
Sp4-dependent repression of Neurotrophin-3 limits dendritic
branching

Belén Ramos1,2,4, Alvaro Valín1,2, Xinxin Sun3, and Grace Gill1,2,3
(1) Department of Anatomy and Cellular Biology, Tufts University School of Medicine, 136 Harrison
Ave., Boston, MA 02111
(2) Harvard Medical School, Department of Pathology, 77 Avenue Louis Pasteur, Boston, MA 02115
(3) Genetics Program, Sackler School of Biomedical Sciences, Tufts University School of Medicine,
136 Harrison Ave., Boston, MA 02111
(4) Sant Joan de Déu-SSM, Fundació Sant Joan de Déu, Centro de Investigación en Red de Salud
Mental(CIBERSAM). 39-57 Santa Rosa. Esplugues de Llobregat, Barcelona 08950

Abstract
Regulation of neuronal gene expression is critical to establish functional connections in the
mammalian nervous system. The transcription factor Sp4 regulates dendritic patterning during
cerebellar granule neuron development by limiting branching and promoting activity-dependent
pruning. Here, we investigate neurotrophin-3 (NT3) as a target gene important for Sp4-dependent
dendritic morphogenesis. We found that Sp4 overexpression reduced NT3 promoter activity whereas
knockdown of Sp4 increased NT3 promoter activity and mRNA. Moreover, Sp4 bound to the NT3
promoter in vivo, supporting a direct role for Sp4 as a repressor of NT3 expression. Addition of
exogenous NT3 promoted dendritic branching in cerebellar granule neurons. Furthermore,
sequestering NT3 blocked the continued addition of dendritic branches observed upon Sp4
knockdown, but had no effect on dendrite pruning. These findings demonstrate that, during cerebellar
granule neuron development, Sp4-dependent repression of neurotrophin-3 is required to limit
dendritic branching and thereby promote acquisition of the mature dendritic pattern.
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Introduction
The pattern of dendrites elaborated by a neuron determines integration of inputs. Defects in
dendritic patterning are characteristic of many neurodevelopmental and mental retardation
disorders (Dierssen and Ramakers, 2006; Galvez et al., 2005; Lee et al., 2003; Purpura,
1975). Dendritic development is a highly dynamic process that includes stages of addition,
growth, branching, and stabilization or elimination of dendrites. Dendritic arborization patterns
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are regulated during development by the coordinated action of extracellular signals and gene
expression programs (McAllister, 2000; Redmond and Ghosh, 2005). In addition to well-
described roles in neuronal survival and differentiation, secreted polypeptide growth factors
known as neurotrophins regulate growth and patterning of axons and dendrites in the
mammalian nervous system (Friedman and Greene, 1999; Kaplan and Miller, 2000; Lewin and
Barde, 1996; McAllister et al., 1999; Reichardt, 2006). The functions and regulated expression
of neurotrophins and their receptors during dendritic development remains incompletely
understood.

Neurotrophin 3 (NT3) has unique and sometimes overlapping or even opposing functions
compared to the other neurotrophins: nerve growth factor (NGF), brain-derived neurotrophic
factor (BDNF), and neurotrophin 4/5 (NT4/5). Among the functions described for NT3, NT3
regulates survival and differentiation of neurons in the cerebellum (Bates et al., 1999; Katoh-
Semba et al., 1996; Neveu and Arenas, 1996). NT3 expression in the cerebellum is highest in
the embryo and NT3 expression markedly declines with postnatal cerebellar maturation
(Ernfors et al., 1990; Katoh-Semba et al., 1996; Maisonpierre et al., 1990a; Neveu and Arenas,
1996; Rocamora et al., 1993). The high affinity NT3 receptor, TrkC, is expressed in the
cerebellum from the third week after birth (Neveu and Arenas, 1996; Segal et al., 1995). Thus,
there is a switch in NT3 levels from high to low and in TrkC levels from low to high during
postnatal development of the cerebellum. The transcriptional programs that control the balance
between NT3 and TrKC gene expression during cerebellar maturation have not been fully
described. The effects of NT3 on growth and branching of dendrites depends on neuronal cell
type and brain region. For example, NT3 has been shown to either promote or limit dendritic
growth and branching in distinct layers of pyramidal neurons (Baker et al., 1998; McAllister
et al., 1997; McAllister et al., 1995). In early cerebellar granule neurons, addition of exogenous
NT3 was shown to alter neurite morphology (Segal et al., 1995), however, little is known about
the effects of NT3 on dendritic morphogenesis in these neurons.

We have identified an essential role for the transcription factor Sp4 during dendritic
development in cerebellar granule neurons (Ramos et al., 2007). Knockdown of Sp4 in
organotypic slices and dissociated cultures led to an increased number of highly branched
dendrites. Total dendrite number is the summation of dendrites added less those that are
removed. Time course analysis revealed that upon Sp4 knockdown, removal of dendrites was
blocked and new dendritic branches continued to be added at later times. Furthermore,
overexpression of Sp4 was sufficient to promote dendritic pruning in non-depolarizing
conditions. These studies revealed that Sp4 is required to limit addition of new branches and
promote activity-dependent pruning of dendrites. Like the related Sp1 and Sp3 proteins, Sp4
binds to specific promoter elements to regulate transcription (Black et al., 2001; Lerner et al.,
2002; Philipsen and Suske, 1999; Ross et al., 2002), but the number and nature of Sp4 target
genes that mediate dendritic patterning have not been described. Analysis of mutant mice
expressing low levels of Sp4 revealed an age-dependent decrease of NT3 mRNA in the
hippocampus (Zhou et al., 2005). When Sp4 was knocked out specifically in neural crest, NT3
levels were not affected, although a reduction in levels of TrkC mRNA was observed (St
Amand et al., 2006). These studies suggest context-dependent regulation of NT3 and TrkC by
Sp4.

In this study, we have investigated the hypothesis that the transcription factor Sp4 regulates
NT3 expression to control dendritic development during postnatal maturation of cerebellar
granule neurons. We show here that Sp4-dependent down-regulation of NT3 expression is
required to suppress continued addition of dendritic branches during cerebellar granule neuron
maturation. Inhibition of NT3 signaling was not observed to alter dendrite pruning, suggesting
that Sp4 regulates distinct target genes to promote dendritic pruning and limit branch addition.
Furthermore, we show that Sp4 activated expression of TrkC suggesting that opposing
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regulation by Sp4 may contribute to the dramatic change in NT3/TrKC ratios that occurs during
cerebellar maturation. Our findings indicate that Sp4–dependent transcriptional regulation of
Neurotrophin-3 contributes to proper dendritic morphogenesis during cerebellar development.

Results
Sp4 represses NT3 expression in developing cerebellar granule neurons

Many stages of postnatal cerebellar granule neuron development, including dendritic growth,
branching and pruning, are faithfully recapitulated in vitro (Gaudilliere et al., 2004; Powell et
al., 1997; Ramos et al., 2007). Sp4 protein levels are high in the post-natal cerebellum at the
time of dendritic morphogenesis, whereas NT3 expression declines during cerebellar
maturation (Altman, 1972; Lim et al., 2004; Maisonpierre et al., 1990a; Ramón y Cajal,
1911; Rocamora et al., 1993) (Data not shown). In order to determine whether Sp4 regulates
NT3 expression in cerebellar granule neurons, we first performed luciferase reporter assays.
A human NT3 promoter-driven luciferase reporter was co-transfected together with Flag-Sp4
overexpression or Sp4 RNAi knockdown plasmids in cultures of cerebellar granule neurons
(Figure 1 A and B). We observed that Sp4 overexpression reduced NT3 promoter activity up
to 50% while knockdown of Sp4 led to a two fold increase in NT3-promoter activity in primary
granule neurons. Similar results were obtained in Neuro2A cells (Figure 1A and B). Co-
transfection of NT3-luciferase with a second RNAi targeting Sp4 in Neuro2A cells also led to
increased promoter activity (data not shown). These studies indicate that Sp4 represses NT3
promoter activity.

We also analyzed endogenous NT3 mRNA levels following depletion of Sp4 protein
expression. We observed an increase in NT3 mRNA levels by RT-qPCR upon Sp4 knockdown
in Neuro 2A cells (Figure 1 C and D). In contrast, Sp4 knockdown did not significantly alter
BDNF mRNA levels (Figure 1D). Similar results were obtained with a second RNAi targeting
Sp4 (data not shown). We further investigated whether Sp4 directly bound to endogenous NT3
promoter in granule neurons. Two transcription start sites with upstream activating and
inhibitory regions have been described in the NT3 promoter (Katoh-Semba et al., 1996;
Leingartner and Lindholm, 1994). We examined DNA-protein complexes by chromatin
immunoprecipitation (ChIP) using primers flanking predicted Sp4 binding sites in the
inhibitory region upstream of the 1B startsite (Figure 2A). ChIP assays with anti-Sp4 antisera
revealed that Sp4 specifically associated with the inhibitory region of the endogenous NT3
promoter (Figure 2B). The related transcription factor Sp1 also associated with the NT3
promoter in cerebellar granule neurons. ChIP assays also revealed binding of Sp4 to the
inhibitory region upstream of startsite 1A in cerebellar granule neurons as well as both
inhibitory regions of the endogenous NT3 promoter in Neuro 2A (Data not shown). Taken
together, these results indicate that Sp4 acts directly to repress NT3 expression.

NT3 promotes dendritic branching in developing cerebellar granule neurons
We have reported that Sp4 is essential for dendritic development of cerebellar granule neurons
in both organotypic slices and dissociated cultures (Ramos et al., 2007). Knockdown of Sp4
using two independent RNAi hairpins targeting Sp4 led to persistent addition of dendritic
branches and blocked pruning of dendrites, with no decrease in cell viability (Ramos et al.,
2007). However, Sp4 regulated target genes that control these processes are unknown. We
therefore investigated whether increased levels of NT3 due to loss of Sp4-dependent repression
could account for some of the morphological defects observed in Sp4 knockdown neurons. To
address this issue, we first determined the effects on dendritic patterning when NT3 was added
to cerebellar granule neurons. Neurons from P6 rat pups were transfected with GFP expression
vector together with control RNAi or Sp4 RNAi at day in vitro (DIV) 2 and then at DIV4
neurons were treated with exogenous NT3 or control bovine serum albumin (BSA) for 48 hours
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(Figure 3). Dendritic arbor morphology was analyzed by counting primary dendrites emanating
from the cell body and secondary dendrites emanating from the primary dendrites.

As shown in Figure 3, in control neurons, addition of exogenous NT3 had no effect on the
number of primary dendrites, whereas the number of secondary dendrites increased
significantly (Figure 3A and B). These data indicate that elevated NT3 levels promote dendrite
branching but have no effect on the balance of addition and elimination of primary dendrites
in these neurons. As previously described, knockdown of Sp4 led to increased numbers of
secondary dendrites by both inhibiting dendritic pruning and promoting new branch addition
(Ramos et al., 2007) (Figure 3B). The number of primary dendrites were increased in Sp4RNAi
neurons solely due to inhibition of pruning (Ramos et al., 2007). Thus, addition of NT3
recapitulates one of the phenotypes associated with Sp4 knockdown: increased numbers of
secondary dendrites. Treatment with exogenous NT3 did not further increase the number of
secondary dendrites seen upon Sp4 depletion, consistent with the model that NT3 levels are
already elevated in the absence of Sp4-dependent repression (Figure 3B). Total dendritic length
did not change after NT3 treatment (Figure 3C), indicating that dendritic growth is not regulated
by either exogenous NT3 or Sp4 knockdown, as shown previously. Thus, NT3 promotes
dendritic branching in cerebellar granule neurons.

Increased dendritic branching observed upon Sp4 knockdown requires NT3
We next investigated whether NT3 is required for the increased dendritic branch addition
observed upon Sp4 knockdown. We transfected cerebellar granule neurons with Sp4 RNAi at
DIV 2. After two days, we added a soluble form of the TrKC receptor (TrkC-Fc) to sequester
NT3 in the media. TrkC-Fc is a chimera, bearing the extracellular domains of TrkC fused to
the IgG heavy chain, that has the binding specificity and affinity of the NT3 receptor, TrkC,
in a soluble form that can block the biological activity of NT3 (Shelton et al., 1995). We then
monitored dendrite numbers. As shown in Figure 4A and B, after 48 hours treatment, TrkC-
Fc reduced the number of secondary, but not primary, dendrites in Sp4 RNAi transfected cells.
Addition of TrkC-Fc had no effect on dendrite numbers in control transfected neurons. This is
consistent with data in Figure 3 that excess NT3 increased the number of secondary, but not
primary, dendrites. Thus, the consequenes of TrKC-Fc addition was very specific only
affecting the excess branching phenotype of Sp4 knockdown neurons, but not impacting the
reduced pruning phenotype. TrKC-Fc treatment did not lead to changes in total dendritic length
indicating again that modulation of NT3 does not affect dendritic growth in these neurons
(Figure 4A).

Since secondary dendrite numbers are the result of dynamic addition and elimination processes,
we looked at the effect of TrkC-Fc in a time course. We reasoned that if NT3 signaling were
required only for addition of new branches, then in the presence of TrkC-Fc the number of
secondary dendrites in Sp4 RNAi neurons would not change during this period of dendritic
maturation since no new ones would be added due to inhibition of the NT3 signal promoting
branching and none would be removed due to the suppression of pruning upon Sp4
knockdownw. This is what we observed (Figure 4B and C). Control RNAi transfected neurons
showed a reduction in the number of secondary dendrites during this period due to pruning
(Ramos et al., 2007) which was not affected by TrkC-Fc addition (Figure 4C). In contrast, Sp4
knockdown neurons showed an increase in the number of secondary dendrites from DIV 4 to
DIV6, indicating that in the absence of Sp4 these neurons not only failed to remove dendrites
by pruning but continued to add new branches leading to a net gain in secondary dendrite
number (Ramos et al., 2007) (Figure 4B and C). Notably, in the presence of TrkC-Fc,Sp4 RNAi
neurons showed no significant change in the number of secondary dendrites during the time
course examined. Treatment with TrkC-Fc blocked the continued addition of secondary
dendrites in Sp4 RNAi transfected neurons. Thus, sequestering NT-3 rescued part of the Sp4
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knockdown phenotype by suppressing excess dendritic branching. These results demonstrate
that NT3 is required for the persistant dendritic branching observed upon knockdown of Sp4
and highlight a role for NT3 in regulating dendritic branching in cerebellar granule neurons
during development.

Sp4 promotes TrKC expression in developing cerebellar granule neurons
In cerebellar granule neurons, the levels of the high affinity receptor for NT3, TrkC, are low
in the early post-natal period and increase from the third week after birth (Neveu and Arenas,
1996; Segal et al., 1995). TrkC mRNA was reduced when Sp4 was knocked out in neural crest
lineage of transgenic mice (St Amand et al., 2006). To explore whether Sp4 regulates TrKC
expression in cerebellar granule neurons, we transfected neurons with a TrkC promoter driven
luciferase reporter together with FlagSp4, Sp4RNAi, or control plasmids (Figure 5A and B).
We observed that overexpression of Sp4 increased TrkC promoter activity more than two-fold
while knockdown of Sp4 reduced promoter activity to 30% of levels in control transfected
neurons (Figure 5A and B). Moreover, when we stably knocked down Sp4 in Neuro 2A cells
and analyzed TrKC mRNA by RT-qPCR, we found that endogenous TrkC mRNA was reduced
upon Sp4 depletion (Figure 5C). In addition, we analyzed the expression levels of other
neurotrophin receptors in Neuro2A cells depleted of Sp4. We observed that Sp4 RNAi
decreased levels of p75/NGFR and TrKA mRNA while levels of TrKB mRNA were increased
(Figure 5C). Similar results were obtained with a second RNAi targeting Sp4 (data not shown).
Taken together, these results suggest that Sp4 may regulate expression of several neurotrophin
receptors and, notably, in maturing cerebellar granule neurons Sp4 has opposing activities on
NT3 and TrkC promoter activity.

Discussion
Our results indicate that the transcription factor Sp4 represses NT3 expression to control
dendritic patterning during maturation of cerebellar granule neurons. Dendritic arborization
patterns determine how a neuron integrates inputs and aberrant dendritic patterning is
associated with mental retardation and neurological disorders (Dierssen and Ramakers,
2006; Galvez et al., 2005; Purpura, 1975). We have previously reported that the increased
complexity of dendritic arbors observed upon Sp4 knockdown in cerebellar granule neurons
is due to both a failure to limit new branch addition and reduced activity-dependent pruning
(Ramos et al., 2007). Here we show that addition of exogenous NT3 promotes dendritic
branching, and sequestering endogenous NT3 rescued one part of the Sp4 knockdown
phenotype by blocking continuous branch addition (Figures 3 and 4). Together, these results
support our conclusion that Sp4-dependent repression of NT3 is required to limit dendritic
branching during neuronal maturation. Notably, addition of exogenous NT3 did not fully
recapitulate the Sp4 RNAi phenotype, in particular, increasing or blocking NT3 signaling did
not alter dendritic pruning (Figure 3 and 4), indicating that additional Sp4 target genes regulate
this process. Our study therefore indicates that the pathways that control dendritic pruning and
branch addition are distinct but coordinated via regulation by a common transcription factor,
Sp4.

Fine timing and spatial regulation of gene expression of neurotrophins and TrK receptors
suggest that there is a delicate balance between these ligands and receptors. Decrease of NT3
expression and increase of TrKC levels occurs in cerebellum shortly after birth, around the
time that Sp4 levels peak (Katoh-Semba et al., 1996; Lim et al., 2004; Maisonpierre et al.,
1990a; Rocamora et al., 1993; Segal et al., 1995) (data not shown). Here, we report that the
transcription factor Sp4 has opposite effects on the regulation of NT3 and TrKC promoters:
overexpression of Sp4 reduced NT3 promoter activity and increased TrKC promoter activity
whereas knockdown of Sp4 increased expression of NT3 and reduced expression of TrKC
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(Figure 1 and 5). Sp4 bound the inhibitory region of the endogenous NT3 promoter in cerebellar
granule neurons (Figure 2) indicating that Sp4 acts directly to repress NT3 promoter activity.
The finding that Sp4 has opposing effects on NT3 and TrKC transcription raises the possibility
that Sp4 contributes to differential regulation of NT3 and TrKC in the postnatal cerebellum.
In fact, Sp4 regulates the expression of several neurotrophin receptors, suggesting that
regulation of Sp4 activity during development contributes to maintaining the proper balance
of neurotrophin and receptor expression.

Our studies have identified NT3 as an endogenous target of Sp4-dependent repression. Our
findings in NT3-luciferase reporter assays are notably different from those of a previous study
which suggested a role for Sp4 in activation of a small (121bp) NT3 promoter fragment in
cortical neurons (Ishimaru et al., 2007). Importantly, our results in NT3 reporter assays are in
agreement with the effects of Sp4 knockdown on endogenous NT3 mRNA (Figure 1). It is
likely that the much larger NT3 promoter fragment used here, which includes the previously
described inhibitory regions (Katoh-Semba et al., 1996; Leingartner and Lindholm, 1994)
contributes to the reported differences of Sp4 activity on NT3-luciferase reporters. An age-
dependent decrease in NT3 expression was observed in a hypomorphic Sp4 mouse model
although NT3 expression was not affected in neural-crest derived tissue of Sp4 mutant mice
(St Amand et al., 2006; Zhou et al., 2005). Taken together with our findings of Sp4-dependent
repression, these studies suggest that Sp4 may have cell type-specific effects on NT3
expression. Although our data has revealed non-redundant functions of Sp4 in regulation of
NT3, the finding that Sp1 also interacts with the NT3 promoter (Figure 2 and (Ishimaru et al.,
2007)) suggests multiple Sp family transcription factors may contribute to fine-tuning
expression of this neurotrophin. Binding sites for Sp factors have been correlated with
inhibition of expression of several genes in neurons, including superoxide dismutase-2 (SOD2)
and G protein receptor kinase 3 (GRK3) (Mao et al., 2006; Zhou et al., 2005), raising the
possibility that Sp4-dependent repression may contribute to regulated expression of diverse
genes in post-mitotic neurons.

Our data show that Sp4 has context-dependent activation and repression functions since we
found that Sp4 represses NT3 and activates the TrKC promoter in cerebellar granule neurons.
Sp4 has been shown to function as an activator of transcription for several genes (Hagen et al.,
1995; Lerner et al., 2002; Majello et al., 1994; Ross et al., 2002). In some cases, however, Sp4
overexpression blocked activation by Sp1 (Kwon et al., 1999; Mao et al., 2002). The closely
related Sp1 and Sp3 transcription factors have also been shown to function as both activators
and repressors (Lee et al., 1987; Majello et al., 1997; Murata et al., 1994). One mechanism
involved in the repressive activity of Sp1 and Sp3 is posttranslational modification by the small
ubiquitin-related modifier (SUMO) (Ross et al., 2002; Sapetschnig et al., 2002; Spengler and
Brattain, 2006). Further investigations are needed to determine the molecular mechanisms
underlying the dual functions of Sp4 as a transcriptional activator or repressor.

Our study reveals that NT3 promotes dendritic branching in maturing cerebellar granule
neurons. NT3 is a high affinity ligand for the TrKC receptor, however, NT3 can also stimulate
TrkA and TrkB -dependent signaling in some circumstances (Davies et al., 1995; Lamballe et
al., 1991; Squinto et al., 1991). This promiscuity allows NT3-dependent control of neuronal
processes even in the absence of TrKC on its target cells and likely explains why the NT3
knockout phenotype is more severe than the TrkC knockout (Davies et al., 1995; Ernfors et
al., 1990; Klein et al., 1994). Addition of NT3 was sufficient to increase dendritic branching
in control neurons with a normal complement of neurotrophin receptors, however, it is possible
that the reduced levels of TrKC, TrkA and p75/NGFR, increased levels of TrkB or other
changes in Sp4 knockdown cells may sensitize these cells to the effects of NT3. The observation
that TrKB expression increased in Sp4 RNAi cells makes TrKB an attractive candidate to
mediate some NT3-dependent effects on dendritic branching. TrKB receptor expression is
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maintained in the cerebellum from postnatal stage until adulthood (Segal et al., 1995) and it
has been shown that TrKB overexpression or treatment with the high affinity TrkB ligand,
BDNF, promotes dendritic branching in different types of neurons (Lom et al., 2002;
McAllister et al., 1997; Yacoubian and Lo, 2000). Further studies will be needed to determine
the downstream signaling pathway by which NT3 promotes dendritic branching in cerebellar
granule neurons.

NT3 expression is high and required in brain during embryogenesis and its levels decrease
after birth becoming almost undetectable in adults (Bovolenta et al., 1996; Ernfors et al.,
1990; Maisonpierre et al., 1990b). It has been unclear whether NT3 is merely not required or
is actively restricted during later neuronal maturation and which transcriptional programs could
be responsible for the inhibition of NT3 expression. Our results reveal that addition of new
dendritic branches, a function which is restricted at later times to achieve proper dendritic
patterning, is limited through an active repression of NT3 expression by the Sp4 transcription
factor. Hence, our studies haveidentified a transcriptional repressor for NT3 linked to a
restrictive function required during neuronal maturation. Notably, Sp4 also controls activity-
dependent dendritic pruning during development, and it is likely that identification of Sp4
target genes that mediate pruning will provide further new insights into the pathways that
regulate dendritic morphogenesis in the mammalian brain.

Experimental Procedures
Plasmids

Flag-Sp4 was expressed from the CMV promoter in pRC-Flag-Sp4 (Ross et al., 2002). Short
hairpin RNAs were expressed from the U6 promoter in the pMSCVpuro vector (Sui et al.,
2002) (Clontech Laboratories). Sequences targeted by the short hairpin RNAs were: Scrambled
control (gggaattaatatgcacacaggcc); GFP control (gggcgatgccacctacggcaagc), Sp4 #1
nucleotides 1551 to 1571 (gggctccaactttaacacctt) and Sp4 #2 nucleotides 1804 to 1824
(gggtgctgcgggtgttcaagt) (Accession Number NM_003112 for Sp4) as described in (Ramos et
al., 2007). The reporter plasmids containing hNT3 -3275/+91 or hTrKC – 870/+19 promoter
sequence upstream of the luciferase gene have been described (Katoh-Semba et al., 1996;
Nakatani et al., 2005; Shalizi et al., 2003).

Cerebellar Granule Neuron Culture and transfection
Cerebellar granule neurons were obtained from postnatal day 6 rat pups as described (Bonni
et al., 1999). Animal Experimentation Protocol was approved by Harvard Medical Area
Standing Committee on Animals. Briefly, neurons were maintained in Basal Minimum
Essential medium supplemented with 10% fetal calf serum, 25 mM KCl, penicillin (50 units/
ml), streptomycin (50 μg/ml) and 2 mM glutamine at 4.2×103 cells/mm2 density. After 18
hours, 10 μM cytosine arabinofuranoside was added. Cells were transfected by calcium
phosphate precipitation at DIV 2 as described (Ramos et al., 2007). Where indicated, cerebellar
granule neurons were treated with 20ng/ml of recombinant human Neurotrophin-3, 200ng/ml
of recombinant human TrKC-Fc chimera (R&D Systems) or Bovine Serum Albumin 2 days
after transfection. A vector expressing the antiapoptotic protein Bcl-xL was included in
morphometric studies. Cerebellar granule neurons and Neuro2A cells were co-transfected with
plasmids expressing Flag-Sp4 or U6/Sp4 RNAi hairpin together with luciferase reporter
plasmids containing hNT3 or hTrKC promoter. Luciferase assays were performed as indicated
by the manufacturer (Promega).

Immunofluorescence and Immunoblotting
At the indicated times, cells were fixed in 4% paraformaldehyde. Neurons were
immunolabelled with rabbit anti-GFP (Molecular Probes), followed by a goat anti-rabbit
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conjugated to Cy2 (Amersham) and stained with the DNA dye bisbenzimide (Hoechst 33258).
Neuro2A extracts were prepared in lysis buffer 50mM Tris pH 7.4, 150 mM NaCl containing
1% NP-40 for 30 minutes on ice, followed by sonication and centrifugation at 15000 g for 15
minutes. Lysates were resolved by SDS/PAGE and immunoblotted with polyclonal anti-Sp4
antibody (Santa Cruz) or polyclonal antibody against Gapdh (Chemicon International).

Morphometric analysis of dendrites
Images of individual transfected neurons with no overlapping processes from other transfected
neurons were captured randomly in a blinded manner at 400× magnification using a Nikon
eclipse TE2000 epifluorescence microscope with a CCD camera (Diagnostic instruments).
Digital zoom magnification and quantitation of the length of individual primary, secondary
and tertiary dendrites was performed using SPOT imaging software. Total dendritic length
corresponds to the sum of the length of all individual dendrites per neuron. Statistical
differences were determined by ANOVA and a post hoc Tukey test or two-tailed t-test using
GraphPad Prism Software. For every condition, quantitation was performed in at least 3
independent experiments with similar results.

Chromatin Immunoprecipitation
Chromatin immunoprecipitation was performed following Upstate Biotechnology assay
protocol with modifications. 2×107 cerebellar granule neurons were crosslinked with 1%
formaldehyde for 15 min at 37°C. Chromatin was sonicated to between 500 to 1000 bp and
immunoprecipitated with 3 μg of either anti-Sp1 (Upstate, anti-Sp4 (Santa Cruz), or anti-
luciferase (Promega) polyclonal antibodies. Immunoprecipitated DNA was amplified by real-
time PCR using specific primers as indicated. 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.

Primers for real-time PCR:

NT3RIII-F 5′- CCTCCCCCTTCATTTCTCTTGG-3′

NT3RIII-R 5′- TGAGCATTTGCCCAGCACTC-3′

actin-F 5′-TGAGAGGGAAATCGTGCGTGAC-3′

actin-R 5′-GCTCGTTGCCAATAGTGATGACC-3′

RNA extraction and Reverse transcription-qPCR analysis
Neuro2A cells were plated at 1.8 × 104 cells / cm2 24 hours before transfection with, GFP
RNAi, Sp4RNAi #1 or #2, cloned into pMSCV, or pMSCV vector alone using Lipofectamine
(Invitrogen). After 24 hours, cells were selected with 4μg/ml puromycin for 24 to 48 hours.
RNA was extracted and purified using RNeasy Kit (QiAGEN) according to the manufacturers
protocol. For quantitative RT-qPCR, first strand cDNA synthesis from 2 μg total RNA was
carried out with Oligo dT primer using Superscript III reverse transcriptase (Invitrogen). cDNA
were analyzed by quantitative PCR (Biorad IQ5) using the indicated primers. Expression of
genes was normalized to that of Gapdh For RT-qPCR, at least 3 biological replicates were
conducted and within each experiment every condition was measured in triplicate. Student's t
test was used to determine the significance between groups.

NT3-F: TCACCACGGAGGAAACGCTAT

NT3-R: TCAATGGCTGAGGACTTGTCG

BDNF-F: TTGAGCACGTCATCGAAGAGC

BDNF-R: CCAAAGGCACTTGACTGCTGA
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NGFR-F: AACCTCATTCCTGTCTATTGC

NGFR -R: CTGTTCCATCTCTTGAAAGC

TrkA-F: AGGTGGCTGCTGGTATGGT

TrkA-R: TCGCCTCAGTGTTGGAGAG

TrkB-F: TGTGACCCTTTCCTGCAGTGT

TrkB-R: CCCTGTGTGTGGCTTGTTTCA

TrkC-F: AGTAACCGGCTCACCACACTC

TrkC-R: AGCGGATGTCACAGCTGCAGT

Gapdh-F: CTGAGGACCAGGTTGTGTCC

Gapdh-R: CATTGTCATACCAGGAAATGAGC
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Figure 1. Sp4 transcription factor represses Neurotrophin-3 expression
Cerebellar granule neurons or Neuro2A cells were co-transfected with NT3 (−3275/+91)-
luciferase reporter and either (A) FlagSp4 (shaded bar) or empty vector (Vec) (open bar), or
(B) Sp4RNAi (shaded bar) or control RNAi (open bar). Data represent the resulting luciferase
activity normalized to each control condition. (Two-tailed t-test, p<0.05 (*)) (C and D) Neuro
2A cells were transfected with pMSCVpuro U6/GFP RNAi or U6/Sp4 RNAi plasmid. (C)
After selection, cell lysates were immunoblotted for Sp4 and Gapdh. (D) Total RNA was
subject to RT-qPCR with primers specific for NT3, BDNF and Gapdh. Values represents mean
± SEM generated from experiments performed in triplicate and normalized to Gapdh
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expression levels. Student's t test was used to determine the significance between groups.
Asterisk denotes statistically significant value relative to Control RNAi (* p<0.05).
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Figure 2. Sp4 binds to the Neurotrophin-3 promoter in cerebellar granule neurons
(A) Schematic of NT3 promoter in mouse. Positions of two transcription start sites (1A) and
(1B), as well as a TATA box and two inhibitory regions (shaded grey) enriched in Sp4 binding
sites are indicated. Arrows represent the locations of the primers used to amplify region RIII
for chromatin immunoprecipitation (ChIP) assays. (B) Sp transcription factors bound to the
inhibitory region of the endogenous NT3 promoter. ChIP assays were performed in cerebellar
granular neurons, using antisera specific for Sp1 and Sp4 transcription factors, or Luciferase
as control IgG. Immunoprecipitated DNA was analyzed by real-time PCR with
oligonucleotides that amplified a fragment within the inhibitory region RIII of the NT3
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promoter or a control fragment within the coding region of the beta-actin gene. Percent input
normalized to control IgG is shown.
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Figure 3. NT3 promotes increased dendritic branchpoints in cerebellar granule neurons
Cerebellar granule neurons were transfected with control (U6/Scr) or Sp4 RNAi together with
GFP expression vector at DIV 2. At DIV4, cells were treated with exogenous NT3 or bovine
serum albumin (BSA) control for 48 hours. Neurons were fixed and subjected to
immunocytochemistry with anti-GFP. Dendritic trees were visualized by fluorescence
microscopy. (A) Representative images of neurons transfected with control RNAi (U6/Scr)
after treatment with BSA control (left) or exogenous NT3 (right). Arrowhead indicates axon
and asterisk cell bodies of transfected neurons. (B) Total number of primary and secondary
dendrites was quantitated. (C) Total dendritic length was quantitated. Values represent mean
± SEM of number of dendrites (B) and total dendritic length (C) per neuron. ANOVA analysis
was performed by comparing each condition to control neurons p<0.001 (***) or p< 0.01 (**),
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n= 157 neurons were analyzed. Two-tailed t-test was also performed to compare differences
plus or minus NT3 p< 0.05 (*). Quantitation was performed in 4 independent experiments with
similar results.
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Figure 4. Sequestering NT3 prevents excess dendritic branch addition upon Sp4 knockdown
Cerebellar granule neurons were transfected with control or Sp4 RNAi as described for Figure
3. At DIV4, control bovine serum albumin or the chimeric protein TrkC-Fc was added. Neurons
were fixed and subjected to immunocytochemistry with anti-GFP. Dendritic trees were
visualized by fluorescence microscopy. (A) Total number of primary and secondary dendrites
and total dendritic length was quantitated at DIV6. Values represent mean ± SEM of number
of dendrites or total dendritic length per neuron. ANOVA analysis was performed by
comparing each condition to control RNAi transfected neurons, p<0.001 (***), n= 145 neurons
were analyzed. Two-tailed t-test was also performed to compare differences plus or minus
addition of TrkC-Fc, p< 0.05 (*); ns= not significant. Quantitation was performed in 3
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independent experiments with similar results. (B) Representative high magnification images
at DIV 4 and DIV 6 of neurons transfected with control or Sp4 RNAi and treated with control
BSA or TrkC-Fc (lower right panel). Asterisk indicates cell bodies of transfected neurons.
(C) Total number of secondary dendrites was quantitated at DIV4, 5 and 6 as indicated. Values
represent mean ± SEM of number of dendrites per neuron. ANOVA analysis was performed
by comparing either Control or Sp4 RNAi transfected neurons at DIV4 with corresponding
transfected neurons at DIV5 and 6, with or without TrkC-Fc treatment, p<0.001 (***) or p<
0.01 (**), n= 320 neurons were analyzed. Quantitation was performed in 3 independent
experiments with similar results.
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Figure 5. Transcription factor Sp4 activates TrkC expression
(A and B) Cerebellar granule neurons were co-transfected with TrkC-luciferase reporter and
FlagSp4 expression vector (A) or Sp4RNAi (B) (shaded bar) or control vectors (open bar). The
luciferase activity normalized to control is presented. (Two-tailed t-test, p<0.05 (*)). (C) Neuro
2A cells were stably transfected with control GFP or Sp4 RNAi as indicated. Total RNA was
extracted and subject to RT-qPCR with primers for p75 (NGF receptor), TrKA, TrKB, TrKC,
and Gapdh. Values represents mean ± SEM generated from experiments performed in triplicate
and normalized to Gapdh expression levels. Student's t test was used to determine the
significance between groups. Asterisk denotes statistically significant value relative to Control
RNAi (* p<0.05).
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