned upstream
of luciferase in pGL2. Mutations of the p39 promoter were generated by PCR methods and
verified by sequencing. Binding site predictions were carried out using web-based software at
the Transfac web-site: http://transfac.gbf.de/TRANSFAC/. Short hairpin RNAs were cloned
into pBS/U6 plasmid as described previously [19]. Sequences targeted in the Sp3 and Spl
mRNAs as well as the negative control scrambled (scr) sequence are listed below:

Sp3-1: ’GGGACCAACAACATCAAGAAGS
Sp3-2: 5’GGGAAGACCTCACATCTGGAG3'
Spl-1: ’GGGTGCCAATGGCTGGCAGATS'
Spl-2: GGGAACATCACCTTGCTACCTY

scr: 5’GGGAATTAATATGCACAGGCCSI'.

Identification of the mouse p39 transcription start site

Asafirst step to investigate the regulation of transcription of the cdk5 activator p39, the position
of the p39 promoter was identified by mapping the transcription start site. Like many neuron-
specific genes, the sequences upstream of the mouse p39 ORF are highly GC-rich and do not
contain a consensus TATA-box. Primer extension analysis, using primers either spanning or
3' to the p39 ATG (Primer 1 and Primer 2) and RNA isolated from 15 day old-mouse brain,
indicated that there were at least 5 transcriptional start sites located between 63 and 95 bp
upstream of the ATG (Figure 1A). Transcripts of the same size were not detected using RNA
isolated from 15 day old-mouse liver consistent with previous studies indicating tissue-specific
expression of mouse p39 mMRNA [20]. Figure 1B shows the positions of the start sites in the
p39 promoter DNA sequence, with the most upstream start site indicated as +1. The p39
promoter lacks sequences resembling common core promoter elements such as initiator, DPE
or BRE, which are present in many TATA-less promoters (for example the p35 promoter
[11]) [21] REF. Multiple transcription start sites are a common feature of TATA-less
promoters, and are found frequently in promoters of cell-type specific genes [22-24].

A 200 bp fragment of the p39 promoter is sufficient to direct cell type-specific expression

The mouse neuroblastoma cell line N2A was used to examine p39 expression and promoter
activity. Northern analysis revealed high levels of endogenous p39 mRNA in total RNA
extracted from cultured N2A cells but not in total RNA isolated from cultured NIH3T3
fibroblasts (Figure 2A). Thus, N2A and 3T3 cells provide suitable model cell lines for studying
the mechanisms that regulate cell type-specific expression of p39.

A 2.5kb fragment of the mouse p39 upstream sequence which extends from 2.4 kb upstream
of the transcription start site at +1 to the ATG at +95 was inserted upstream of the luciferase
gene in pGL2-basic to generate p39-2420/+95. The relative activity of this reporter was
determined following transfection of N2A and 3T3 cells. As shown in Figure 2B, p39-2420/
+95 was ~20-fold more active in N2A cells compared to 3T3 cells. This result indicates that
transcriptional mechanisms are important for cell type expression of p39 and provides an assay
to identify DNA sequences important for p39 promoter activity in neuronal cells. Additional
constructs were therefore created by making 5’ deletions in p39-2420/+95 to generate
p39-1652/+95, p39-1136/+95, p39-566/+95 and p39-217/+95, all of which extend 3’ to the
ATG. As shown in Figure 2B, each of these 5’ deletions of the p39 promoter retained high
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levels of activity in N2A cells. In fact, these 5’ deletions were slightly more active than
p39-2420/+95 in both N2A and in 3T3 cells suggesting the presence of a negative regulatory
sequence in the region —2420 to —1652 which is not cell type-specific. The smallest of these
deletion constructs, p39-217/+95 was about 50% more active than the —2420/+95 fragment
and maintains 5- to 9-fold higher expression in N2A relative to 3T3.

Further 5’ and 3’ deletions were therefore made in the p39 promoter and transiently transfected
into N2A and 3T3 cells. As shown in Figure 2C, a 3'-deletion of p39-217/+95 to generate
p39-217/+46 maintained high activity in N2A cells and was 20-fold more active in N2A than
in 3T3 cells. Deletion of a further 50bp 5’ to generate p39-153/+95 reduced activity in N2A
cells by approximately 40%, but this promoter construct remained 6-fold more active in N2A
than in 3T3 cells. Deletion of 3’ sequences to generate p39-153/+46 had no effect on expression
levels. Deletion of an additional 50 bp 5, generating p39-104/+95, essentially eliminated
activity in both N2A and 3T3 cells. Thus, an approximately 200bp fragment of the p39 promoter
from —153 to +46 contains sequences sufficient for high levels of cell type-specific expression
in a neuronal cell line.

The minimal p39 promoter is highly conserved between mouse and human

As illustrated in Figure 3, alignment of the mouse p39 promoter with sequences 5’ of the human
p39 gene revealed that there is 94% identity between mouse and human promoters in the region
—153 to the ATG. Notably, the region containing the mouse p39 transcription start sites is fully
conserved in the human promoter. The sequence identity between mouse and human p39
decreases markedly to approximately 57% for the 200bp further upstream. Thus, the region of
highest conservation upstream of the p39 ORF corresponds to the minimal p39 promoter
identified in our functional studies.

Mutations in a cluster of predicted binding sites for Sp1, AP1/CREB/ATF and E-box binding
factors compromise p39 promoter activity

Within the —153/+46 minimal p39 promoter, there are 3 predicted binding sites for Sp1, a
potential AP-1/CREB/ATF binding site, as well as a predicted E box binding site for the basic
helix-loop-helix (bHLH) superfamily of transcription factors, all of which are conserved
between mouse and human p39 (Figure 3). In order to determine the role of those binding sites
for p39 promoter activity, they were subjected to linker scanning mutational analysis [25]. In
brief, 6-10bp clustered mutations were generated using PCR to individually create M1 through
M5 in the p39-153/+46 reporter (Figure 4A). The wild-type (WT) and mutated p39-153/+46
promoters were transiently transfected into N2A cells and luciferase activity relative to WT
determined (Fig 4B). Mutations M2, M3 and M4, affecting the clustered Sp1, AP1/CREB/ATF
and E-box binding motifs all reduced the activity of the p39 promoter in transfected N2A cells
(Figure 4B). In contrast, neither M1 nor M5 mutations reduced the activity of the promoter.
The M2 and M4 mutations of the p39 minimal promoter had the strongest effects, suggesting
amajor role for these binding sites in the activation of p39 promoter in neuronal cells. Because
of the large overlap of the predicted Sp1 and the AP1/CREB/ATF sites, effects of M3 mutation
in N2A cells cannot be unambiguously attributed to the AP1/CREB/ATF motif. Combined
mutation of both the Sp1 and E-box binding sites (M2M4) did not further reduce p39 promoter
activity (Fig 4B), suggesting that factors binding those two motifs function cooperatively to
support transcription of the p39 promoter in neuronal cells.

Spl and Sp3 bind to the p39 promoter both in vitro and in vivo

Electrophoretic mobility shift assays (EMSAS) were performed to examine protein(s) binding
to functionally important regions of the p39 promoter. A 41bp oligonucleotide spanning the
region which includes M2, M3 and M4 (bp —112 to —72) was used. As shown in Figure 5,
protein binding to the wild-type p39 oligonucleotide produced two major closely migrating
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complexes. Protein/DNA complexes formed on the wild-type p39 probe are specific as
unlabelled WT oligonucleotides competed for binding of both protein complexes, whereas M2
and M3 mutant oligonucleotides did not compete, even at 100-fold molar excess. In contrast,
the mutant M4 fragment competed as well as WT. Since the M4 mutation reduced promoter
activity (Figure 4B), this suggests that mutations at these positions alter binding of protein(s)
not detectable under the gel mobility shift assay conditions used.

The M2 and M3 mutations alter a predicted Sp1 binding site, and therefore interactions between
the p39 promoter and the related transcription factors Spl, Sp3, and Sp4 were investigated.
Sp1 and Sp3 are ubiquitously expressed members of a transcription factor family whose DNA-
binding domains are highly conserved and they bind GC boxes with similar sequence
specificity and affinity [12,26]. Addition of anti-Sp1 antibodies decreased appearance of the
upper complex whereas an antibody specific to Sp3 decreased the lower complex; addition of
both anti-Sp1 and anti-Sp3 antisera eliminated both complexes. Addition of antisera specific
for the related Sp4 protein did not alter the protein/DNA complexes (data not shown). Thus,
Sp1 and Sp3 bind to the predicted site at position —109/-94 in the p39 promoter and their
binding is disrupted by the mutations M2 and M3 which severely compromise activity of the
p39 promoter in neuronal cells.

In order to validate the binding of Sp1 and Sp3 transcription factors to the p39 promoter in
vivo, we performed chromatin immunoprecipitation analysis. Specific antibodies against Sp1l
and Sp3, but not a non-specific 1gG antibody, immunoprecipitated the endogenous p39
promoter in N2A cells, supporting a role of these transcription factors in the regulation of p39
in vivo (Fig 6). Neither Sp1 nor Sp3 were found associated with the coding region of the beta-
actin gene, used as negative control for the ChIP assay.

Transcription factors Spl and Sp3 activate the p39 promoter

Sp1 generally functions as a transcriptional activator whereas Sp3 is both a transcriptional
activator and a repressor depending on the promoter context as well as post-translational
modification state [27] (For review see [28]). In order to determine the role of Sp1 and Sp3in
regulation of the p39 promoter, we generated two different sShRNA constructs targeting each
of these transcription factors (see Materials and Methods). Western blot analysis confirmed
depletion of Sp1 or Sp3 proteins upon transfection of the specifically targeted shRNA
constructs (Fig 7A and data not shown). Co-transfection of either Sp1 or Sp3 shRNA plasmids
together with the minimal —153/+46 p39 promoter led to a decrease in the luciferase activity
in N2A cells (Fig 7B). Similar results were observed on a larger p39 promoter fragment (—2420/
+95), indicating that both Sp1 and Sp3 factors are required for maximal activity of the p39
promoter in neuronal cells.

Discussion

In this study we have analyzed the promoter of the cdk5 regulator p39 in order to identify DNA
sequence elements and transcription factors required for transcription of p39 in neuronal cells.
We have identified a small 200bp fragment of the p39 promoter that was sufficient for cell
type-specific transcription in a neuronal cell line. Evolutionary conservation of non-coding
sequences is an indication of conservation of functional transcription factor binding sites
[29] and, consistent with this idea, the minimal mouse p39 promoter has 94% identity with
sequences upstream of human p39. Mutation of clustered binding sites for Sp1, AP-1/CREB/
ATF and E box-binding proteins significantly reduced the activity of the minimal p39 promoter
in N2A cells, suggesting a major role for those motifs in expression of p39. Previous studies
showed binding of the RE-1 Silencing Transcription factor, REST, 3’ to the p39 gene [30],
suggesting that active repression may contribute to cell type-specific expression of p39. Our
studies suggest that activation mechanisms also contribute to differential expression of p39in
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neuronal cells. The transcription factors Sp1 and Sp3 were found to bind to the p39 promoter
both in vitro and in vivo. Sp1 and Sp3 bound with high affinity to a GC box at —109/-94 and
mutation of this motif reduced binding of Sp1 and Sp3 in vitro and promoter activity in vivo.
In addition, RNAi-mediated knockdown of either Sp1 or Sp3 decreased the activity of the p39
promoter. These findings suggest that expression of p39 in neuronal cells is positively regulated
by Spl and Sp3, possibly in cooperation with cell type-specific transcription factors.

Although Sp1 and Sp3 are ubiquitously expressed, these transcription factors have been
implicated in cell type-specific regulation of several genes in neurons [24,31,32]. We have
previously reported that a repeated GC box that binds Sp1, Sp3 and Sp4 in vitro is necessary
and sufficient for neuron-specific expression of the cdk5 regulator p35 [11]. Furthermore, our
laboratory has previously shown that Sp1 and Sp3 transcriptional activity is higher in P19-
derived neurons than in undifferentiated P19 cells, suggesting that regulated activity of these
ubiquitous transcription factors may contribute to cell type-specific gene expression in neurons
[11]. Post-translational modification of Sp1 by both phosphorylation and acetylation and
modification of Sp3 by the small ubiquitin-related modifier SUMO have been shown to
modulate activity of these transcription factors [27,28,33,34]. It remains to be determined
whether changes in post-translational modifications of Sp1 or Sp3 contribute to cell type-
specific expression of the cdk5 regulators p35 and p39.

Mutations in the E box motif in the p39 promoter significantly reduced activity in neuronal
N2A cells. E boxes are binding sites for the basic helix-loop-helix (b0HLH) superfamily of
transcription factors, which includes both ubiquitous as well as cell type-specific transcription
factors. bHLH transcription factors are important regulators of several stages of neurogenesis
(for review see [35]). Thus for example, proneuronal bHLH factors (e.g., Ngnl1, Ngn2 and
Mash) are involved in initiating neurogenesis, and neuronal differentiation bHLH factors (e.g.,
NeuroD) mediate terminal differentiation. It is of interest to identify which bHLH transcription
factor(s) regulate p39 expression, as the spatial and temporal expression of different bHLH
factors [36,37] could contribute to the dynamic control of p39 expression during development.

The M3 mutation also led to reduced promoter activity in N2A. The M3 mutation disrupted
Spland Sp3 binding to the high affinity site at —109/—94 in vitro (Figure 5) and is also predicted
to disruptan AP1/CREB/ATF site. The basic-region leucine zipper (bZIP) transcription factors
of the AP-1/CREB/ATF superfamily have been shown to play important roles in both cell type
and signal-dependent expression of many genes in neurons [38,39], and are candidates to
contribute to the regulated activity of the p39 promoter.

Taken together, our data suggest that activity of the p39 promoter in neuronal cells is likely
the result of the coordinated action of factors binding to both GC box and E box motifs, as well
as perhaps the AP-1/CREB/ATF binding site. Interestingly, combined mutation of both GC-
box and E-box elements did not further reduce the activity of the minimal p39 promoter in
N2A cells, suggesting factors binding to the tightly clustered Sp1, AP-1/CREB/ATF and E
box maotifs function cooperatively to support cell type-specific transcription of p39. Although
p39 is not expressed in 3T3 cells (Figure 2) we observed Spl and Sp3 binding to the p39
promoter in 3T3 extracts (data not shown), suggesting that Sp1/Sp3 cooperation with tissue-
specific factors, or restricted modifications, could be necessary for neuron-specific expression
of p39. Combinatorial activity of Sp1 and tissue-specific E box binding proteins has been
previously described for other promoters. For example, myogenic bHLH proteins and Sp1 have
been shown to interact as part of a multiprotein complex required for activity of the cardiac
actin promoter in skeletal muscle cells [40] and Sp1 and NeuroD are implicated in the
transcriptional regulation of the human secretin promoter [41,42].
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Although further analysis of the endogenous promoters is needed, current studies to identify
DNA elements important for cell type-specific expression of the cdk5 activators p35 and p39
in neurons has revealed differences in the regulation of these related proteins. The p35 and p39
promoters share some features, as both minimal promoters are GC-rich and lack consensus
TATA box elements, features common to many neuron-specific genes. We have reported that
a discrete repeated 17bp GC box containing element which is bound by Sp1, Sp3 and Sp4
proteins in vitro is necessary and sufficient for neuron-specific expression of p35 [11]. In
contrast, although the Sp1 and Sp3 transcription factors also bind to a functionally important
element in the p39 promoter, in this case additional DNA elements are required for function.
Our data suggests that the ubiquitously expressed Sp1 and Sp3 transcription factors function
cooperatively with cell type-specific factors to promote high levels of p39 transcription.
Differences in transcriptional control mechanisms may reflect the different temporal, spatial,
and signal-dependent expression of p39 compared to p35, allowing for independent regulation
of these activators and more precise control of cdk5 kinase activity during brain development.
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Figure 1. Multiple transcription start-sites upstream of the p39 ATG

(A) The results of primer extension analysis with primers that hybridize across (Primer 1) or
downstream (Primer 2) of the p39 ATG using total RNA isolated from 15 day old mouse brain
or liver. Start-sites 63-95bp upstream of the ATG are indicated by arrowheads. DNA
sequencing of p39 genomic DNA was performed with the same primers. (B) Schematic of the
p39 promoter indicating the positions of primers used in the primer extension reactions. The
5 identified transcription start sites are indicated in bold and underlined. The most 5’ start site
relative to the ATG is indicated by the arrow and the nucleotide is assigned +1.
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Figure 2. p39 promoter sequences between —153 and +46 are sufficient for high levels of cell type-
specific activity

(A) Neuroblastoma N2A cells express endogenous p39. Northern blot analysis was performed
with total RNA isolated from N2A cells and NIH3T3 fibroblasts. The blot was hybridized with
radioactive probes specific for p39 or GAPDH transcripts; GAPDH was a control for RNA
loading. (B) The p39 promoter from —217 to the ATG at +95 is sufficient for high levels of
activity in neuronal N2A cells. Relative luciferase activity of reporter constructs containing 5’
truncations of the p39 promoter with the indicated end-points co-transfected with pRL-SV
renilla reporter in N2A or 3T3 cells are shown. (C) p39 promoter sequences from —153 to +46
are sufficient for cell type-specific expression. Relative activities of additional 5’ and 3'
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truncations with the indicated endpoints co-transfected with pRL-SV into N2A and 3T3 cells
are shown. In each set of experiments, the relative luciferase activity of the longest construct
in N2A cells was set at 100. The experiments were performed in triplicate; error bars indicate
S.D.
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Figure 3. The minimal p39 promoter sequence is highly conserved between mouse and human
Mouse and human p39 sequences were aligned using ClustalW alignment software. Sequence
identity is indicated by (*). The region between —153 and the ATG is 94% identical; sequences
further upstream are not as well conserved. The five transcription start-sites identified by primer
extension are indicated by forward arrows. Analysis of the minimal mouse promoter (—153/
+46) (indicated by open brackets) for potential transcription factor binding sites using Transfac
analysis software (http://transfac.gbf.de/TRANSFACY/) revealed 3 putative binding sites for
the Sp1 family of proteins, a potential binding site for the AP-1/CREB/ATF family of proteins,
and a potential E box binding site for bHLH proteins.
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Figure 4. Mutation of the Sp1, AP1/CREB/ATF and E box clustered binding sites reduced the
activity of the p39 promoter

(A) The positions of 6-10bp scanning mutations (M1-MD5) in the p39 promoter region are
indicated by shaded boxes. Predicted transcription factor binding sites for Sp1, AP-1/CREB/
ATF and E box-binding proteins are indicated. (B) Reporter constructs containing the indicated
scanning mutations in the p39 promoter construct p39-153/+46 were transfected into N2A cells
and the resulting luciferase activity determined. Luciferase activity of the wild-type p39-153/
+46 construct was set at 100. The experiments were performed in triplicate; error bars indicate
the S.D..
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Figure 5. M2 and M3 mutations disrupt binding of Sp1 and Sp3

Electrophoretic mobility shift assays (EMSA) were performed using 3ug of N2A nuclear
extract (NE) and radiolabeled p39-WT oligonucleotides corresponding to nucleotides —112 to
—72 spanning the clustered Sp1/Apl/E box sites. (A) Increasing molar excess (20- and 100-
fold) of the indicated cold competitor oliogonucleotides p39-WT, M2, M3, or M4 were added
to the binding reaction. The two major DNA-protein complexes formed are indicated by
arrows. (B) Antibodies specific for Sp1, Sp3 or both were added to the EMSA reaction as
indicated.
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Figure 6. Sp1 and Sp3 bind the p39 promoter in vivo

Chromatin immunoprecipitation was performed in N2A cells using antisera specific for Spl
and Sp3. Immunoprecipitated DNA was analyzed by real-time PCR with oligonucleotides that
amplified the —368 to —240 region of the p39 promoter and, as a control a fragment within the
coding region of the beta-actin gene. ChIP data represent percent input normalized to a non-
immune IgG. ChIP assay was performed in triplicate.
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Figure 7. Spl and Sp3 are required for activation of the p39 promoter

(A) N2A cells were co-transfected with plasmid expressing sShRNAs specific for either Sp1,
Sp3 or control (scr). Western blot analysis with antisera specific for Sp1 (top) or Sp3 (bottom)
showed transfection of the specific ShRNAs reduced levels of endogenous Spl or Sp3
compared to the control (panel A and data not shown). Arrowheads indicate the three major
Sp3 isoforms. (B) N2A cells were co-transfected with two different plasmids expressing
SshRNA s specific for either Sp1, Sp3 or control (scr) together with the —153/+46 or —2420/+95
p39 luciferase reporters as indicated. Luciferase activity in the scr sShRNA transfected cells was
set at 100. Assays were performed in triplicate; error bars indicate S.D..
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