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Abstract
The formation of a functional nervous system requires the activity of cell
extrinsic cues that promote cell differentiation and development by influencing
intrinsic gene expression programs. The transcription factor Sp4 is expressed in
neurons where it controls the developmental patterning of dendrites. Alterations
of the Sp4 gene have been linked to schizophrenia and bipolar disorder (BD),
and reduced levels of the Sp4 protein have been observed in the postmortem
cerebellum of subjects with BD. Previous studies revealed that neuronal activity,
in the form of membrane depolarization, regulates Sp4 protein levels by
preventing proteasomal degradation. The pathways by which neuronal activity
regulates Sp4 activity and protein stability, however, were unknown.
In this dissertation, I report the identification of a novel Sp4 regulatory
modification, phosphorylation at S770. Glutamate signaling through the N-methyl
D-Aspartate (NMDA) receptor, a key excitatory neurotransmitter receptor in the
brain that influences neuronal morphology, development, and survival,
dephosphorylated Sp4 at S770 through the activation of the PP1/PP2A
phosphatase. We have shown that a point mutation that mimics phosphorylation
disrupts the Sp4-dependent maturation of cerebellar granule (CG) neuron
primary dendrites and may contribute to the regulation of Sp4 protein stability.
We generated antiserum that specifically recognizes Sp4 phosphorylation
at S770 and, in collaboration, this antiserum was used to examine the levels of
Sp4 S770 phosphorylation in the postmortem cerebellum of BD subjects. We
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found that the ratio of phosphorylated to total Sp4 was increased in BD subjects
compared to controls, suggesting that the pathways regulating Sp4
phosphorylation are disrupted in BD. We further show that lithium, a commonly
used therapeutic for BD, specifically decreased Sp4 S770 phosphorylation.
Collectively, the studies presented here identify a signaling pathway
regulating Sp4 phosphorylation and activity to influence dendrite patterning
during development. Our finding of increased levels of Sp4 phosphorylation in
BD also reveals new insights into the molecular biology underlying this
psychiatric disorder.
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Chapter I. Introduction
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I. The Cerebellum
The investigations presented in this work were almost exclusively
performed in cultured CG neurons, and, to a lesser extent, cerebellar tissue.
There are several reasons why this model is useful and particularly appropriate
for the studies presented here. For one, these cells undergo a stereotypical
morphological development that has been well-characterized (1). Aspects of CG
neuron dendrite development are recapitulated in vitro, suggesting that
development is partially driven by intrinsic programs that persist in dissociated
culture (2). Another advantage is that these cells are extremely abundant and
can be purified to greater than 95% homogeneity, thus making them suitable for
biochemical analysis (3).
Cerebellar function
The classically understood function of the cerebellum is to control balance
and motor coordination; functions which were first described as a result of
observations after cerebellar lesions in animals (4). Additional studies have
implicated the cerebellum in associative learning, due to the importance of this
brain region for the acquisition of Pavlovian responses such as eye blink
conditioning (5).
More recent anatomic tracing and electrophysiological recordings suggest
that the cerebellum also connects extensively to many non-motor areas of the
brain (6). In support of this, neuroimaging studies present strong evidence for
the involvement of cerebellar activity in the human brain during a variety of
3

cognitive tasks (7). This suggests the cerebellum may contribute to aspects of
behavior beyond motor function, such as cognition and mood regulation.
Anatomy and cellular biology
The mammalian cerebellum is a prominent highly foliated hindbrain
structure. The cerebellum has a complex three dimensional architecture that is
divided into distinct hemispheres and lobules (8). Afferent projections to the
cerebellum arrive from regions throughout the entire brain, suggesting that the
cerebellum is important for processing large and varied sources of information
(8,9). In contrast, efferent projections occur through one cell type, Purkinje
fibers. These cells project to deep cerebellar nuclei, brain stem nuclei, and the
thalamus, and go on to influence other brain regions including the cortex (10).
Despite the multiple and varied sources of input, the cellular organization
of the cerebellum is remarkably uniform. The cerebellar circuit consists of three
cellular layers (Figure 1-1). The deepest layer is the CG layer, which is
composed almost entirely of CG neurons (8). These neurons are densely
packed and extremely abundant, making this layer appear quite prominent in
histological sections. Indeed, this cell type represents nearly half of the neurons
in the entire mammalian brain (8). CG neurons are excitatory, and receive inputs
from the mossy fibers projecting from throughout the brain. The CG neuron
axons extend to the most superficial layer, called the molecular layer, where they
bifurcate and synapse with Purkinje cell dendrites. Golgi cells and Lugaro cells
also reside in this layer, two classes of inhibitory interneurons that receive inputs
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Figure 1-1. Schematic representation of the architecture of the adult
cerebellum
The cerebellum is organized into the granule cell layer (gcl), the Purkinje cell
layer (pcl), and the molecular layer (ml). Mossy fibers (not pictured) form
excitatory synapses with granule cells in the gcl. The granule cells extend axons
(termed parallel fibers) into the ml, where they synapse with Purkinje cell
dendrites. Purkinje cells in the pcl send inhibitory signals via axons to the white
matter, located inferior to the gcl. A number of additional interneurons and glial
cells reside in the three layers that play supporting roles or serve to modify the
activity of the circuit. (Adapted from (8)).
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from mossy fibers and Purkinje cells to modulate the excitatory activity of CG
neurons. There are also unipolar brush cells, which are excitatory interneurons
that prolong CG neuron excitation. The molecular layer is largely acellular,
consisting mainly of CG neuron axons and Purkinje cell dendrites but also
stellate and basket cell inhibitory interneurons. In between the molecular layer
and the CG layer is the Purkinje cell layer, which is a monolayer of Purkinje cell
somata. The Purkinje cells integrate inputs from the CG neurons and climbing
fiber cells and are the sole output from the cerebellum (8). Wedged between the
Purkinje cells are candelabrum cells and Bergmann glial cells, which extend
processes into the molecular layer that serve as scaffolds during CG neuron
migration and also contribute to glutamate uptake (11).
Development
The proper development of the nervous system requires neurons to
integrate into a functional network to process information. Thus, achieving the
correct localization and functional connectivity is vitally important. Neurons in the
central nervous system undergo a stereotypical developmental process, in which
a post-mitotic cell will polarize and migrate to the appropriate location.
Connectivity is then achieved through the outgrowth and pathfinding of an axon,
along with the growth, patterning, elimination, and maturation of a dendritic arbor
to form the appropriate receptive field and cellular connectivity.
The development of the CG layer in particular, is very well-characterized.
Golgi staining performed by Santiago Ramón y Cajal described the
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Figure 1-2. Development of cerebellar granule neurons.
Developing CG neurons exit proliferation and polarize in the external
granule layer (EGL) shortly after birth. Neurons grow a bifurcating axon that
remains in the molecular layer (ML) as the cell body migrates to the granule cell
layer (GCL). Once in the GCL, robust dendrite outgrowth occurs, followed by
pruning before the formation of dendritic claws and mature synapses. (Adapted
from (12)).
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morphological development of CG neurons during development (1) (Figure 1-2).
CG neuron precursors migrate along the outside of the cerebellum and form the
external granule layer, a transient layer residing superficial to the molecular layer.
During this time, the cells undergo massive proliferation, ultimately generating
the characteristic folds of the cerebellum (13).

After the cells become post-

mitotic they migrate radially inward. As the CG neurons pass through the
molecular layer, they leave behind a trailing axon which remains in the molecular
layer and synapses onto Purkinje cell dendrites. Once CG neurons have
migrated through the Purkinje cell layer to the internal granule layer, they grow
out dendrites and are concurrently contacted by mossy fiber axons (14). At this
time, CG neurons eliminate part of their dendritic arbor before mature synaptic
structures, termed claws, are formed (1).
Interestingly, Ramón y Cajal noted the coincident timing of dendrite
elimination with the formation of mossy fiber/CG neuron synapses, and
hypothesized that mossy fibers were eliciting a signal to promote the elimination
of CG neuron dendrites (1). Since then, there has been a substantial amount of
work illustrating the role of extracellular signals in regulating the dendrite
arborization of developing neurons.
The Cerebellum in mood disorders
The recent appreciation of the functional connectivity between the
cerebellum and brain regions involved in cognition and behavior suggests the
possibility that the cerebellum may be implicated in psychiatric disorders.
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Support for this hypothesis is shown in MRI studies, where reduced cerebellar
vermis volumes have been observed in bipolar disorder patients (15-17). Other
studies have shown reduced blood flow during specific tasks, decreased cellular
metabolism, and reduced numbers and size of Purkinje neurons in the
cerebellum of schizophrenia subjects (7). Further study into the role of the
cerebellum in mood disorders is warranted.
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II. Signal-dependent regulation of dendrite development
Dendrites are specialized cellular extensions that are the principal site of
synapse formation. Dendrites integrate synaptic signals from many different
neurons to either forward a response or remain quiescent. A variety of
extracellular signals, including synaptic activity, contribute to shaping the broad
dendritic architecture and in strengthening or weakening individual synapses.
Transcription factors play an important role in this process, by adjusting cellular
gene expression patterns based upon signaling from specific extrinsic factors.
Defects in this process adversely affect dendrite development and plasticity,
which is thought to underlie certain developmental and psychiatric disorders
including BD.
Extrinsic factors
There are many classes of extrinsic factors that influence dendrite
development. Neurotrophins, for example, are secreted and diffusible factors
that function to regulate many different aspect of neuronal physiology, including
dendrite patterning (18). In addition, diffusible factors of the Wnt family regulate
dendrite growth and branching in hippocampal neurons and cerebellar mossy
fibers (19,20). Direct cell contacts also contribute to neuronal development, most
notably by influencing cellular migration and positioning (21-25). However, the
activation of the notch receptor through direct interactions with neighboring cells
also promotes dendrite branching and inhibits dendrite growth in cortical
neurons, indicating a further role for direct cell contact in regulating the patterning
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of dendrites (26). These studies demonstrate the impact that secreted factors
and cell contacts have on the development of dendrites.
The nervous system is also uniquely influenced by activity-dependent
signaling, most notably from forms of sensory experience. The first clearly
defined experimental system in which to study the contribution of external
sensory input to neuronal development was in kittens monocularly deprived of
light through eyelid sutures. The effects of this manipulation were assessed in
the lateral geniculate nucleus, which receives sensory information directly from
the retina. Light deprivation resulted in atrophied layers of the lateral geniculate
nucleus, which also appeared to be more densely packed (27). By loading these
neurons with a tracer dye, later work found a reduction in the branching and
complexity of axonal arbors from the light-deprived eye (28). These studies
illustrate the contribution of synaptic activity to neuronal morphology and synapse
formation in the developing nervous system.
Synaptic activity releases neurotransmitters, like glutamate, which bind to
post-synaptic receptors on dendrites. There are two major families of receptors
that respond to glutamate and regulate dendrite patterning. Metabotropic
glutamate receptors are defined by their downstream G-protein coupled receptor
signaling and regulate certain aspects of axon and dendrite outgrowth (29-31).
Ionotropic glutamate receptors are defined by their gating of ions into the cell.
This family is divided into three major subtypes: Kainate receptors, AMPA
receptors, and NMDA receptors. Of these, the NMDA receptor is the most well
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studied and plays a major role in signaling to the nucleus to regulate changes in
gene expression and dendrite patterning.
The NMDA receptor
NMDA receptor signaling strongly influences dendrite development and
patterning in a variety of contexts. In Xenopus optic tectal cells, for example,
light-induced dendrite outgrowth required activation of the NMDA receptor (32).
In another example, cortical neurons exposed to oxygen-glucose deprivation
stress exhibited sprouting of new dendrites that required signaling from the
NMDA receptor (33). Precocious expression of the GluN2B subunit of the NMDA
receptor in ventral spinal cord neurons resulted in increased secondary and
tertiary dendrite branching (34). In addition to dendrite outgrowth, however,
NMDA receptor signaling also regulates the elimination of dendrites. For
example, knockout of the GluN1 or GluN2B subunits resulted in a pruning defect
in dentate granule cells, and excess dendrite outgrowth in barrel cortex layer 4
spiny stellate cells (35-37). Activation of NMDA receptors in developing cortical
neurons also reduced dendrite growth (38). These results demonstrate the
impact of NMDA receptor signaling on dendrite outgrowth and elimination. They
also suggest that the specific cellular context is important for the ultimate
functional outcome of NMDA receptor signaling.
Activation of the NMDA receptor requires glutamate binding and the
simultaneous depolarization of the post-synaptic membrane to remove a
magnesium ion that occludes the receptor pore. It is this coincidence detection
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that places the NMDA receptor in a position to mediate processes thought to be
the cellular correlate of learning and memory; namely, long-term potentiation
(LTP) and long-term depression. Once activated, the receptor gates the entry of
calcium into the cell, which induces potent signaling responses due to the active
extrusion of calcium from the intracellular space. This allows small changes in
calcium concentration to be detected and responded to rapidly (39).
The specific signaling pathways activated downstream of NMDA receptor
activation are ultimately determined by two key features: the source and
magnitude of calcium entry (40). These features are largely driven by the
receptor subunit composition. The NMDA receptor is a heterotetramer
containing two GluN1 subunits and two GluN2 subunits. There are eight GluN1
isoforms that are generated by alternative splicing, and four separate genes
encoding the GluN2 isoforms (GluN2A-D).
The specific combinations of these subunits generate receptors with
different gating kinetics, sub-cellular and region-specific localizations, and
associated signaling proteins, all of which can influence the types of signaling
pathways that become activated (40). For example, calcium microdomains have
been described in which a smaller calcium influx activates the ERK signaling
pathway, while a larger influx, that travels further before being buffered, is
needed to activate additional calcium-dependent signaling pathways (e.g.
nuclear translocation of the transcription factor NFAT) (41). When stimuli are
used to activate synaptic NMDA receptors (thought to be enriched for GluN2A
subunit containing receptors), activation of the CREB transcription factor occurs
13

and promotes neuronal viability. In contrast, bath application of glutamate
activates extrasynaptic receptors, turning off CREB activity and leading to cell
death (42). In another example, the GluN2B subunit of the NMDA receptor more
strongly interacts with Calmodulin kinase II to promote LTP (43). Thus, the
signaling activated downstream of the NMDA receptor is a consequence of the
molecular characteristics of the receptor itself, as well as the duration and
intensity of the activating stimulus.
Cytoskeleton
Dendrite outgrowth is closely linked to the regulation of the cell
cytoskeleton. The cytoskeleton of dendrites contains tubulin and actin, which
polymerize and depolymerize in concordance with the growth and retraction of
dendrites. These processes are governed by actin binding molecules and the
Rho family of small GTPases, including Rho, Rac, and Cdc42 (44). The Rho
GTPases promote or destabilize dendrite and dendrite spine formation
depending upon the types of stimuli received by the cell, stimuli that include
neuronal activity, neurotrophic factors, and cell-cell contacts (18,45).
Local translation
Polyribosomes in the dendrites of neurons are positioned to initiate the
translation of mRNAs locally in response to activity (46). The mRNA encoding
for several proteins, including CaMKIIA, BDNF, and TrkB has been shown to be
trafficked to dendrites and translated locally (47). Such a mechanism allows the
neuron to alter the excitability and signaling responses of an isolated region of
14

the dendritic arbor in response to specific synaptic inputs received. Local
translation is a critical component of synaptic plasticity, and is required for the
stable induction of LTP and long-term depression (47).
Transcription factors
Transcription factors drive the gene expression programs that are largely
responsible for long-term changes in neuronal morphology (12). We have
previously reported a role for the Sp4 transcription factor in the developmentally
regulated elimination of primary dendrites and to limit secondary dendrite
branching in CG neurons (2). Sp4 protein stability is regulated by neuronal
activity; membrane depolarization stabilizes Sp4 and prevents its degradation by
the proteasome (48). In another example, depolarization results in the
phosphorylation of the NeuroD transcription factor, which in turn influences the
regulation of CG neuron dendrite length presumably by altering the regulation of
specific target genes (49). Depolarization also regulates the MEF2 transcription
factor, by promoting the dephosphorylation and downstream SUMOylation of
MEF2A to control its transcriptional activity and regulate the differentiation of CG
neuron dendritic claws (50,51). Thus, neuronal activity induced by membrane
depolarization is a key factor regulating the activity of transcription factors to
promote gene expression programs important for the maturation of CG neurons
dendrites.
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III. Bipolar Disorder
BD is an episodic lifelong mood disorder that results in significant
reductions in quality of life (52). BD is characterized by periods of mania and
depression that occur sporadically and can last for months or years if left
untreated. Significant comorbidities are associated with BD, including pain
disorders, cardiovascular disease, obesity, substance abuse, eating disorders,
anxiety disorders, impulse control disorders, and migraines (53). The estimated
prevalence of severe BD is 1-2% of the population, though the actual prevalence
is likely to be considerably higher due to frequent misdiagnosis as unipolar
depression (54). Collectively, this disorder imposes significant costs to society;
billions of dollars are lost annually in the form of direct medical costs and indirect
effects on productivity (54).
The biology underlying BD is unknown, but is thought to result from
defects in synaptic plasticity. Because of a lack of clear biological markers of
disease, however, diagnosis is based upon behavioral criteria outlined in the
Diagnostic and Statistical Manual (55). BD may therefore encapsulate multiple
different diseases, or there may be more than one pathway by which disruption
leads to BD. Thus, there is a need to understand the physiological and
molecular mechanisms driving BD and other psychiatric disorders. Research
efforts to define the underlying biology of BD have centered on patient based
studies (including neuroimaging, postmortem tissue analysis, and modern
genomics techniques,) and the molecular and cellular analysis of the mechanism
of action of successful therapeutic interventions (56).
16

Patient-based studies
A great deal of patient-based research has attempted to identify an
anatomical or molecular basis for BD. Neuroimaging studies have revealed
some differences between control groups and BD subjects. A meta-analysis of
functional MRI studies has suggested reduced frontal cortex activity and
increased limbic activity in BD (57). Other studies have found decreased gray
matter volumes in the frontal cortex and increased ventricular size (56). In one
report, reduced activity in the right prefrontal cortex of patients experiencing
mania was observed (58). Certain regions, like the prefrontal cortex exhibit
decreased gray matter volume while the amygdala appears enlarged in earlier
stages of disease progression, while other regions like the cerebellum and the
lateral ventricles exhibit decreased volumes after repeated affective episodes
(17,59).
An important point to consider is that the significance of changes in brain
region volume is unclear. It is unknown if changes in volume are transient, if they
relate to the specific phase of the disorder, or whether they represent changes in
blood flow, neuron volume, or structural connections (60). While establishing
anatomical criteria for BD is important for possible diagnostic utility, these studies
must be combined with other approaches to gain a more complete understanding
of the biology of BD.
One alternative approach is magnetic resonance spectroscopy, which
enables the in vivo analysis of brain metabolites. Studies using this technique
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have implicated mitochondrial dysfunction in BD. Specifically, alterations in Nacetyl aspartate, a neurochemical synthesized by the mitochondria, as well as
reduced ATP and pH levels have been observed in BD patients (61-66). The
role of the mitochondria in acting as a calcium sink to maintain cellular calcium
homeostasis suggests that mitochondrial dysfunction may play a role in the
pathophysiology of BD by influencing neuronal viability and/or plasticity (67,68).
Interestingly, platelets derived from patients with BD possessed elevated
baseline calcium levels and exhibited an enhanced response to agoniststimulated calcium release (69). Based on these observations, future research
into the role of the mitochondria in contributing to neuronal dysfunction is a
promising avenue of study.
The postmortem analysis of brain tissue from BD patients has also
provided insights into the anatomical and molecular underpinnings of the
disorder. A consistent observation is a reduction in neuronal cell size in
subcortical regions and the hippocampus, as well as reduced neuron and glia cell
density (70-73). Human patients with depression and anxiety show decreased
dendrites and dendrite spines in the CA3 region of the hippocampus, suggesting
that mood disorders also influence the mechanisms regulating patterning and
connectivity of dendrites (74). Reports of changes in dendrite patterning are
infrequent, however, due to the difficulties of direct visualization of dendrites and
synapses in postmortem tissue (75). As a surrogate, the analysis of proteins and
transcripts related to neurotransmission and synaptic plasticity have been used.
As mentioned previously, the Sp4 transcription factor is important for dendrite
18

patterning and synaptic transmission, and reduced expression levels have been
observed in the prefrontal cortex and the cerebellum of BD subjects (48). Other
studies have shown a reduction in glutamate receptor components, as well as
changes in various downstream signaling pathways (76-80). In addition,
decreased levels of GABA synthesizing enzymes have also been reported,
further suggesting there are changes in synaptic function associated with the
disorder (81,82).
About 50 percent of patients with BD have a family history of the disorder,
and the concordance of the disorder is greater in monozygotic than in dizygotic
twins (52). These observations indicate there is a genetic component to BD.
Linkage studies have implicated certain genes with BD, including those related to
glutamate neurotransmission, circadian biology, and signaling from the GSK3β
kinase (56). There is a great deal of interest in using genome wide association
studies to identify additional genes contributing to the risk of BD. Many of the
genes identified in these analyses are isolated findings, however, suggesting that
BD is a complex polygenic disorder where each locus contributes only a small
percentage of risk (83).
Treatments
The most important and successful class of therapeutic interventions for
BD are mood stabilizing drugs, which include lithium salts and valproate (Table
1-1). Certain atypical antipsychotics also have mood stabilizing effects and are
often used as an augmentation therapy, especially in severe cases of BD (84).
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Treatment
Lithium
Anticonvulsants
valproate
lamotrigine
carbamazepine
oxcarbazepine
phenytoin
Antipsychotics
olanzapine
quetiapine
risperidone
aripiprazole
ziprasidone
other atypicals
typical

Acute
mania
+++

Bipolar
depression
++

+++
++
+
+
+++
+++
+++
+++
+++
+
++

Maintenance
+++

++
+
+

+++
+++
+
+
+

+
+++

+
+
+
++
+
+

+

+ weak or emerging evidence
++ moderate evidence
+++ strong evidence
Table 1-1. Effectiveness of therapeutics to treat symptoms of BD
The table lists classes and names of therapeutic interventions commonly used
for BD on the left. The strength of the evidence for the efficacy of the treatments
in ameliorating symptoms of acute mania, bipolar depression, and maintenance
(periods in between episodes) is listed on the right. (85).
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While all mood stabilizers possess anti-manic activity, some (like lithium) also
possess antidepressant properties (86). Although the available treatment options
have been expanding, lithium and valproate exhibit prophylactic efficacy
andmanage both manic and depressive states thus making them mainstays of
therapy (52).
Despite the therapeutic benefits of lithium and its long history of use in the
clinic, there are considerable drawbacks to this treatment option. For one, lithium
has a narrow therapeutic window, with the effective dosage being close to the
toxic dose (52). Lithium also presents side effects of changes in weight and
appetite, tremor, blurred vision, dizziness, as well as possible severe side effects
including thyroid and renal dysfunction (85,86). In addition, only a subset of
patients respond to lithium therapy, possibly as a result of genetic predispositions
(87).
Lithium exerts neurotrophic effects on neurons. For example, mice
treated with chronic lithium exhibited increased expression of the anti-apoptotic
protein bcl-2 and enhanced hippocampal neurogenesis (88,89). Chronic lithium
treatment was also shown to protect cortical neurons from glutamate
excitotoxicity through the upregulation of brain-derived neurotrophic factor (90).
Thus, the therapeutic benefits of lithium may derive from the interference of
specific cell signaling pathways regulating these aspects of neuronal biology.
There is interest in identifying the mechanism of action of lithium to better
understand the biology underlying BD and so that more specific and better-
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tolerated therapeutics can be created. Lithium acts as a competitor of
magnesium, and directly interferes with a limited number of enzymes (56). Two
promising candidate targets of lithium are the inositol monophosphatase
(IMPase) and the GSK3β kinase, which will be discussed in further detail in
chapter IV. In addition, Sp4 is protected from degradation in the presence of
lithium salts in culture, suggesting that the signaling pathways regulating the
stability of Sp4 may be a target of lithium treatment (48).
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IV. The Sp4 transcription factor
The activity-dependent regulation of transcription factor activity is
important for dendrite patterning and maintenance, which has implications in
neuro-developmental and psychiatric disease. As previously mentioned, the
transcription factor Sp4 is important for regulating aspects of dendrite patterning
and is regulated by membrane depolarization (2,48).
Sp transcription factors
The Sp family of transcription factors is defined by a highly conserved
zinc-finger DNA binding domain (91). When this work began, very little was
known of the mechanisms regulating Sp4 function. Sp4 shares a high degree of
sequence homology with Sp1 and Sp3, two additional transcription factors in the
Sp family (92) (Figure 1-3). Thus, clues to Sp4 regulation can be gained by
reviewing what is known of Sp1 regulation.
Sp1 was the first identified member of the Sp transcription factor family,
where it was discovered to bind to GC (GGGGCGGGG) and GT(GGTGTGGGG)
boxes on DNA (93). Due to the ubiquitous expression of Sp1 and the presence
of GC/GT boxes in the promoters of housekeeping genes lacking traditional
promoter elements, it was originally thought that Sp1 was constitutively active
and only regulated housekeeping genes (94,95). This notion began to change as
the complexity of Sp1 regulation began to be appreciated. For example, known
Sp1 target genes encode for proteins involved in the maintenance of the highly
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Figure 1-3. Domain structure of Sp1, Sp3, and Sp4 transcription factors.
The domain structure of Sp1, Sp3, and Sp4 is highly conserved, with common
sequence motifs. Sp box – conserved sequence with an unknown function; S/Trich region - serine/threonine rich regulatory region ; Q-rich region (A and B)glutamine rich transactivation domains; Btd box – buttonhead box that may be
required for transactivation; zinc finger - DNA binding domain. The number of
amino acids in the protein is indicated on the right. (Adapted from (92)).
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regulated process of cell cycle control, and changes in Sp1 transcriptional
regulation have been observed in various tissue models of cancer (95,96). Thus,
the Sp1-dependent regulation of inducible genes suggests that the activity of this
transcription factor may be regulated by specific cellular signals.
In support of this notion, Sp1 is extensively modified by post-translational
mechanisms to control transcriptional function. To date, Sp1 has been shown to
be phosphorylated at 14 distinct amino acid residues(97,98). For example, the
EGF and FGF2 growth factors activate the ERK signaling pathway to
phosphorylate Sp1 and regulate DNA binding activity and the transcriptional
activation of target genes (99,100). The progression of the cell cycle promotes
the CDK-2 dependent phosphorylation of Sp1 to enhance transcriptional activity
(101,102). Glucose treatment has also been shown to result in the PP1dependent dephosphorylation of Sp1 to repress transcriptional activity (103,104).
Besides phosphorylation, Sp1 is also regulated by other types of posttranslational modifications. The addition of the monosaccharide O-linked NAcetylglucosamine (O-GlcNAc) at S484 impaired the ability of Sp1 to interact
with the transcriptional co-activator TAF110 in HeLa cells (105). Additionally,
Sp1 SUMOylation resulted in the repression of transcription of a DHFR-luciferase
reporter (106). These studies demonstrate that Sp1 transcriptional activity is
subject to regulation through a variety of mechanisms.
The Sp3 and Sp4 transcription factors were first identified by using a GT
box from the uteroglobin promoter as a probe to identify factors with similar
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binding specificity (107). Since Sp1, Sp3, and Sp4 possess nearly identical DNA
binding domains, this would suggest that these factors may regulate the same
sets of genes. Sp3, like Sp1, is ubiquitously expressed but has different
transcriptional properties. Sp1 is primarily a transcriptional activator, while Sp3
represses gene transcription (108). The repressive function of Sp3 occurs as
result of modification by SUMO and through inhibition of the transition of paused
RNA polymerase II to the elongation phase (109,110).
Sp4, on the other hand, possesses a highly restricted expression pattern
(92). Sp4 is found in several tissue types during early development, but the
highest expression is seen in the central nervous system of the adult animal
(111,112). Costaining of cortical cultures with Sp4 and NeuN, a marker of
neuronal lineage, or GFAP, a glial marker, indicated that Sp4 was preferentially
expressed in neurons (Figure 1-4) (113). These observations suggest that Sp4
plays important functional roles in neurons. Thus, while these factors share
similar DNA binding properties they impart functionally distinct contributions to
gene expression based upon unique expression patterns and mechanisms of
regulation.
Sp4 function
Sp4 has been implicated in various human psychiatric disorders,
supporting the notion that Sp4 plays important roles in the maintenance of
normal neuronal function. For example, single nucleotide polymorphisms and
copy number variants at the Sp4 gene locus have been associated with
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Figure 1-4. Neuron-enriched expression of the Sp4 transcription factor.
Immunofluorescence staining of cortical neuron cultures with Sp4 and the glial
marker GFAP (left) or the neuronal marker NeuN (right) indicates Sp4 is
preferentially expressed in neurons. DAPI is a nuclear stain. (Adapted from
(113)).
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schizophrenia, bipolar disorder, and major depressive disorder (114-116). In
addition, reduced levels of the Sp4 protein have been directly observed in the
prefrontal cortex and cerebellum of patients with bipolar disorder, and in
schizophrenia patients with severe negative symptoms (48,117).
Several animal models have been generated in order to explore the
functional contributions of Sp4 to development and psychiatric disorders. In
animals with a deletion of the Sp4 zinc finger, the predominant phenotypes were
increased mortality (two-thirds die within a few days after birth), smaller body
size, and failure of the males to mate despite intact testes and mature sperm
(111). Another transgenic model consisted of deletions to the N-terminal
transactivation domain, which resulted in similar phenotypes but an additional
sporadic failure in mating of female mice (112). Finally, a third model employed
a lacZ reporter insertion into the endogenous Sp4 locus to eliminate the Sp4 start
codon (118). These animals also exhibited reduced size and reproductive
sterility, but animals also had reduced mortality. These animals did, however,
exhibit sudden cardiac death, likely as a result of impaired Sp4 expression in the
cardiac conduction system and ventricular myocytes.
An Sp4 hypomorphic mouse has also been generated that expresses
roughly 2-5% of endogenous levels of Sp4 (119). These mice have been
reported to develop hippocampal vacuoles, exhibit deficits in contextual memory,
and display impaired sensorimotor gating, considered an endophenotype for
schizophrenia and other psychiatric disorders (119,120). These animals also
have reduced expression of the GluN1 subunit of the NMDA receptor in the
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hippocampus and cortex, suggesting an important role for Sp4 in glutamatergic
signaling (121). Not surprisingly, impaired hippocampal LTP was also reported in
these animals.
Sp4 is important for regulating dendrite patterning in developing neurons
(Figure 1-5). Our lab has reported a role for Sp4 in promoting dendrite pruning
and limiting secondary branching in developing CG neurons (2). Knocking down
Sp4 resulted in more elaborate dendrite arbors as compared to control, and this
effect could be rescued by re-introducing RNAi resistant Sp4. Deletions to the
Sp4 zinc finger prevented this rescue, suggesting that Sp4 transcriptional activity
is required to promote CG neuron dendrite patterning. In dentate granule
neurons isolated from the hippocampus of Sp4 hypomorphic animals reduced
dendrite branching and length were also observed (122). Sp4 also limits axonal
outgrowth in CG neurons (unpublished observations).
CG neuron dendrite patterning is mediated in part by the Sp4 dependent
repression of neurotrophin-3 (NT3) (123). Sp4 directly binds to the NT3 promoter
and represses its transcription. The reduced expression of NT3 has functional
consequences on CG neuron morphology, resulting in reduced secondary, but
not primary, dendrite complexity. Interestingly, these results contrast with a
report in which Sp4 promotes NT3 expression in the hippocampus (119). In yet
another system in which Sp4 was reduced in neural crest cells, there was no
change in NT3 levels in the hearts of these animals (124). These results illustrate
the reported context-specific regulation of NT-3, which is governed by inhibitory
regions in the promoter and can also be regulated by the Sp1 and Sp3
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Figure 1-5. Sp4 promotes dendrite maturation in developing CG neurons
A. Diagram of CG neuron development depicting the regulated elimination of
primary dendrites. B. CG neurons in culture undergo dendrite pruning, but fail to
do so when Sp4 is knocked down with RNAi. These results indicate that Sp4
promotes pruning of primary dendrites and limits branching of secondary
dendrites in CG neurons. (Adapted from (12) and (2)).
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transcription factors (125-127). The observations of differential effects of Sp4
expression on transcriptional activation and dendrite patterning support the
notion that Sp4 plays important and highly context-dependent roles during
development (128,129).
Depolarization is necessary for maintaining Sp4 stability (Figure 1-6).
Culturing CG neurons in resting concentrations of extracellular KCl results in the
ubiquitination and degradation of Sp4 by the proteasome, while depolarization of
cortical neurons increases Sp4 levels (Appendix II, and (48,130)). The signaldependent degradation of proteins is often achieved through changes in posttranslational modifications (131,132). Phosphorylation is a well-described
example of this, whereby the addition of a phosphate group creates a ‘phosphodegron’, or a motif promoting degradation (132). A phospho-degron usually
creates new protein interaction domains to facilitate or prevent protein
ubiquitination and subsequent degradation. An example of this is the
phosphorylation of the c-Jun transcription factor by MAPK, which reduces the
ubiquitination and degradation of the protein (133). The MEF2A and MEF2D
transcription factors are also regulated by signal-dependent phosphorylation and
the downstream regulation of protein degradation through a caspase-mediated
mechanism (134). In addition, the MyoD transcription factor is
hyperphosphorylated by cell cycle regulated kinases, leading to its degradation
(135). Thus, there are many instances where protein phosphorylation is used as
a means to regulate the expression levels and activity of transcription factors.
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Figure 1-6. Specific regulation of Sp4 degradation by cell membrane
depolarization.
A. CG neurons cultured in resting conditions of 5mM extracellular KCl exhibit a
rapid reduction in Sp4 protein levels, whereas in depolarizing conditions of 25mM
extracellular KCl Sp4 is stable. B. Levels of the closely related Sp1 and Sp3 do
not change in response to culture resting conditions, indicating the specific
regulation of Sp4 protein levels by membrane depolarization. (Adapted from
(48)).
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V. Hypothesis and Results Summary
Hypothesis
Sp4 is expressed in neurons where it plays important roles in dendrite
pattering, and has also been implicated in neuropsychiatric disorders including
BD (2,48,116,122). Given the apparent significance of Sp4 in neural
development, the mechanisms regulating Sp4 expression levels and activity are
of great interest. Sp4 protein expression is regulated by membrane potential,
which is often manipulated using extracellular KCl to simulate neuronal activity in
cell culture. In depolarizing conditions Sp4 is stabilized, while in resting
conditions Sp4 is rapidly degraded by the ubiquitin proteasome system (48). The
levels of Sp4 are also reduced in the cerebellum and prefrontal cortex of patients
with BD (48). Thus, the pathways regulating Sp4 stability in developmental
contexts may also be dysregulated in psychiatric disorders.
The signal-dependent regulation of transcription factor expression levels is
often achieved through changes in post-translational modifications (136). Sp4 is
regulated by post-translational modifications, but prior to this work the only
reported Sp4 modifications were phosphorylations at T138 and S691 that were
identified from proteome-wide screens (137,138). These findings, however,
offered very little functional or regulatory insights into Sp4 activity. Given the
wide variety of modifications reported to regulate Sp1 function, it is highly likely
that Sp4 is regulated in a similarly complex manner.
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We hypothesized that the depolarization-dependent regulation of Sp4
stability is achieved through changes in Sp4 phosphorylation, and that the
levels of these modifications may be altered in BD and other scenarios in
which Sp4 protein levels are perturbed.
Results summary
Our investigations into the post-translational regulation of Sp4 identified a
novel site of phosphorylation at S770 that is regulated by membrane potential
and NMDA receptor signaling. An Sp4 phospho-mimetic failed to promote the
Sp4-dependent maturation of CG neuron dendrites. Though this phosphomimetic was not sufficient to promote protein degradation, it did contribute to the
reduced stability of the protein in an Sp4 deletion mutant. We have also shown
increased levels of Sp4 phosphorylation in the postmortem cerebellum of BD
subjects. Sp4 phosphorylation is also specifically regulated by the mood
stabilizer, lithium, through an unidentified mechanism.
These results identify Sp4 as a transcription factor regulated by NMDA
receptor signaling, and reveal new insights into the molecular mechanisms
regulating neuronal development and dendrite maturation. Our results also
suggest the pathways regulating Sp4 phosphorylation may be disrupted in
certain psychiatric disorders, and suggest the possibility of using the ratio of
phosphorylated to total Sp4 as a biological readout to study the molecular
pathways by which lithium acts. These findings offer the potential to advance our
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understanding of the molecular biology underlying mood disorders and other
psychiatric conditions, which are currently poorly understood.
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Chapter II. Identification of Sp4 phosphorylation at S770
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Abstract
The regulation of transcription factor function by neuronal activity is
important for cell differentiation and synaptic plasticity. The transcription
factor Sp4 contributes to the developmental patterning of dendrites and to
physiological processes including learning and memory. Here, we use
mass spectrometry and deletion mapping to identify a site of
phosphorylation on Sp4 at S770. Using a custom-made phospho-specific
antibody, we show that Sp4 is dephosphorylated at this residue in
response to membrane depolarization. The levels of phospho-Sp4 S770
are dynamically regulated during cerebellar development, becoming highly
expressed in the adult. These data describe a previously unknown
phosphorylation of the transcription factor Sp4 that is regulated by
depolarizing membrane potential. This phosphorylation is widely
expressed throughout the brain, and is regulated by physiological signals
during cerebellar development.
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Introduction
The regulated activity of transcription factors plays a crucial role in the
development and maintenance of connections in the nervous system. Neuronal
activity is known to influence the gene expression programs of transcription
factors in order to regulate developmental processes including dendrite
outgrowth, elaboration, and elimination (139).
The transcription factor Sp4 is expressed in neurons, where it is important
for regulating genes that promote the maturation of dendrites (2,122). Sp4
hypomorphic mice exhibit impaired LTP and deficits in learning and memory
(119,121). These findings indicate the important role Sp4 plays in regulating
neuronal development and function, and suggest that maintaining the appropriate
levels of Sp4 activity is critical for these processes.
One mechanism of regulating Sp4 activity is through the activitydependent maintenance of protein expression levels. Membrane depolarization
with extracellular KCl stabilizes the Sp4 protein, while during resting conditions
Sp4 is ubiquitinated and rapidly degraded by the proteasome (48). Further work
has shown that this degradation is accomplished by an active calcium signaling
process in resting conditions (unpublished observations - Jasmin Lalonde).
The signal-dependent degradation of proteins is often achieved through
the addition or removal of post-translational modifications. Phosphorylation is an
example of this, in which the covalent addition of a phosphate group creates a
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phospho-degron which allows for new protein interactions to facilitate
ubiquitination and subsequent degradation (132).
Prior to this work few Sp4 post-translational modifications were reported,
but the closely related transcription factor Sp1 is regulated by phosphorylation,
ubiquitination, acetylation, glycosylation, and SUMOylation (97). Based upon
their sequence similarity, it is likely that Sp4 is regulated by a similarly wide range
of post-translational modifications. The identification of these modifications and
their role in contributing to the function of Sp4, however, has not been described.
In this chapter, we describe our investigations leading to the discovery of a
novel signal-dependent Sp4 phosphorylation regulated by membrane potential.
Using mass spectrometry, we identified two previously unreported Sp4
phosphorylation sites at S136 and S770. A combination of deletion mapping,
point mutation, and a phospho-specific antisera revealed Sp4 S770 as the site of
an inducible phosphorylation in resting conditions. Phospho-Sp4 S770 was
widely expressed throughout the brain, in a pattern consistent with that of a
neuronal protein. Furthermore, the expression levels of total Sp4 and phosphoSp4 S770 exhibited a dynamically changing expression pattern during
development. Together, these data describe a novel phosphorylation of the
transcription factor Sp4 at S770 that is regulated by changing physiological
signals during cerebellar development. These results provide new insights into
the regulation of neuronal gene expression during development.
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Materials and Methods
Cell culture and treatments - CG neurons were obtained from P6 rats and
cultured as previously described (3). All protocols regarding the use of animals
were approved by the Committee for the Humane Use of Animals at Tufts
University School of Medicine. Cells were cultured in 25mM KCl until DIV 4-5,
when they were treated for one hour with fresh media containing 25mM or 5mM
KCl. Protein lysates were treated with the lambda protein phosphatase (New
England Biolabs) according to the manufacturer’s instructions.
Plasmids and transfections - FLAG-Sp4 was previously described (2). S770
point mutants were generated using site-directed mutagenesis. Deletion mutants
were obtained from X.S. and generated by in-frame deletion of FLAG-Sp4 at the
amino acids indicated. Cerebellar granule neurons were transfected by
nucleofection at DIV0 as described (140).
Quantitative PCR –RNA was extracted from CG neurons using Trizol (Invitrogen)
and an RNeasy kit (Qiagen) according to the manufacturer’s instructions. First
strand cDNA synthesis from 1μg of RNA was performed using the iScript cDNA
synthesis kit (Biorad) according to the manufacturer’s instructions. Quantitative
PCR was performed using the indicated primers to Sp4 and GAPDH. Sp4
results were normalized to GAPDH and compared as a fold change to the initial
time point (P7). Three biological replicates were analyzed.

Sp4 forward: AGCGATCAGAAGAAGGAGGAG
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Sp4 reverse: GTTGCTTGATTTTCACCAGGA
GAPDH forward: ATGACCACAGTCCATGCCATC
GAPDH reverse: CCAGTGGATGCAGGGATGATG

Western blotting – Homogenized brain tissue or cells were lysed in RIPA buffer
supplemented with protease inhibitors (Roche) and phosphatase inhibitors
(Santa Cruz). Equal amounts of protein (10-20 µg) were separated, transferred
to nitrocellulose membranes, and incubated with the indicated primary antibody:
rabbit polyclonal to Sp4 (Santa Cruz) 1:1,000; mouse monoclonal to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Millipore) 1:20,000;
mouse monoclonal to FLAG (Sigma) 1:2,000; or rabbit polyclonal to phosphoSp4 S770 (pSp4) 1:1,000 in TBST. Blots were incubated in HRP conjugated
secondary antibodies (Santa Cruz) and linear-range exposures were quantified
by densitometry using Fiji software. For dot blots, the modified and unmodified
peptides were spotted onto nitrocellulose membranes and analyzed as described
above.
Sp4 purification and mass spectrometry - Sp4 was immunoprecipitated from
nuclear extracts from P6 rat cerebellum, digested with trypsin:chymotrypsin, and
analyzed by liquid chromatography tandem mass spectrometry (LC/MS/MS) at
the Taplin mass spectrometry facility (Harvard Medical School, Boston, MA).
Generation of the phospho-specific antibody - The rabbit antibody to
phosphorylated Sp4 at serine 770 was generated against the synthetic phosphopeptide: [CKKAAISQDpSNPATPN] (Covance). Rabbit serum was purified by
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ammonium sulfate precipitation and antibodies were subjected to a two-step
affinity purification. In one step, serum was run against a column with the
unmodified peptide conjugated to Affi-gel beads (Biorad). Flow-through was
collected and run through another column with the phosphorylated peptide
conjugated to Affi-gel beads. The column was washed with TBS and 1M sodium
chloride and the antibody was eluted with a gentle elution buffer (Pierce). The
antibody specificity was validated as described in the results.
Immunohistochemistry and tissue processing – Adult rat brains were cut on a
cryostat (sagittal for cerebellum and coronal for hippocampus and cortex) at 10
microns, mounted on glass slides, and fixed in 4% paraformaldehyde. After
blocking tissue was incubated overnight at 4ºC with Sp4 1:1,000, pSp4 1:1,000,
or pSp4 1:1,000 with 40µg/mL phosphopeptide followed by a biotin conjugated
rabbit secondary at 1:500. Protein was visualized using the DAB reagent kit
(Vector laboratories).
Statistics - All results represent the mean ± SEM from at least 3 independent
experiments and were analyzed by ANOVA followed by Bonferonni’s post hoc
test for multiple comparisons.
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Results
Sp4 is phosphorylated in conditions of resting membrane potentials
The addition or removal of a post-translational modification is a rapid and
reversible way to alter protein function. We hypothesized that the rapidly induced
degradation of Sp4 in resting conditions was mediated by a post-translational
modification, so we sought to identify these modifications. We treated CG
neurons with media containing 25mM or 5mM KCl to mimic depolarizing or
resting conditions, respectively. When we analyzed protein extracts by Western
blot, a shift in Sp4 protein mobility was observed in resting conditions (Figure 2-1,
compare lanes 1 and 3). Treatment with the lambda protein phosphatase
increased the protein mobility in both conditions (Figure 2-1, compare lanes 2
and 4). The data was quantified by measuring the densitometry of the shifted
Sp4 as a percentage of total Sp4, and revealed significant changes in Sp4
mobility (Figure 2-1, right). Together, these results suggest that Sp4 exists as a
phospho-protein in depolarizing conditions, and is further phosphorylated in
resting conditions.
Phosphorylation of Sp4 in resting conditions occurs in the C-terminal 54 amino
acids
To identify the Sp4 phosphorylation site(s) regulated by membrane
potential, we transfected an N-terminal FLAG tagged Sp4 (FLAG-Sp4) into CG
neurons. We observed a phosphatase-sensitive shift in FLAG-Sp4 mobility in
resting conditions, suggesting that FLAG-Sp4 is regulated by the same
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Figure 2-1. Sp4 is phosphorylated in response to resting membrane
potential.
CG neurons were exposed to 25mM (depolarizing) or 5mM (resting) KCl for one
hour. Protein extracts were treated with or without a protein phosphatase
(PPase) and analyzed by Western blot. Left – representative immunoblot. The
dotted line indicates the cutoff used to quantify the shifted Sp4. Right –
Quantification of the shifted Sp4 signal as a fraction of the total signal. N=5,
**p<0.01, ANOVA (F=40.19; p<0.0001).
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pathways as endogenous Sp4 (Figure 2-2, A). Increasingly larger FLAG-Sp4 Nterminal deletions continued to exhibit reduced mobility in resting conditions,
even when a protein consisting of only amino acids 610-784 was used. In
contrast, a deletion of the C-terminal 54 amino acids no longer exhibited a
mobility shift in response to resting membrane potentials (Figure 2-2, B). We
confirmed that the mobility shift observed in the truncated FLAG-Sp4 610-784
represented phosphorylation by treating lysates with a phosphatase (Figure 2-2,
C). These data suggest that a phosphorylation responsible for the reduced Sp4
mobility in resting conditions lies within the C-terminal 54 amino acids.
Identification of Sp4 phosphorylation at S770
To identify specific and physiologically relevant sites of Sp4
phosphorylation, we immunoprecipitated Sp4 from nuclear extracts prepared
from the cerebellum of P6 rats. The purified protein was then analyzed by
LC/MS/MS for phosphorylated peptides. We detected phosphorylated peptides
at sites corresponding to human S136 and S770 (Figure 2-3, A). Since our data
suggested a signal-dependent phosphorylation in a region located within amino
acids 730-784, we decided to focus our analysis on S770. Sequence alignment
showed this site to be well-conserved across vertebrate species, as would be
expected if the site possessed an important biological function (Figure 2-3, B).
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Figure 2-2. The C-terminal 54 amino acids of Sp4 are required for the
reduced protein mobility in resting conditions.
A. Top – Diagram of FLAG-Sp4 and associated protein domains: S/T –
serine/threonine rich region; Q – glutamine rich region; DBD – DNA binding
domain. Bottom – FLAG-Sp4 was transfected into CG neurons and cells were
treated as described in Figure 2-1. Results are a representative immunoblot. B.
Left - Diagram of FLAG-Sp4 deletion mutants transfected into CG neurons and
assayed for a mobility shift in 5mM KCl. Representative immunoblots and
quantification of the observed change in mobility are shown on the right. N=3-4.
*p<0.05, **p<0.01. Unpaired T-test: 1-784 p=0.0237; 372-784 p=0.0033; 494784 p=0.0006; 610-784 p=0.0189; 1-730 p=.3207. C. Top – Diagram of the
truncated FLAG-Sp4 610-784. Bottom - The truncated FLAG-Sp4 610-784 was
transfected into CG neurons and cells were treated as described in A. Results
are a representative immunoblot.
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Figure 2-3. Identification and conservation of Sp4 phosphorylation sites.
A. Purified Sp4 was analyzed by mass spectrometry, and phospho-peptides
were identified corresponding to human S136 and S770. Sp4 protein domains
are as described in Figure 2-2. B. Sequence alignment of Sp4 shows S770 is
conserved across several species.
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S770 is required for the reduced Sp4 protein mobility observed in resting
conditions
Since the C-terminus of Sp4 was required to observe the reduced mobility
in resting conditions and mass spectrometry analysis revealed phosphorylation at
S770, we tested if this serine was required to observe the shift in Sp4 mobility in
resting conditions. We generated a non-phosphorylatable FLAG-Sp4 by
introducing a serine to alanine point mutation (S770A) in the FLAG-Sp4 and
expressed this protein in CG neurons. When cells expressing the wild-type and
the S770A mutant were cultured in resting conditions we observed a shift in both
conditions (Figure 2-4, A). When these same experiments were performed in the
truncated FLAG-Sp4 610-784, however, the S770A protein did not shift in
response to culture in resting conditions (Figure 2-4, B). In addition, protein
levels appeared reduced in the wild-type protein in resting conditions, but the
S770A protein levels did not change, suggesting that phosphorylation influences
protein stability (to be discussed in detail in chapter III). These data are
consistent with the hypothesis that the S770 residue contributes to the observed
reduced Sp4 mobility in resting conditions. These data also suggest that there
are additional sites of phosphorylation regulated by membrane potential that lie
outside of the Sp4 C-terminus.
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Figure 2-4: S770 is required to observe the reduced mobility of FLAG-Sp4
in resting conditions
CG neurons transfected with wild-type (WT) or non-phosphorylatable (S770A)
FLAG-Sp4 (A) or FLAG-Sp4 610-784 (B) were treated with 25mM or 5mM KCl
for one hour and protein extracts were analyzed by Western blot. Top –
schematic diagram of the FLAG-Sp4 protein analyzed in the experiment. Bottom
– representative immunoblot.
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A phospho-specific antibody to Sp4 S770 detects a phosphorylation induced by
culture in resting conditions
We generated a phospho-specific antisera to Sp4 phosphorylated at
S770. The antibody was purified from serum and validated by dot blot (Figure 25, A). The crude serum recognized the phosphorylated and the unmodified
peptide, but there was a preference for the phosphorylated peptide. After affinity
purification, however, there was a dramatic improvement in the preference for the
phosphorylated peptide, indicating that the purification successfully removed
antibodies that interacted with the unmodified form of the peptide. To confirm the
specificity of the antibody we immunoblotted against cerebellar lysates from wildtype and Sp4 hypomorphic mice (Figure 2-5, B). The results showed reduced
levels of total Sp4 in the hypomorph, as expected. In addition, the phosphospecific antibody exhibited reduced binding to the lysates from the Sp4
hypomorphic mouse. These results clearly indicate that the antigen recognized
by the phospho-Sp4 S770 antibody is Sp4.
Having validated the specificity of the phospho-specific antibody, we next
examined the levels of phospho-Sp4 S770 in CG neurons. We observed that
when CG neurons were cultured in resting conditions there was a robust
increase in the levels of phospho-Sp4 S770 (Figure 2-6). Importantly, when the
protein extracts were treated with a phosphatase the phospho-Sp4 S770 signal
was completely eliminated, further validating the specificity of the antibody.
These results identify Sp4 S770 as a site of signal-dependent phosphorylation in
CG neurons that is controlled by membrane depolarization.
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Figure 2-5. Validation of the phospho-Sp4 S770 antisera
A. The modified (770PS) and unmodified (770) peptides were spotted onto
nitrocellulose membranes and immunoblotted with crude serum or affinity purified
serum. B. Cerebellar lysates from wild-type and Sp4 hypomorph animals were
immunoblotted for phospho-Sp4 S770 (pSp4), Sp4, and RNA polymerase II as a
loading control.
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Figure 2-6. Sp4 is phosphorylated at S770 in resting conditions
CG neurons were treated with 25mM or 5mM KCl for one hour. Protein extracts
were then treated with or without phosphatase (PPase) and analyzed by Western
blot using a phospho-Sp4 S770 antibody and an antibody recognizing total Sp4.
A. Representative immunoblot. B. Quantification of phosphorylated Sp4 relative
to total Sp4. N=3. **p<0.01, *p<0.05, ANOVA (F=47.54; p<0.0001).
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Expression of phospho-Sp4 S770 in adult rat brain
Since Sp4 phosphorylation at S770 is a newly-described post-translational
modification, we examined the expression of this modification in brain sections to
characterize the location and timing of expression. Immunohistochemical
staining of adult rat brain was performed with Sp4 and phospho-Sp4 S770
antisera. The results revealed largely overlapping expression between Sp4 and
phospho-Sp4 S770 throughout the brain, including in the cortex, hippocampus,
and cerebellum, in a pattern consistent with that of a neuronal protein (Figure 27, A-F). Importantly, co-incubation of brain slices with the phospho-Sp4 antibody
and the phosphorylated peptide antigen completely eliminated the phospho-Sp4
signal, indicating that the observed signal is unlikely to be a result of non-specific
binding (Figure 2-7, G-I). Closer examination of the cerebellum reveals Sp4 and
phosphorylated Sp4 expressed strongly in the cerebellar granule layer and in the
inhibitory Purkinje cells in the Purkinje cell layer. Staining is also observed in the
molecular layer, likely indicating inhibitory Golgi cells, inhibitory Lugaro cells,
and/or excitatory unipolar brush cells (Figure 2-7, J, K).
Developmental expression of Sp4 and phospho-Sp4 S770 in the rat cerebellum
We analyzed the developmental expression of Sp4 and phospho-Sp4
S770 in the cerebellum. Protein levels showed a significant increase in total Sp4
at P14 before declining into adulthood (Figure 2-8, A and B). Levels of
phosphorylated Sp4, however, remained relatively low during development and
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Figure 2-7 Expression of phospho-Sp4 S770 in the adult rat brain
Brain tissue sections were subjected to immunohistochemical staining using Sp4
antibody (A-C), phospho-Sp4 S770 antibody (D-F), and phospho-Sp4 S770
antibody co-incubated with peptide antigen (G-I). The following brain regions are
pictured: cerebellum (A,D,G), hippocampus (B,E,H), and cortex (C,F,I). Higher
magnification of Sp4 (J) and phospho-Sp4 S770 (K) staining of the cerebellum
are shown from the boxed regions in A and D. ML – molecular layer; PCL –
Purkinje cell layer; GCL – granule cell layer. Black scale bar is 1mm. White
scale bar is 100µm.
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Figure 2-8. Expression of Sp4 and phospho-Sp4 S770 during postnatal
cerebellar development. A. Whole cerebella were obtained from P7, P14, P21,
and adult rats and protein extracts were analyzed for expression of Sp4 and
phospho-Sp4 S770 by Western blot using specific antisera. Image is a
representative immunoblot. B. Densitometric quantification of Sp4 levels relative
to GAPDH. N=3. *p<0.05, **p<0.01, ANOVA (F=8.698; p<0.0067). C.
Densitometric quantification of phospho-Sp4 S770 levels relative to total Sp4
levels. N=3. **p<0.01, ANOVA (F=8.426; p<0.0074). D. Cerebellar tissue from
the indicated developmental time points was analyzed by RT-qPCR for Sp4
mRNA transcripts. Results were normalized to GAPDH and expressed as a fold
change relative to P7.
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only became highly expressed in the adult (Figure 2-8, A and C). Sp4 transcript
levels, as measured by qPCR, were unchanged throughout the developmental
stages examined (Figure 2-8, D). These results show Sp4 protein levels peaking
at a time when CG neuron dendrites are pruned and refined, and are consistent
with the findings that Sp4 plays a role in this process (2). These data also
suggest that changes in Sp4 protein expression are a consequence of posttranslational regulation since transcript levels remain unchanged. The dynamic
expression of phosphorylated Sp4 to total Sp4 also suggests that
phosphorylation is regulated by changing physiological signals during
development.
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Discussion
The transcription factor Sp4 regulates dendrite patterning, LTP, and
learning and memory suggesting that the regulation of Sp4 activity has important
consequences for neuronal function (2,122). Identifying post-translational
modifications and other mechanisms regulating Sp4 activity and stability may
provide new insights into the processes governing neuronal development and the
formation of integrated neural networks. Here, we identify a site of
phosphorylation on Sp4 at S770 that is regulated by changes in membrane
potential. The phosphorylation of Sp4 at S770 is induced upon culture in resting
concentrations of extracellular KCl. We also observe that the levels of
phosphorylation changes during cerebellar development, suggesting that this
modification is regulated by physiological signals in the cerebellum and possibly
throughout the entire brain.
In identifying Sp4 phosphorylation sites, we purified Sp4 from whole
cerebellar tissue. We chose tissue over cultured CG neurons because it
provided a readily available and abundant source material. The Sp4 protein has
very few trypsin cleavage sites, however, thus we only obtained between 20-40%
peptide coverage in the mass spectrometry analysis. As a result, there are likely
to be additional sites of phosphorylation missed in the analysis due to poor
peptide coverage and the generally reduced detection ratio of phosphorylated
peptides relative to unmodified peptides.
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In a parallel line of investigation, we used FLAG-tagged Sp4 deletion
mutants to identify a region of Sp4 required to observe reduced mobility in resting
conditions. Taken together, our findings converged on S770 as a site of
membrane potential-dependent phosphorylation. When we mutated S770 to
alanine, the truncated FLAG-Sp4 610-784 no longer displayed reduced mobility
in resting conditions. Full-length FLAG-Sp4 S770A, however, continued to
exhibit changes in mobility. This result suggests there are likely to be additional
modifications occurring on the Sp4 protein in the N-terminal region.
Along these lines, it should also be noted that the addition of a phosphate
group to a protein does not always change the mobility of a protein by SDSPAGE. The effect of phosphorylation on mobility is dependent on the contextspecific nature of the region being phosphorylated (141). Therefore, the failure to
observe a mobility shift in the Sp4 C-terminal deletion mutant does not preclude
the possibility that membrane potential-dependent phosphorylation sites exist in
protein domains outside of the Sp4 C-terminus.
Identifying additional sites of Sp4 post-translational modifications is an
important future direction of study. One potential candidate is Sp4 S43. This
residue, located in the N-terminal region of Sp4, shares several adjacent amino
acids with the S770 phospho-site (S43: SQDSQPS; S770: SQDSNPA)
suggesting that a kinase or phosphatase regulated by changes in membrane
potential may recognize and phosphorylate Sp4 at both sites. Recently, a
proteomic study has identified Sp4 S43 as a bona fide site of phosphorylation
(142). In addition to phosphorylation, we have also shown that Sp4 is modified
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by o-glycosylation, adding further potential complexity to the regulation of Sp4
function (Appendix I).
We showed that the levels of total and phospho-Sp4 S770 are dynamically
expressed in the developing cerebellum, indicating that this modification is
regulated by changing physiological signals during development. We observed
peak levels of phosphorylated Sp4 in the adult, and there are several factors that
could explain this observation. As CG neurons mature, the membrane potential
of these cells is progressively hyperpolarized (143). Our results concerning the
regulation of phosphorylation in vitro suggest that this change in membrane
potential could directly explain these observations. We also found that activation
of the NMDA receptor reduces Sp4 phosphorylation (described in detail in
Chapter 3). Many factors influence NMDA receptor signaling, including the
receptor subunit composition which changes in response to activity during
development (144-146). A change in NMDA receptor subunit composition may
drive specific signaling pathways that increase Sp4 phosphorylation in the adult.
In addition, the expression of the GABAA receptor α6 subunit is upregulated in,
and is a marker for, mature CG neurons (147). Therefore, the maturation of
inhibitory GABA currents may indirectly influence the levels of Sp4
phosphorylation by reducing the excitability of the NMDA receptor. Further
analysis of the in vivo signals regulating Sp4 is an important direction of study.
A possible confounding factor of the developmental time-course analysis
is the source material of the tissue studied. To collect this tissue, a dam with rat
litters of a specified age was received from a supplier. Each developmental time
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point (P7, P14, and P21) represents an average analysis from three littermates.
Therefore, we cannot rule out that some of the observed changes are a result of
genetic variability between litters. However, it seems more likely that broad
developmental changes would have a more significant effect on Sp4 levels and
phosphorylation than intra-species genetic variation. Another potential weakness
of the interpretation of the results from the adult animal stems from the fact that
the three adult samples analyzed were from dams that had given birth to litters
within the past 7-21 days. It is formally possible that biological changes
associated with birthing a litter of pups may influence the levels of Sp4
phosphorylation. It should also be noted that the precise age of the dams is
unknown, but are greater than 8 weeks of age.
Despite these issues, the results of this analysis do show an inverse
correlation between total and phospho-Sp4 levels and support data presented in
Chapter 3 that phosphorylation may contribute to Sp4 protein stability.
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Chapter III. The function and regulation of Sp4 phosphorylation at S770
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Abstract
Protein phosphorylation is a rapid and reversible means of altering protein
function. The activity-dependent phosphorylation of transcription factors
in neurons has profound effects on dendrite patterning and synapse
formation. Here, we characterized the function of Sp4 phosphorylation at
S770 by using non-phosphorylatable and phospho-mimetic point mutants.
We found that while a phospho-mimetic was capable of being expressed in
CG neurons, where it localized to the nucleus and activated transcription, it
failed to promote the Sp4-dependent pruning of CG neuron primary
dendrites. Full-length FLAG-Sp4 point mutants did not exhibit changes in
expression or stability. However, an N-terminal deletion mutant FLAG-Sp4
phospho-mimetic was poorly expressed, while a non-phosphorylatable
deletion mutant was more stable than wild-type in resting conditions.
These observations suggest that phosphorylation contributes to, but is not
sufficient for, reducing Sp4 protein stability. We further characterized the
cell signaling pathways regulating Sp4 S770 phosphorylation and found
that the NMDA receptor dependent activation of a PP1/PP2A signaling
pathway promoted the dephosphorylation of Sp4. These data identify a
new pathway linking NMDA receptor signaling to Sp4, and suggest that the
modulation of Sp4 phosphorylation influences dendrite patterning through
the regulation of Sp4 activity and possibly stability.
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Introduction
The formation of connections in the nervous system is a dynamic process
requiring the coordinated activity of intrinsic cell factors and extrinsic signals.
Synaptic activity from neighboring cells plays an important role in sculpting
neuronal patterning. Neuronal activity, in the form of membrane depolarization or
glutamate receptor activation, is known to influence the gene expression
programs of transcription factors in order to regulate neuronal function (139).
Specifically, activation of certain ionotropic glutamate receptors, like the N-Methyl
D-Aspartate (NMDA) receptor, allows calcium to enter the neuron and initiate
signaling cascades that alter transcription factor function (148). These altered
transcriptional programs can result in long-lasting changes in dendrite patterning
and synapse formation.
The transcription factor Sp4 is important for regulating genes that promote
the maturation of dendrites. For example, in CG neurons Sp4 is required for the
developmentally regulated elimination of primary dendrites (2). Sp4 also limits
the branching of secondary dendrites by repressing the transcription of the
neurotrophic factor, NT-3 (123). CG neuron dendrite elimination also requires
membrane depolarization, suggesting that depolarization modifies Sp4 activity to
promote dendrite pruning. There is also evidence of a role for Sp4 in promoting
dendrite and dendrite spine outgrowth. Sp4 hypomorphic mice, expressing
greatly reduced levels of Sp4, exhibit decreases in number, length, and
branching of dendrites in dentate granule cells from the hippocampus (122). In
addition, there are reduced numbers of dendrite spines in neurons of the CA3
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region of the hippocampus in these mutant animals (unpublished data). These
observations suggest that the Sp4-dependent regulation of dendrite morphology
is context-specific.
NMDA receptor signaling also influences dendrite patterning in a variety of
contexts, and one well-described mechanism is the activity-dependent
modification of transcription factor function (35-38,148). This is accomplished
through the downstream activation of specific signaling pathways. NMDA
receptor-dependent signaling cascades include kinases like calmodulin kinase
and MAP kinase, and phosphatases like calcineurin and protein phosphatase 1
(PP1) (149). The substrates of these NMDA receptor-activated kinases and
phosphatases influence neuronal physiology, most notably by changing axon and
dendrite outgrowth and neuronal viability. This is accomplished through local
changes in protein expression at dendrites, but also global changes through the
modification of transcription factor function.
In this chapter, we explore the functional role of the previously identified
phosphorylation at Sp4 S770 as well as the signaling regulating this modification.
We show that a phospho-mimetic failed to promote the Sp4-dependent
maturation of CG neuron primary dendrites. While the phospho-mimetic did not
influence the expression and transcriptional activity of full-length FLAG-Sp4, in a
truncated FLAG-Sp4 610-784 phospho-mimetic point mutant it was sufficient to
destabilize the FLAG-Sp4 protein. In addition, a non-phosphorylatable FLAGSp4 610-784 mutant was more stable than wild-type in resting conditions. We
also found that NMDA receptor activation dephosphorylated Sp4 through the
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action of a PP1/PP2A signaling pathway. These results identify Sp4 as a new
downstream target of NMDA receptor signaling. Our results also suggest that
Sp4 phosphorylation at S770 impairs the Sp4-dependent maturation of CG
neuron dendrites and may contribute to signals regulating Sp4 protein
degradation.

65

Materials and Methods
Cell culture and treatments - Cerebellar granule neurons were obtained from P6
rats and cultured as previously described (3). Cortical neuron cultures were
prepared from P0 rats as previously described (150). All protocols regarding the
use of animals were approved by the Committee for the Humane Use of Animals
at Tufts University School of Medicine.
At DIV 4-5, cells were treated for one hour with fresh media containing one or
more of the following as indicated in the text: 25mM KCl, 5mM KCl, Nimodipine
(Sigma), CNQX (Sigma), MK-801 (Sigma), DL-2-Amino-5-phosphonopentanoic
acid (APV) (Sigma), FK-506 (VWR), Cyclosporin A (Sigma), Calyculin A (Cell
Signaling Technologies) or Okadaic acid (Millipore). Cells were stimulated with
NMDA (Sigma) in magnesium free Locke’s solution without tetrodotoxin as
described (151).
293T and Neuro2A cells were cultured in DMEM supplemented with 10%
Fetalclone (Hyclone).
Plasmids and transfections - Short hairpin RNAs and FLAG-Sp4 were previously
described (2). RNAi-resistant FLAG-Sp4 was generated by introducing silent
mutations at bp1626, 1629, and 1632. S770 point mutants were generated using
site-directed mutagenesis. Deletion mutants were generated by X.S. using inframe deletion of FLAG-Sp4 at the amino acids indicated. TrkC luciferase was
previously described (152).
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For Western blot analysis, CG neurons were transfected by nucleofection at
DIV0 as described (140). For morphometric and immunocytochemical analysis,
neurons were transfected at DIV 2 with green fluorescent protein (GFP), Bcl-xL,
and the indicated constructs using the calcium phosphate method essentially as
described (153). 293T and Neuro2A cells were transfected using Lipofectamine
2000 (Life Technologies) according to the manufacturer’s instructions.
Western blotting - Cells were lysed in RIPA buffer supplemented with protease
inhibitors (Roche) and phosphatase inhibitors (Santa Cruz). Equal amounts of
protein were separated, transferred to nitrocellulose membranes, and incubated
with the indicated primary antibody: rabbit polyclonal to Sp4 (Santa Cruz)
1:1,000; mouse monoclonal to FLAG (Sigma) 1:2,000; chicken polyclonal to GFP
(Life Technologies) 1:2,000; and rabbit polyclonal to phospho-Sp4 S770 (pSp4)
1:1,000 in TBST. Blots were incubated in HRP conjugated secondary antibodies
(Santa Cruz) and linear-range exposures were quantified by densitometry using
Fiji software.
Morphometric analysis of dendrites – DIV 5 neurons were washed in PBS, fixed
in 4% paraformaldehyde, permeabilized with 0.1% Triton X-100, and blocked
with 5% normal goat serum. Cells were incubated overnight at 4ºC with GFP
(1:2,000) antibodies in PBS, followed by fluorescent conjugated secondary
antibodies (Life Technologies). Dendrites were counted under 40x magnification
and statistical analysis was performed as described below. Approximately 25-30
neurons were counted per condition and the experiment was repeated three
times.
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Reporter assay - 293T cells were transfected with TrkC-luciferase, renilla
luciferase, and FLAG empty vector or FLAG-Sp4 constructs. 24 hours after
transfection, cells were assayed for luciferase activity using the Dual-Glo
luciferase assay kit (Promega) according to the manufacturer’s instructions.
Statistics - All results represent the mean ± SEM from at least 3 independent
experiments. Unpaired t-tests or ANOVA followed by Bonferonni’s post hoc test
for multiple comparisons were performed where indicated.
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Results
A non-phosphorylatable FLAG-Sp4 point mutant fails to rescue Sp4-dependent
defects in dendrite patterning
Since membrane depolarization promotes both Sp4 dephosphorylation
and CG neuron dendrite pruning, we asked if the Sp4 phosphorylation status
influenced dendrite patterning. To do this we utilized Sp4 RNAi to knock-down
endogenous levels of Sp4, and rescued the knockdown with an RNAi resistant
FLAG-Sp4 (WT res) which contained silent mutations in the RNAi targeting
region. We also made point mutations at S770 in the FLAG-Sp4 rescue
construct to create non-phosphorylatable (S770A res) and phospho-mimetic
(S770D res) FLAG-Sp4 variants. We then tested whether these point mutations
influenced the described role for Sp4 in promoting CG neuron dendrite pruning.
CG neurons were cotransfected at DIV 2 with Sp4 RNAi and FLAG-Sp4
point mutant rescue constructs (WT res, S770A res, or S770D res). GFP was
used to visualize transfected neurons and Bcl-xL was added to eliminate cell
viability as a confounding factor affecting dendrite morphology (Bcl-xL has little or
no effect on dendrite morphology) (49). The knockdown and rescue constructs
were first validated in Neuro2A cells (Figure 3-1, A). CG neuron primary
dendrites were quantified, and representative images are shown (Figure 3-1, B).
In control conditions, neurons typically had between 2 and 3 primary dendrites.
As previously reported, upon Sp4 knockdown there was a small but significant
increase in the number of primary dendrites, averaging nearly 4 per neuron,
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indicating a failure to prune dendrites. This phenotype was rescued when
neurons were co-transfected with WT res and the non-phosphorylatable S770A
res. The phospho-mimetic S770D res, however, failed to rescue the Sp4dependent defect in dendrite pruning (Figure 3-1, C).
Since the average change in primary dendrite number was small, we
sorted the neurons into groups based upon dendrite number (Figure 3-1, D).
Represented in this way, majority of neurons in the control group possessed two
or three primary dendrites. Upon Sp4 knockdown, however, we observed a
skewed distribution with an increased number of neurons possessing more than
three dendrites. This was rescued by the WT res and S770A res FLAG-Sp4, but
not the phospho-mimetic S770D res FLAG-Sp4.
Since increased numbers of primary dendrites represent immature CG
neurons, we also quantified the number of immature neurons in this dataset
(defined as neurons with greater than 3 primary dendrites). We found that Sp4
knockdown increased the number of immature neurons from about 25% to over
50% (Figure 3-1, E). Again, this was rescued by the WT res and the nonphosphorylatable S770A res FLAG-Sp4, but not the phospho-mimetic S770D res
FLAG-Sp4. Taken together, these data indicate that the phospho-mimetic FLAGSp4 fails to promote the Sp4-dependent maturation of CG neuron primary
dendrites.
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Figure 3-1. A phospho-mimetic Sp4 S770D fails to rescue Sp4-knockdown
dependent deficits in dendrite patterning. A. Neuro2A cells were
cotransfected with control or Sp4 shRNA, along with FLAG-Sp4 wild-type (WT
res), non-phosphorylatable FLAG-Sp4 S770A (A res), or phospho-mimetic
FLAG-Sp4 S770D (D res). Two days later protein extracts were obtained and
FLAG-Sp4 protein expression was determined by Western blot and normalized to
GFP. Results are a representative immunoblot from an experiment performed
three times. B. Representative images of CG neurons transfected with the
indicated constructs and analyzed by immunofluorescent microscopy for GFP.
C. Quantification of primary dendrite numbers from the experiment described in
(B). N=80-90, **p<0.01, ANOVA (F=12.01; p<0.0001). D. Histograms of the
datasets depicting the number of neurons counted with the indicated number of
dendrites. E. Neurons with greater than three primary dendrites were classified
as immature. The percentage of neurons in each condition is graphed.
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A non-phosphorylatable and a phospho-mimetic FLAG-Sp4 are expressed,
localize normally, and activate transcription
The inability of the phospho-mimetic S770D mutant to promote CG neuron
dendrite maturation suggests that point mutation to aspartic acid at this residue
impairs Sp4 function. When we examined the subcellular localization of these
mutants by immunocytochemistry with FLAG antibody, we found that S770A and
S770D displayed the same intracellular localization as wild-type FLAG-Sp4
(Figure 3-2). Furthermore, S770A and S770D were able to activate transcription
of a TrkC-luciferase reporter in heterologous cells to the same degree as wildtype FLAG-Sp4, indicating that these mutations did not disrupt Sp4 DNA binding
or transcriptional activation in this particular context (Figure 3-3).
Since culture in resting conditions leads to both increased phosphorylation
(Figure 2-6) and increased ubiquitination and degradation of Sp4, we considered
the possibility that the phospho-mimetic failed to promote dendrite pruning due to
increased degradation of the protein (48). Contrary to our expectations,
however, when these mutants were expressed in CG neurons and protein
expression was analyzed by Western blot, we found that S770 point mutations
did not significantly impact FLAG-Sp4 steady-state expression (Figure 3-4, A).
We assessed protein half-life by treating CG neurons with the protein synthesis
inhibitor, cycloheximide, and examining the levels of FLAG-Sp4 over time. We
observed that upon the addition of fresh media containing 25mM KCl and
100μg/mL cycloheximide, there was a trend toward increased expression of the
FLAG-Sp4 wild-type and the phospho-mimetic S770D.
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Figure 3-2. Localization of FLAG-Sp4 S770 point mutants
CG neurons were co-transfected with GFP and FLAG-Sp4 wild-type (WT), nonphosphorylatable (S770A), or phospho-mimetic (S770D) point mutants and
visualized by immunofluorescence microscopy. Cells were counterstained with
the nuclear stain DAPI. Arrows indicate the transfected neuron in the field.

73

Figure 3-3. FLAG-Sp4 S770 point mutants activate transcription of a TrkC
reporter in 293T cells
293T cells were cotransfected with FLAG-Sp4 wild-type (WT), S770A, or S770D
point mutants along with a TrkC-luciferase reporter and a renilla-luciferase
control. After 24 hours, cells were assayed for luminescence activity. N=3,
**p<0.01, ANOVA (F=72.99; p<0.0001).
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Figure 3-4. FLAG-Sp4 point mutants are expressed in CG neurons but do
not exhibit differences in protein half-life. A. CG neurons were transfected
with FLAG-Sp4 wild-type, S770A, or S770D point mutants and protein
expression was analyzed by Western blot. Results are a representative
immunoblot from an experiment performed at least 3 times. B. CG neurons
transfected with FLAG-Sp4 wild-type, S770A, or S770D were treated with fresh
media containing 25mM KCl and 100μg/mL cycloheximide for the indicated times
and FLAG-Sp4 was analyzed by Western blot and quantified relative to GFP.
N=4-10.
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The significance of this increase is unclear, however over extended time periods
we observe that the protein expression levels of wild-type, S770A, and S770D
were not significantly reduced as compared to the initial time point (Figure 3-4,
B). From these data we conclude that a phospho-mimetic S770D point mutation
is not sufficient to reduce Sp4 stability.
A truncated FLAG-Sp4 610-784 mutated at S770 to a phospho-mimetic is poorly
expressed in CG neurons
Our previous findings suggest that there are additional sites of Sp4
phosphorylation that are regulated by membrane potential, and that these may lie
outside of the C-terminal region of Sp4 (Figure 2-4). The regulated degradation
of proteins often requires multiple phosphorylations, which allows for a tunable
and more precisely controlled system of maintaining protein expression levels
(131). Since S770D in full-length FLAG-Sp4 did not reduce Sp4 protein stability,
we hypothesized that in a truncated FLAG-Sp4 containing only the C-terminal
amino acids 610-784, the effects of a phospho-mimetic point mutation on protein
stability would be more pronounced.
When we examined the steady state levels of wild-type, S770A, and
S770D point mutants in the truncated FLAG-Sp4 610-784, we observed that the
phospho-mimetic S770D was poorly expressed (Figure 3-5, A). Since the basal
levels of FLAG-Sp4 S770D were so low, we could not effectively examine the
half-life of this protein. We therefore tested if the non-phosphorylatable S770A
mutant exhibited increased protein stability when treated with media containing
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5mM KCl, which induces the degradation of the Sp4 protein. CG neurons were
transfected with the wild-type or S770A truncated FLAG-Sp4 and treated with
media containing 5mM KCl in the presence of cycloheximide. The wild-type
FLAG-Sp4 levels were rapidly reduced, as expected. However, when these
same experiments were repeated with the non-phosphorylatable S770A mutant
there was no change in the protein levels (Figure 3-5, B). The poor basal
expression of the phospho-mimetic made these experiments impractical to
perform with this construct. These data show that point mutation at S770 in the
truncated FLAG-Sp4 alters FLAG-Sp4 protein stability. These results argue that
phosphorylation of Sp4 at S770 is likely to be part of signal regulating Sp4
protein stability in response to changes in membrane potential.
NMDA receptor signaling reduces the levels of phospho-Sp4 S770 in cortical and
CG neurons
Given our finding of a possible functional role for Sp4 S770
phosphorylation in regulating CG neuron dendrite patterning, we wanted to
identify the upstream signals regulating this phosphorylation. We have shown
that membrane depolarization reduces the levels of Sp4 phosphorylation at S770
(Figure 2-6). To determine if the activation of voltage-gated ion channels
regulates the depolarization-dependent dephosphorylation of Sp4 at S770, we
tested inhibitors to channels that are known to signal to transcription factors in
the nucleus, including: L-type calcium channels, AMPA receptors, and NMDA
receptors. In depolarization conditions, inhibition of neither L-type calcium
channels channels using nimodipine nor AMPA receptors using CNQX had
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Figure 3-5. Mutation of S770 alters expression and stability of a truncated
FLAG-Sp4 610-784. A. CG neurons were transfected with FLAG-Sp4 610-784
wild-type, S770A, or S770D point mutants and protein expression was analyzed
by Western blot. N=3, **p<0.01, ANOVA (F=22.04; p=0.0017). B. CG neurons
transfected with FLAG-Sp4 610-784 wild-type or S770A were treated with 5mM
KCl and 100ug/mL cycloheximide for the indicated times and analyzed by
Western blot. FLAG-Sp4 was quantified relative to GFP. N=3, *p<0.05, ANOVA
(F=6.993; p=0.027).
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effects on Sp4 phosphorylation. In contrast, the addition of two different NMDA
receptor inhibitors, MK-801 and APV, each resulted in a significant increase in
Sp4 phosphorylation (Figure 3-6, A). Moreover, when we placed CG neurons in
a magnesium-free solution we found the addition of 100μM NMDA significantly
reduced the levels of Sp4 phosphorylation (Figure 3-6, B). These data indicate
that NMDA receptor signaling reduces Sp4 phosphorylation at S770 in CG
neurons.
Since our in vivo analysis revealed the expression of phosphorylated Sp4
throughout the brain, including in the cortex, we wanted to test if Sp4 was
similarly regulated in other neuron types (Figure 2-7). We found that
depolarization with 50mM KCl or stimulation with 100μM NMDA were both
sufficient to reduce the levels of Sp4 phosphorylation in cultured cortical neurons
(Figure 3-7). Neither of these treatments influenced total Sp4 protein levels,
although KCl treated cells displayed a trend toward increased Sp4 levels
(described in detail in Appendix II). These data show that the NMDA receptor
signal-dependent reduction in Sp4 phosphorylation at S770 may be a
mechanism regulating the Sp4 phosphorylation state in neurons throughout the
brain.
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Figure 3-6: NMDA receptor signaling reduces the levels of phospho-Sp4
S770
A. CG neurons were treated with the indicated inhibitors and protein extracts
were analyzed for the expression of phospho-Sp4 S770 and total Sp4 by
Western blot. Top – representative immunoblot. Bottom – quantification of
phospho-Sp4 S770 relative to total Sp4. N=3, *p<0.05, **p<0.01, ANOVA
(F=10.85; p<0.0001). B. CG neurons were stimulated with 0 or 100uM NMDA
and Sp4 phosphorylation at S770 was analyzed as described in (A). N=7,
unpaired T-test (p=0.0255).
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Figure 3-7: Depolarization and NMDA receptor activation reduce the levels
of phospho-Sp4 S770 in cultured cortical neurons
Cultured cortical neurons at DIV 5 were depolarized with 50mM KCl (A) or
treated with 100uM NMDA (B) and the levels of Sp4 phosphorylation at S770
relative to total Sp4, and total Sp4 relative to GAPDH were determined by
Western blot. N=3, unpaired T-test: KCl (p=0.0120), NMDA (p=0.0474).
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NMDA receptor dependent signaling to the PP1/PP2A phosphatase reduces Sp4
phosphorylation
We next investigated possible mechanisms through which NMDA receptor
signaling mediates Sp4 dephosphorylation. We hypothesized that the NMDA
receptor activates a protein phosphatase to dephosphorylate Sp4. Calcineurin is
a well-described phosphatase downstream of the NMDA receptor, however we
failed to observe changes in Sp4 phosphorylation when we treated CG neurons
with two different Calcineurin inhibitors: FK-506 and Cyclosporin A (Figure 3-8).
Total levels of Sp4 were also unaffected by these inhibitors (data not shown).
The PP1 phosphatase is also activated downstream of the NMDA receptor, and
when we used Calyculin A, which potently inhibits PP1 and PP2A, we observed
increased levels of Sp4 phosphorylation (Figure 3-9, A) (154). Okadaic acid
(OA) inhibits PP2A at low nanomolar concentrations and PP1 at micromolar
concentrations (154). When CG neurons were treated with high, but not low,
concentrations of OA the level of Sp4 phosphorylation was also increased
(Figure 3-9, B). These data implicate the PP1 phosphatase in the regulation of
Sp4 phosphorylation.
To confirm that the PP1/PP2A phosphatase is acting downstream of
NMDA receptor signaling, we treated CG neurons with NMDA in the presence or
absence of OA. Under these conditions, the reduction in phospho-Sp4 S770
after NMDA treatment was prevented in the presence of high concentrations of
OA (Figure 3-10). Taken together, these data suggest the NMDA receptor
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Figure 3-8: Inhibition of calcineurin does not change the levels of phosphoSp4 S770.
CG neurons were treated with the calcineurin phosphatase inhibitors FK-506 (A)
and Cyclosporin A (B) at the indicated concentrations for one hour and the levels
of phospho-Sp4 S770 relative to total Sp4 were analyzed by Western blot and
quantified. N=3.
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Figure 3-9: Inhibition of the PP1/PP2A phosphatase increases the levels of
phospho-Sp4 S770
CG neurons were treated with the PP1/PP2A phosphatase inhibitors Calyculin A
(A) and Okadaic Acid (B) at the indicated concentrations for one hour and the
levels of phospho-Sp4 S770 relative to total Sp4 were analyzed by Western blot
and quantified. For Calyculin A: N=3, *p<0.05, **p<0.01, ANOVA (F=16.20;
p=0.0038). For Okadaic acid: N=5, **p<0.01, ANOVA (F= 6.225; p=0.0018).
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Figure 3-10. The PP1/PP2A phosphatase acts downstream of NMDA
receptor activation to reduce the levels of phospho-Sp4 S770
CG neurons were stimulated with 100uM NMDA in the presence of vehicle or
1uM Okadaic acid, and Sp4 phosphorylation at S770 relative to total Sp4 was
determined by Western blot. Left – representative immunoblot. Right Quantification. N=3, *p<0.05, unpaired T-test (p=0.0183).
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activates a PP1/PP2A-dependent signaling pathway to promote the
dephosphorylation of Sp4.
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Discussion
Analysis of Sp4 function using non-phosphorylatable and phospho-mimetic point
mutants
In this chapter, we used non-phosphorylatable and phospho-mimetic point
mutants to probe the function of Sp4 phosphorylation at S770. We provide
evidence that a phospho-mimetic fails to promote the maturation of primary
dendrites in developing CG neurons, suggesting that phosphorylation impairs
Sp4 function. We also show that a phospho-mimetic is poorly expressed and a
non-phosphorylatable mutant exhibits increased protein stability in a truncated
FLAG-Sp4 consisting of the C-terminal amino acids 610-784. These
observations support the hypothesis that Sp4 phosphorylation at S770 is part of
a signal regulating the protein stability of Sp4 in response to the levels of
membrane depolarization.
Phospho-mimetics are an important tool to assay the function of
phosphorylation, however there are caveats to consider when interpreting data
obtained from these experiments. It is a concern that mutation may destroy the
function of the protein or that it will not recapitulate the true activity of a phosphoprotein (155). An example of this is the failure of phospho-mimetics to bind the
adaptor protein 14-3-3(156). Thus, one concern of our results showing a failure
of the phospho-mimic to perform an Sp4-dependent function is that this mutation
creates a non-functional protein irrespective of the role of phosphorylation. We
believe that our Sp4 phosphorylation-mimetic represents a functional protein,
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because this mutant exhibited the same subcellular localization as wild-type
FLAG-Sp4 and was capable of activating transcription of a luciferase reporter to
a similar extent as wild-type FLAG-Sp4.
The culture of CG neurons in resting conditions leads to Sp4 ubiquitination
and degradation, and also leads to Sp4 phosphorylation. It is formally possible
that phosphorylation may act as a protective signal from degradation, and that
the increased levels of phosphorylation observed in resting conditions is a
cellular response to preserve Sp4 levels. Based upon our data, however, we
favor the hypothesis that phosphorylation acts as a signal to promote the
degradation of the Sp4 protein.
The failure of the phospho-mimetic to promote CG neuron dendrite
pruning suggested the hypothesis that the phospho-mimetic was constitutively
degraded. However, the steady-state expression levels and the protein half-life
were similar between the full-length wild-type FLAG-Sp4 and the point mutants.
In the previous chapter, we showed that the full-length S770A mutant
continued to exhibit a shift in mobility in resting conditions, but that a truncated
FLAG-Sp4 S770A did not shift in resting conditions (Figure 2-4). This
observation suggests that there additional sites of phosphorylation regulated by
membrane potential, and that in a truncated FLAG-Sp4 an S770D mutation might
be sufficient to observe changes in protein stability. Indeed, the steady-state
levels of the FLAG-Sp4 610-784 phospho-mimetic were greatly reduced. In
addition, the non-phosphorylatable truncated FLAG-Sp4 exhibited increased
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stability in resting conditions. These observations lead us to believe that
phosphorylation at Sp4 S770 may indeed act as a pro-degradation signal, but in
the context of the full-length protein this phosphorylation is not sufficient to
induce degradation. It is not uncommon for phosphorylation-induced degradation
to require multiple sites of phosphorylation to serve as additive signals that
promote degradation (131). Thus, identifying additional modifications that may
contribute to Sp4 stability is an important future direction.
Our results lead us to conclude that the failure of the phospho-mimetic to
prune primary dendrites is likely to be a result of disruptions in the transcription of
specific genes. One possible mechanism is that the phospho-mimetic disrupts
the interaction with transcriptional co-activators, as has been described for the
transcription factor CREB (17, 18). The identification of the specific signalregulated Sp4 target genes promoting dendrite maturation is another important
direction of study.
Analysis of the signaling pathways regulating Sp4 phosphorylation at S770
In this chapter we also describe signaling pathways that regulate Sp4
phosphorylation at S770. We report that the NMDA receptor-dependent
activation of a PP1/PP2A signaling pathway reduces the levels of phospho-Sp4
S770. Based upon the concentrations of Okadaic acid used in this study it is
likely to be the PP1 phosphatase regulating phospho-Sp4 S770, though we
cannot formally rule out PP2A. PP1 is activated downstream of the NMDA
receptor, where it contributes to certain forms of long-term depression (154,157).
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One pathway linking NMDA receptor signaling to PP1 is the calcineurindependent dissociation of an inhibitory PP1 subunit, but our data, and others,
suggest that an additional calcineurin-independent pathway also exists
(158,159). The role of calcineurin-independent activation of PP1 on neuronal
physiology is an unanswered question.
Together our data define Sp4 as a transcription factor responsive to NMDA
receptor signaling that may contribute to NMDA receptor-dependent gene
expression programs, including those regulating changes in dendrite patterning.
In addition, phosphorylation may act as part of a signaling pathway controlling
Sp4 transcriptional activity by modulating the stability of the Sp4 protein. These
results further our understanding of the signals regulating Sp4 and how these
signals might influence the developmental regulation of neuronal connectivity.

90

Chapter IV. Sp4 phosphorylation at S770 is increased in bipolar disorder
and is specifically regulated by lithium treatment
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Abstract
The Sp4 gene has been implicated in BD, schizophrenia, and major
depressive disorder. Reduced levels of the Sp4 protein have also been
observed in the postmortem cerebellum and prefrontal cortex of BD
subjects. The Sp4 mRNA in the BD cerebellum was unchanged, indicating
the reduced Sp4 protein levels may be a result of increased degradation.
Since there is overlap between the signals regulating Sp4 phosphorylation
and protein degradation, we examined the levels of Sp4 phosphorylation in
the postmortem cerebellum of BD subjects. We found increased levels of
phosphorylation at S770 in BD. Furthermore, Sp4 phosphorylation is
specifically regulated by lithium, a first-line treatment for BD, in a GSK3β
and IMPase independent manner. These results suggest that pathways
regulating Sp4 phosphorylation at S770 are misregulated in BD, and that
the ratio of phosphorylated to total Sp4 may be a useful indicator for
studying cell signaling pathways that are regulated by lithium treatment.
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Introduction
BD is a mood disorder characterized by sporadic periods of acute mania
and depression (53). Significant comorbidities are associated with the disorder,
and the collective costs to society are substantial (53,54). Despite the heavy toll
of BD, there is relatively little known of the biological mechanisms contributing to
this disorder.
Neuroanatomical studies of patients with BD suggest abnormal frontal
limbic activity and decreased volumes of cortical and cerebellar regions,
especially after multiple affective episodes (56,57,59,60). On the cellular level
reductions in neuron size, and neuron and glia cell number have been reported in
certain brain regions (70-73). Studies in human patients and animal models of
stress suggest that mood disorders may arise from defects in synaptic plasticity
(74). In support of this, molecular studies of postmortem BD tissue suggest
reductions in the expression of molecules associated with glutamate signaling
pathways (56).
Mood stabilizers and antipsychotics are the primary therapeutic options for
BD (84,86). Lithium is considered a first-line treatment for BD, with valproate and
the antipsychotic, olanzapine, also acting effectively to reduce symptoms (85)
(Table 1-1). The mechanism of action of lithium is unclear, but two major
hypotheses are that the therapeutic action of lithium involves inhibition of IMPase
or the GSK3β kinase (56).
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IMPase is a key enzyme in the inositol signaling pathway and is required
for the generation of myoinositol, itself a precursor of the phosphatidyl inositol
signaling pathway. Thus, lithium may deplete the levels of myoinositol and
disrupt this signaling pathway. In support of this hypothesis, three structurally
distinct mood stabilizers (lithium, valproic acid, and carbamazepine) were shown
to inhibit the collapse of sensory neuron growth cones and increase growth cone
area, and these effects were reversed by inositol treatment (160). The current
clinical data neither fully supports nor refutes the inositol depletion hypothesis,
thus further study into the role of inositol signaling in mediating the therapeutic
effects of lithium is needed (161).
GSK3 is a multifunctional serine-threonine protein kinase family that is an
important regulator of neuronal morphology, viability, and plasticity (162).
Overexpression of GSK3β in the adult mouse brain resulted in
neurodegeneration while selective inhibition of GSK3β protected neurons from
apoptotic stimuli (163,164). These phenotypes are similar to those observed
after lithium treatment. GSK3β remains a promising candidate mediator of the
effects of lithium, but additional data is needed, particularly in humans, to more
clearly establish this link. It should also be noted that there is crosstalk between
IMPase and GSK3β signaling. The inositol pathway can modulate GSK3β
activity via regulation of protein kinase C (165).
Single nucleotide polymorphisms and copy number variants of the Sp4
gene have been associated with BD, schizophrenia, and major depressive
disorder (114-116). In addition, reduced levels of Sp4 have been observed in the
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prefrontal cortex and cerebellum of postmortem tissue from BD subjects, and in
schizophrenia patients with severe negative symptoms (48,117). These
observations suggest that mechanisms regulating Sp4 protein turnover may be
disrupted in these disorders. Sp4 protein levels are regulated by membrane
depolarization, and we have shown that phosphorylation of Sp4 at S770 is also
regulated by membrane depolarization and may contribute to Sp4 stability
(Chapters 2 and 3). This suggests the possibility that Sp4 phosphorylation may
be altered in BD.
In this chapter, we examine the levels of Sp4 phosphorylation at S770 in
BD. We find that the ratio of phosphorylated to total Sp4 in the postmortem
cerebellum of BD subjects is increased, suggesting that the signaling pathways
regulating phosphorylation may be altered in mood disorders. We explore the
role of common mood stabilizers and antipsychotics on the ratios of pSp4/Sp4
and find that lithium specifically reduces Sp4 phosphorylation through an
unknown mechanism. Our results suggest that signaling pathways regulating the
ratio of pSp4/Sp4 are altered in BD. They further suggest the potential utility of
using the ratio of pSp4/Sp4 as an indicator for studying the signaling pathways
regulated by lithium treatment.
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Materials and Methods
Brain tissue samples – All studies involving human subjects were carried out in
collaboration with Belen Ramos, Raquel Pinacho, and Javier Meana at the
University of Barcelona (B.R., R.P., J.M.) and the University of Basque country
(J.M.). Postmortem human brain tissue from the cerebellum of subjects with BD
(n=10) and healthy controls (n=10) were obtained according to the policies set
forth by the research and ethical review boards of the Basque Institute of Legal
Medicine, Bilbao, Spain, as described (48). Socio-demographic characteristics of
this cohort were reported previously and are presented in Table 4-1 (48). Human
brain samples were homogenized on ice in a Dounce homogenizer with NP40
lysis buffer and analyzed by Western blot. Densitometry of human brain tissue
lysates was performed using Quantity One software (BioRad). Values were
normalized to GAPDH and referred to a standard sample (a bipolar subject for
phospho-Sp4 and a healthy subject for total Sp4) to normalize between different
sets of samples and between repetitions. For each sample, phospho-Sp4/total
Sp4 ratio was calculated by referring phospho-Sp4 normalized values to total
Sp4 normalized values.
Cell culture and treatments - Cerebellar granule neurons were obtained from P6
rats and cultured as previously described (3). All protocols regarding the use of
animals were approved by the Committee for the Humane Use of Animals at
Tufts University School of Medicine.
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At DIV 4-5, cells were treated for two hours with serum-free media containing the
following as indicated in the text: Lithium chloride, sodium valproate (Sigma),
Olanzapine (Sigma), SB216763 (Sigma), or L690,488 (R&D Systems).
Western blotting - Cells were lysed in RIPA buffer supplemented with protease
inhibitors (Roche) and phosphatase inhibitors (Santa Cruz). Equal amounts of
protein were separated, transferred to nitrocellulose membranes, and incubated
with the indicated primary antibody: rabbit polyclonal to Sp4 (Santa Cruz)
1:1,000; mouse monoclonal to GAPDH (Millipore) 1:20,000; mouse monoclonal
to pTauS396 (Cell Signaling Technologies) 1:2000; rabbit monoclonal to
p42/44MAPK (Cell Signaling Technologies) 1:2000; rabbit monoclonal to
pGSK3β S9 (Cell Signaling Technologies) 1:2000; rabbit monoclonal to GSK3α/β
(Cell Signaling Technologies) 1:2000; and rabbit polyclonal to phospho-Sp4
S770 (pSp4) 1:1,000 in TBST. Blots were incubated in HRP conjugated
secondary antibodies (Santa Cruz) and linear-range exposures were quantified
by densitometry using Fiji software.
Statistics - All results represent the mean ± SEM from at least 3 independent
experiments. ANOVA followed by Bonferonni’s post hoc test for multiple
comparisons were performed where indicated. For the analysis of brain tissue
from control and bipolar disorder patients non-parametric statistical techniques
were chosen due to the lack of normality of the analyzed variables for the
analysis of human samples. The difference between healthy and BD groups in
the pSp4/Sp4 ratio was computed with the Mann-Whitney test.

97

Association analysis of other factors such as age, gender, postmortem delay and
the presence of psychotropic drugs were controlled by testing bivariate
associations between phospho-Sp4/total Sp4 ratio and other variables of interest
(presented in Table 4-2). These associations were carried out according to the
type of data, using the test of Kruskall-Wallis for more than two categories group,
the Mann-Whitney test for two groups and the r of Spearman correlation when
both variables were quantitative. Statistical analysis was performed with
GraphPad Prism version 5.00. The significance level was set to 0.05.
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Results
Increased phospho-Sp4 S770 in the postmortem cerebellum of patients with
bipolar disorder.
Reduced levels of Sp4 protein in the cerebellum of patients with BD has
been previously reported, possibly indicating increased rates of Sp4 protein
degradation (6). Since there is overlap between the signals regulating
phosphorylation and those regulating degradation, we hypothesized that the
levels of Sp4 phosphorylation would be increased in BD.
We analyzed total Sp4 and phosphorylated Sp4 in the postmortem
cerebellum of 10 BD subjects and 10 matched healthy controls (described in
Table 4-1). We observed that in eight out of ten BD subjects there was an
increase or no change in the ratio of phosphorylated Sp4 to total Sp4 levels while
total Sp4 levels showed a reduction when compared to their matched control
samples (Figure 4-1, A). The other two BD subjects showed no changes or a
reduction in phosphorylated Sp4 levels while Sp4 protein levels remained
unchanged when compared to their controls (data not shown).
The relative abundance of phosphorylated Sp4 compared to total Sp4
levels inversely and significantly associated with the amount of Sp4 protein,
irrespective of disease status (Figure 4-1, B). Moreover, the ratio of pSp4/Sp4
was significantly increased in the BD group (Figure 4-1, C). Analysis of the ratio
of pSp4/Sp4 with other variables in the study did not show any significant
associations (Table 4-2). These results indicate that the levels of phosphorylated
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Table 4-1. Demographic characteristics of subjects with bipolar disorder
(BD) (n=10) and controls (n=10).

Treatmenta

Paired
Gender/Age
subjects

PMD

1

M/72 (M/72)

22
(43)

Suicide
(Accident)

Drug-free (Drug-free)

2

F/44 (F/49)

19
(40)

Suicide
(Accident)

APS, BZD, mirt (Drugfree)

3

M/58 (M/54)

10
(23)

Suicide
(Accident)

APS, lamo (BZD)

4

M/40 (M/43)

17
(11)

Suicide
(Accident)

BZD (Drug-free)

5

M/27 (M/30)

10
(11)

Suicide
(Accident)

Drug-free (cb)

6

M/63 (M/60)

8 (4)

Suicide (Natural) BZD (Drug-free)

7

M/64 (M/61)

23
(23)

Suicide
(Accident)

BZD, venla (Drug-free)

8

M/57 (M/55)

22
(22)

Natural (Natural)

Drug-free (Drug-free)

9

M/63 (M/67)

31
(19)

Natural (Natural)

Drug-free (NSAID)

10

F/73 (F/74)

3 (19)

Suicide
(Accident)

Drug-free (NSAID)

Cause of death

M = male; F = female; APS = antipsychotics; BZD = benzodiazepines; NSAID =
nonsteroidal anti-inflammatory drug. BD group (mean ± SD): age: 56 ± 15 years;
postmortem delay (PMD): 16 ± 9 hours; pH: 6.74 ± 0.24. Control group (mean ±
SD): age: 56 ± 14 years; PMD: 21 ± 12 hours; pH: 6.77 ± 0.26.
a

Treatment indicates results of toxicology analysis performed by the National
Institute of Toxicology, Madrid, Spain.
Data obtained in collaboration with B.R., R.P., and J.M. (see methods)
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Figure 4-1. Increased phospho-Sp4 S770 in the postmortem cerebellum of
bipolar disorder patients. A. Levels of phospho-Sp4 S770, total Sp4, and
GAPDH were determined in protein extracts from cerebellar postmortem tissue of
control and BD individuals. Representative immunoblots are shown for phosphoSp4 S770, Sp4, and GAPDH from four control individuals (C) and four BD
subjects (BD). B. The graph shows the correlation between the ratio of phosphoSp4 and total Sp4 of control (open symbols) and bipolar disorder subjects
(closed symbols). Both variables were normalized to the mean of the control
group which is labeled with a dotted line for both axes. The solid line is adjusted
to a linear regression of the values. Each value represents the mean of two
independent analyses. The Spearman coefficient r is shown. *** p<0.001. C. The
graph shows the ratio of phospho-Sp4 and total Sp4 for control and BD
individuals. Statistical analysis was performed using the Mann-Whitney test.
*p<0.05.

Data obtained in collaboration with B.R., R.P., and J.M. (see methods)
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Table 4-2. Association analysis of other variables in the study.

N=20

CB, p-SP4/SP4

Age (years)
Spearman's r

-0.063

p value

0.791

Gender (M/F)
MannWhitney’s p
value

0.887

PMD (hours)
Spearman's r

0.296

p value

0.205

Toxicology
Kruskal -Wallis
0.639
P value

Phospho-SP4/total SP4 ratio in cerebellum (CB) was compared to subject age,
gender (M-male, F-female), post-mortem delay (PMD) and toxicology in order to
detect if any of these variables was influencing the data. Correlation among
quantitative variables was analyzed by r of Spearman. Qualitative variables were
analyzed by Mann-Whitney’s test for two groups and Kruskall-Wallis for more
than three groups.

Data obtained in collaboration with B.R., R.P., and J.M. (see methods)
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Sp4 are inversely correlated with total Sp4 levels in the human cerebellum, and
that phospho-Sp4 S770 levels are significantly increased in the cerebellum of
patients with BD as compared to control subjects.
Lithium reduces the levels of phospho-Sp4 S770 and increases total Sp4 protein
levels
Since the ratio of pSp4/Sp4 is increased in BD, we tested if lithium, the
most widely used treatment for BD, influenced the levels of Sp4 phosphorylation
at S770 in cultured CG neurons. We found that treatment with lithium chloride
resulted in a dose-dependent and significant decrease in the levels of Sp4
phosphorylation (Figure 4-2, A, B). We also observed a significant increase in
total levels of Sp4, similar to our previous report (Figure 4-2, A, C) (48). These
results indicate that lithium treatment of CG neurons lowers the ratio of pSp4/Sp4
and suggests the possibility that lithium may exert part of its therapeutic action by
correcting the levels Sp4 or by modulating the signaling pathways upstream of
this readout.
The mood stabilizer, valproic acid, and the antipsychotic, olanzapine, do not
affect the levels of phospho-Sp4 S770
Valproate acts through an alternative mechanism than that of lithium in
order to stabilize mood, and has been shown to have therapeutic efficacy in
treating BD. Interestingly, we found that treatment of CG neurons with valproic
acid (VPA) failed to induce changes in phosphorylated and total Sp4 levels
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Figure 4-2. Sp4 phosphorylation at S770 is reduced in response to lithium
chloride treatment. A. CG neurons were treated with serum-free media for two
hours in the presence of the indicated concentrations of lithium chloride and
analyzed by Western blot using antisera to phospho-Sp4 S770, total Sp4, and
GAPDH as a loading control. B. Densitometric quantification of phosphorylated
Sp4 relative to the levels of total Sp4. N=3, **p<0.01, ANOVA (F=27.2;
p<0.0001). C. Densitometric quantification of total Sp4 relative to the levels of
GAPDH. N=3, *p<0.05, **p<0.01, ANOVA (F=13.02; p=0.0009).
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(Figure 4-3, A). VPA increased the levels of phosphorylated Tau at S396
indicating that the treatment was having an effect. VPA has previously been
reported to reduce the levels of phospho-Tau S396 in the mouse cortex,
suggesting that our observed increase may be a result of cell type or timing
specific regulation (166). We also treated CG neurons with the antipsychotic,
olanzapine (OLZ). While OLZ treatment robustly decreased the activity of the
MAPK pathway, we again failed to observe changes in phosphorylated and total
Sp4 levels (Figure 4-3, B). These data suggest that, of the commonly used BD
therapeutics tested, lithium may uniquely regulate the levels of Sp4
phosphorylation at S770.
Inhibition of GSK3β or IMPase does not affect the levels of phospho-Sp4 S770
Two prevailing hypotheses for how lithium promotes mood stabilization
are through the inhibition of GSK3β or IMPase. To see if GSK3β inhibition
reduced the ratio of pSp4/Sp4 we treated CG neurons with the GSK3β inhibitor,
SB216763, and observed the levels of Sp4 phosphorylation. While SB216763
treatment decreased the levels of phospho-Tau S396 (as previously reported)
the drug had no effect on the levels of phosphorylated or total Sp4 (Figure 4-4, A)
(48). When we treated cells with the IMPase inhibitor, L690,488, we saw a clear
reduction in the inhibitory phosphorylation of GSK3β at S9. However, inhibition
of IMPase had no effect on phosphorylated and total levels of Sp4 (Figure 4-4,
B). These data suggest that Sp4 phosphorylation at S770 is regulated by lithium
chloride through a GSK3β and IMPase independent mechanism.
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Figure 4-3. Valproic acid and olanzapine do not affect the levels of
phospho-Sp4 S770 or total Sp4. CG neurons were exposed to serum-free
media for two hours in the presence of the indicated concentrations of VPA (A) or
OLZ (B). Protein was analyzed by Western blot using antisera to phospho-Sp4
S770, total Sp4, phospho-Tau S396 (a positive control for VPA), p42/44 MAPK (a
positive control for OLZ), and GAPDH. Top – representative immunoblot.
Bottom – densitometric quantification of pSp4 relative to total Sp4, and total Sp4
relative to GAPDH. N=3.
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Figure 4-4. GSK3β or IMPase inhibition do not affect the levels of phosphoSp4 S770 or total Sp4. CG neurons were treated with serum-free media for two
hours in the presence of the indicated concentrations of the GSK3β inhibitor,
SB216763 (A), or the IMPase inhibitor, L690,488 (B). Protein was analyzed by
Western blot using antisera to phospho-Sp4 S770, total Sp4, phospho-Tau S396
(a positive control for SB216763 treatment), GSK3α/β and phospho-GSK3β S9
(a positive control for L690,488), and GAPDH as a loading control. N=3-4.
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Discussion
We have recently identified a signal-dependent site of phosphorylation on
the transcription factor Sp4 at S770 that regulates Sp4 function and may
contribute to protein stability. Reduced Sp4 protein levels in the cerebellum and
prefrontal cortex of BD subjects prompted us to examine Sp4 phosphorylation at
S770 in BD cerebellum (48). The results of this analysis indicated an increased
ratio of pSp4/Sp4. Although suggestive, these results were obtained from a
small sample size (n=10 BD subjects) and additional studies with larger sample
sizes will be an important follow-up. However, in light of these results and based
on our findings of the regulation of phosphorylation in cultured CG neurons
(Chapter 3), the hypothesis can be raised that hypoglutamatergic signaling
and/or reduced PP1 activity may be contributing factors to the altered signaling
pathways promoting BD.
There is some evidence suggesting altered glutamate signaling is involved
in the pathophysiology of BD (167,168). Postmortem brain studies have shown a
reduction in glutamate receptor components and changes in related signaling
molecules (76-80,169). In addition, glutamate hypofunction is an emerging
hypothesis underlying the biology of schizophrenia, which shares some genetic
factors with BD (170,171). Since we have also reported that Sp4 levels are
inversely correlated with the severity of negative symptoms in schizophrenia, it
will be interesting to determine if the phosphorylation state of Sp4 is also
perturbed in this disorder (117).
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The role of PP1 in affective disorders is not well-understood. PP1
functions as a complex, thus the regulation and substrate specificity of the
enzyme is largely dictated by specific PP1 co-factor interactions (172). Levels of
the PP1 binding protein DARPP-32 have been reported to be altered in
schizophrenia and BD, though the expression pattern and regulation of this factor
make it an unlikely candidate to be regulating Sp4 phosphorylation in the
cerebellum (173,174). Identification of additional PP1 cofactors regulated by
NMDA receptor activity may provide new insights into the physiological
processes driven by NMDA receptor signaling, as well as the molecular biology
underlying BD.
Our data suggest that the role of lithium in regulating Sp4 phosphorylation
occurs independently of the lithium-dependent inhibition of GSK3β and IMPase.
This result was surprising for several reasons. For one, the Sp4 S770
phosphorylation site bears some resemblance to a canonical GSK3β kinase
recognition region (Table AI-2). The cellular effects of GSK3β inhibition are in
agreement with those of lithium, both promote neuronal viability (163,164).
Finally, GSK3β is a well described regulator of β-Catenin, a key downstream
regulator of the Wnt signaling pathway, both of which have been shown to
regulate dendrite patterning (19,20,175). These results indicate that the effects
of lithium on Sp4 phosphorylation are independent of GSK3β inhibition.
There are examples of other lithium-regulated pathways. Lithium disrupts
a protein complex consisting of β-Arrestin, Akt, and PP2A, allowing Akt to
become activated and to regulate downstream substrates (176). Lithium also
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inhibits an enzyme pathway responsible for regulating PARP-1, a sensor of DNA
single-strand breaks (177). Thus, the role of lithium in regulating Sp4
phosphorylation may be through the inhibition of alternative, and possibly novel,
substrates, or as a result of the combinatorial inhibition of multiple cell signaling
pathways. Identifying these targets is an important future goal, both for better
understanding the signaling pathways regulating Sp4 as well as for designing
more potent and targeted therapeutics for the treatment of psychiatric disorders.
Together, these data suggest that the pathways regulating Sp4
phosphorylation are misregulated in BD, and that studying these pathways may
result in new insights into the pathophysiology of mood disorders. Furthermore,
the observation that lithium specifically reduces the ratio of pSp4/Sp4 through an
unknown mechanism suggests that this ratio may be a useful readout to study
the cell signaling pathways that are regulated by lithium. By understanding how
and why this therapeutic is so effective in treating the symptoms of BD, further
insight into the biology underlying this disorder will be obtained.
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Chapter V. Summary and future directions
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Summary and Future Directions
The transcription factor Sp4 plays important roles in neuronal
development and dendrite patterning, and the misregulation of this factor may
contribute to psychiatric disorders including BD. When this work began, it was
known that membrane depolarization stabilized the Sp4 protein, and that Sp4
was degraded by the proteasome in resting conditions. Exactly how changes in
membrane potential signaled to regulate Sp4 turnover, however, was unknown.
The regulation of Sp4 phosphorylation
We identified a novel signal-dependent phosphorylation of the transcription factor
Sp4 at S770. NMDA receptor signaling reduced the levels of Sp4
phosphorylation through the activation of a PP1 phosphatase signaling pathway.
The identification of NMDA receptor signaling regulating Sp4 phosphorylation
raises interesting questions in light of work describing the NMDA receptor as a
downstream target of Sp4. For example, Sp4 has been shown to bind to the
promoter of the GluN2A subunit of the NMDA receptor (178). More recently, Sp4
has also been reported to regulate the GluN1, GluN2A, and GluN2B subunits of
the NMDA receptor in cortical neurons (130). The Sp4 hypomorph mouse
expressed reduced levels of the GluN1, but not GluN2 subunits, of the receptor
throughout the brain (121). This change in expression, however, was not a result
of changes in transcript levels and thus is unlikely to be a result of direct changes
in the Sp4-dependent transcription of the GluN1 subunit.
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Together these data suggest a homeostatic signaling pathway in which
activation of the NMDA receptor leads to Sp4 dephosphorylation, which may in
turn promote dendrite elimination in CG neurons. This could potentially decrease
the overall NMDA receptor activity of a cell, leading to Sp4 phosphorylation,
impairment of Sp4-dependent dendrite elimination, and subsequent increases in
NMDA receptor activity (provided that synapse formation is actively occurring).
This model is put forward, however, with the caveats that the functional role of
both NMDA receptor signaling and Sp4 activity are highly context dependent,
with factors such as cell type and developmental timing having a strong influence
on function. Clearly, further study is required to understand the upstream and
downstream contribution of the NMDA receptor to Sp4 activity.
An important outstanding question is the identity of the kinase(s) acting on
Sp4, and determining whether this is also regulated by specific signaling. We
have implicated certain signaling pathways in the regulation of Sp4
phosphorylation (described in detail in Appendix I) but the specific kinase is
currently unknown. Since our efforts using inhibitors of candidate kinases as
thus far proven unsuccessful, an unbiased screen should be considered to
identify the Sp4 kinase. We have observed that exogenous FLAG-Sp4 is
phosphorylated when it is transfected into 293T cells. It may be possible,
therefore, to conduct RNAi screens of the kinome in this easy-to-transfect cell
line to identify kinases that phosphorylate Sp4. Candidate kinases can then be
assayed in neurons to identify the physiological interactions that regulate Sp4
phosphorylation
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Our findings suggest that there are additional sites of phosphorylation in
addition to S770 that may also contribute to Sp4 stability. One candidate site,
S43, is highly similar to S770 and was discussed in chapter II. Our mass
spectrometry analysis also identified S136 as a site of phosphorylation. It would
be interesting to test double or triple mutations of S43, S136, and S770 for
effects on protein stability. In addition, repeating the purification and mass
spectrometry analysis of Sp4 using CG neurons cultured in depolarizing and
resting conditions as the source material might reveal new sites of
phosphorylation, though the difficulty in Sp4 digestion and mass spectrometry
analysis may necessitate alternative approaches. It is also likely that there are
modifications in addition to phosphorylation that regulate Sp4 activity. For
example, we have observed the modification of Sp4 by O-glycosylation
(Appendix I). O-glycosylation is covalently added to serine and threonine
residues and is thought to compete with phosphorylation, adding additional
complexity to the potential mechanisms of Sp4 protein regulation. Identifying
additional sites and types of modifications will further our understanding of the
regulation of Sp4 function, and the role of this transcription factor in development
and in disease.
The studies presented here were largely carried out in cell culture,
therefore another important future direction will be to confirm that the signaling
pathways we describe also regulate Sp4 in vivo. Our findings of an inverse
correlation between total Sp4 levels and phosphorylated Sp4 in the human
cerebellum would argue that our in vitro results of the function of Sp4
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phosphorylation are biologically relevant. Although we have tried systemic
injection of NMDA receptor antagonists in mice, we have not seen changes in
Sp4 phosphorylation. Further studies are warranted, however, as detecting a
change in Sp4 phosphorylation may require a more detailed and methodical
analysis of specific brain regions and time courses.
Analysis of S770 point mutants suggested that phosphorylation at this
residue impairs Sp4 function in CG neurons, and may also contribute to signals
regulating Sp4 degradation. Data from our lab suggests that the regulation of
Sp4 stability and activity is achieved through the interaction of multiple signaling
pathways, which may allow for more precise control of the regulation of Sp4dependent gene expression programs. For example, we have described a role
for store-operated calcium channels in the degradation of the Sp4 protein (Figure
5-1) (unpublished observations - Jasmin Lalonde). This work also reports that
NMDA receptor inhibition does not influence Sp4 protein stability in CG neurons,
but we have found that NMDA receptor inhibition does reduce Sp4 protein levels
in cortical neurons (see Appendix II). These observations support the model that
separate signaling pathways regulate Sp4 phosphorylation and stability, that
there is crosstalk between these pathways, and that these pathways converge on
membrane depolarization. They also suggest that Sp4 S770 phosphorylation and
degradation can be de-coupled, such that reduced NMDA receptor activation
leads to Sp4 phosphorylation and acts as a priming event to allow degradation to
occur, while other signals regulated by the membrane potential of the cell
determine whether or not the Sp4 degradation pathway is active.
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Figure 5-1. Proposed dual signaling pathway model regulating Sp4 protein
stability and activity. Depolarization with KCl inactivates store operated
calcium channels (SOCE) which prevents Sp4 from being degraded by the
proteasome (unpublished observations - Jasmin Lalonde). Depolarization also
activates NMDA receptor signaling to regulate the PP1/PP2A dependent
dephosphorylation of Sp4 at S770. In the absence of depolarization, Sp4 is
phosphorylated, and this may serve as a permissive signal to allow for Sp4
degradation.
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Our results describe previously unknown upstream signaling pathways regulating
Sp4, and suggest that the signal-dependent regulation of Sp4 function may be
accomplished through changes in the phosphorylation state of the protein.
These findings broaden our understanding of the transcriptional mechanisms
regulating neuronal development, and how activity-dependent signaling
modulates these processes.
The expression of Sp4 phosphorylation in development
Our investigation into the regulation of Sp4 phosphorylation at S770 has
shown that the levels of phosphorylation are dynamically regulated by changing
physiological signals during development. Time course analysis showed
reduced levels of phosphorylated Sp4 during the early stages of cerebellar
development, with levels becoming highest in the adult. These observations
implicate changes in the regulated activity of the NMDA receptor, the PP1
phosphatase, or the Sp4 kinase during cerebellar development. Future studies
to address the contribution of these factors to Sp4 phosphorylation will further our
understanding of the mechanisms regulating Sp4 activity during development.
Based upon our functional analyses in cell culture, one interpretation of
our findings is that phosphorylated Sp4 impairs gene expression programs that
promote the maturation of dendrite patterning. In this context, the increased
levels of phosphorylated Sp4 in the adult cerebellum would suggest that dendrite
maturation is complete and large-scale changes in neuronal structure are not
needed.
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One could speculate that the persistent expression of Sp4 in the adult may
allow for brief, small-scale, and specific rearrangements in the dendrite arbor, as
might be expected in response to experience-dependent changes in synaptic
plasticity. One way to test this might be to observe spine density and dynamics
after different learning paradigms in control animals and compare these to
animals with acute depletion of Sp4 (mediated by viral knockdown or an animal
model with a conditional deletion). This hypothesis is especially attractive given
our findings that NMDA receptor activation results in the dephosphorylation (and
presumptive activation) of Sp4.
It is important, however, not to over-interpret our functional analyses of
Sp4 outside of the developmental context in which it was studied. We have
described one function of Sp4 to be the regulated elimination of excess primary
dendrites in developing CG neurons, but the role of Sp4 in developmental
processes may be quite distinct from that in the adult nervous system.
Discovering more transcriptional targets of Sp4, particularly in different neuron
types and stages, is an important goal that will aid in our understanding of
additional functional roles of Sp4 in the regulation and maintenance of neuronal
physiology.
Sp4 phosphorylation and disease
The late onset of psychiatric disorders has prompted a great deal of
interest in the details of neurobiological development during this time. Imaging
and tissue studies of the brain reveal gradual decreases in cortical thickness and

118

synapse numbers during late development (179). These observations would
suggest a failure to prune dendrites and are interesting in the context of the role
of Sp4 in promoting dendrite pruning and the finding of decreased levels of Sp4
in psychiatric disorders including schizophrenia, and BD (48,117). In this work,
we have shown that the ratio of pSp4/Sp4 was increased in the postmortem
cerebellum of subjects with BD. We also found that the levels of Sp4 of Sp4
phosphorylation were reduced by lithium treatment, but it is unlikely that this
effect was a result of the lithium-dependent inhibition of GSK3β or IMPase.
Attempts to identify the Sp4 kinase may also reveal the molecular targets by
which lithium treatment decreases Sp4 phosphorylation. Taken together, these
findings implicate signaling pathways that regulate Sp4 phosphorylation in the
molecular biology of BD, and offer new insights into the molecular biology of this
disorder.
To extend this work, an analysis of the ratio of pSp4/Sp4 should be
conducted in animal models of mood disorder. There are no animal models of BD
that recapitulate all aspects of the disorder, but pharmacological methods and
social stress paradigms can induce mania and depression, respectively (180).
The ratio of pSp4/Sp4 should be carefully evaluated in these models, with
attention focused on relevant brain regions (e.g. cerebellum, hippocampus,
thalamus, amygdala), and the timing of induction. If a relevant model is found,
the pSp4/Sp4 ratio this serve as an important readout for investigations into the
molecular and pharmacological biology of mood disorders.
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Our finding of an increased ratio of pSp4/Sp4 in subjects with BD also
suggests the possibility that the ratio of pSp4/Sp4 may be useful as a biomarker
for psychiatric disorders. In order for this application to have any clinical utility,
however, it must be conducive to analysis in a readily obtainable tissue or fluid
sample. Gene expression patterns of peripheral blood cells have been shown to
respond to specific insults in the central nervous system, suggesting that these
cells may serve as a useful surrogate for monitoring the genomic and proteomic
activity in the central nervous system (181). In support of this potential, it has
recently been reported that the levels of Sp4 protein in peripheral blood cells are
reduced after a psychotic episode, indicating that Sp4 is expressed in peripheral
blood cells and is regulated by conditions leading to psychosis (182). Sp4 mRNA
expression in peripheral blood was also found to be increased in cells isolated
from patients with Alzheimer’s disease or frontotemporal lobar degeneration
(183). Since Sp4 phosphorylation at S770 is often inversely correlated with total
levels, it will be interesting to see if there are changes in the levels of Sp4
phosphorylation at S770 in peripheral blood cells after psychotic episodes.
Assuming an increased ratio of pSp4/Sp4 is found in peripheral blood cells
after a psychotic episode, there are several scenarios in which this information
may be useful. If sufficiently large cohorts of subjects are followed longitudinally,
a retrospective analysis could determine if initial ratios of pSp4/Sp4 were
predictive of diagnosis, phase of illness, and treatment response (particularly
lithium). Since there are very few objective biological criteria for the diagnosis of
psychiatric illness, an increased ratio of pSp4/Sp4 found in specific diagnoses
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(e.g. mood disorder vs. anxiety disorder) or phases of illness (mania, depression)
would greatly enhance studies of therapeutic efficacy, patient outcomes, and
investigations into the biological mechanisms of disease.
Based upon our data regarding the signaling pathways regulating the ratio
of pSp4/Sp4, this information might provide indications of the potential
effectiveness of lithium as a therapeutic intervention. For example, subjects with
an increased ratio of pSp4/Sp4 may represent a cohort of patients that are
responsive to treatment. Treating peripheral blood cells in culture with lithium
and analyzing the ratio of pSp4/Sp4 might indicate if this procedure could be
used as a diagnostic test of lithium responsiveness. It often takes weeks of
treatment for blood-plasma levels of lithium to reach therapeutic concentrations,
and there are significant side effects and toxicity associated with lithium
treatment. Therefore, this type of personalized diagnostic would provide a
significant improvement in the rationale for, and usage of, lithium as a therapeutic
option for BD.
In summary, our investigations presented here into the regulation of Sp4
phosphorylation have provided new insights into the mechanisms regulating
neuronal development. Furthermore, our work suggests that pathways
regulating Sp4 phosphorylation are disrupted in BD, and offer new insights into
the aberrant biology associated with this disruptive disorder.
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Appendix I. Details concerning Sp4 post-translational modifications,
interactions, and the regulation of phosphorylation
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Materials and Methods
Sp4 purification and mass spectrometry - Sp4 was immunoprecipitated from
nuclear extracts from P6 rat cerebellum, digested with trypsin:chymotrypsin, and
analyzed by liquid chromatography tandem mass spectrometry (LC/MS/MS) at
the Taplin mass spectrometry facility (Harvard Medical School, Boston, MA).
Cell culture and treatments - CG neurons were obtained from P6 rats and
cultured as previously described (3). All protocols regarding the use of animals
were approved by the Committee for the Humane Use of Animals at Tufts
University School of Medicine. Cells were cultured in 25mM KCl until DIV 4-5,
when they were treated for one hour with fresh media containing the indicated
inhibitors.
Western blotting – Cells were lysed in RIPA buffer supplemented with protease
inhibitors (Roche) and phosphatase inhibitors (Santa Cruz). Equal amounts of
protein were separated, transferred to nitrocellulose membranes, and incubated
with primary and HRP conjugated secondary antibodies (Santa Cruz).
Analysis of o-glycosylation - Cerebellar tissue from P9 rat was fractionated and
nuclear extracts in RIPA were incubated with agarose-conjugated wheat germ
agglutinin (WGA) with or without 100mM N-Acetyl D-glucosamine overnight.
Protein was eluted in SDS loading buffer and analyzed by Western blot with Sp4
antibodies.
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Results
Identification of Sp4 phosphorylation at S136 and S770 along with coimmunoprecipitating proteins
The results of the LC/MS/MS analysis of Sp4 identified phosphorylation
sites at S136 and S770. The mass spectrometry analysis of the S770 peptide
indicated that S770 was the likely phosphorylation site, but could not rule out
S767 as a possible site. However, since S770 was the more likely site and point
mutations of FLAG-Sp4 610-784 at S767 did not match our predictions, we
pursued S770. The emission spectra are presented in Figure AI-1. Sp4 was the
most abundant protein detected, with 35 unique peptides being identified. In
addition to Sp4, 98 unique proteins were identified as co-immunoprecipitating
with Sp4, and these are presented in Table AI-1. Proteins that were identified
from 3 or fewer unique peptides are considered low abundance and were sorted
into the right hand column of the table. Of the remaining proteins, several are
chaperones or cytoskeletal proteins, and were sorted into a separate category
found in the top center column of the table. Since Sp4 was excised from a gel,
positively identified proteins should represent a narrow molecular weight range of
around 100 kDa. Smaller proteins may be indicative of background
contamination, and were sorted into a group presented in the bottom center
column of the table. Of interest, PP1 was found, however with a predicted
molecular weight of 37kDa it is unclear if this is a true interaction. The left hand
column of the table represents the remaining proteins. Included in this group are
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Figure AI-1. LC/MS/MS spectra detecting phosphorylated Sp4 peptides

125

Identified Proteins
Predicted
Protein
MW
matches
80
95
100
80
100
85
110
70
80
90
210
100
90
85
90
90
110
100
70
85

35
15
15
11
11
10
9
9
8
8
8
8
8
8
8
7
6
5
4
4

Chaperones and Cytoskeletal
# Peptides Protein Name
23
GRP78
17
TBB2A
14
KIF2A
12
TBA1A
12
HSP7C
12
DYN1
8
ACTB
8
ACTA
5
MAP6
5
ENPL
4
HSP72
4
DYN3
4
GRP75

Protein Name
Sp4
EF2
Q4KM71
SYN1
HXK1
DDX21
AT1A1
PABP1
Q63158
Q6IMY8
PTPRS
AP2A2
PYGB
ACON
TERA
GRIA2
AT1A3
PSMD2
DHSA
CTNB1

Description
Transcription factor Sp4
Elongation factor
Splicing factor
Synapsin family - neurotransmitter release
Hexokinase enzyme 1
RNA helicase
ATPase
PolyA binding protein
Sp4
Heterogeneous nuclear ribonucleoprotein
Protein tyrosine phosphatase
Protein transport adaptor - clathrin assembly
Brain glycogen phosphorylase
Aconitase
ATP binding - proteasome degradation
AMPA receptor subunit
ATPase
Proteasome
Mitochondrial respiration
Catenin beta-1

Description
Chaperone (HSP family)
Tubulin
Kinesin heavy chain
Tubulin
Chaperone (HSP family)
Microtubule associated protein
Beta Actin
Alpha actin
Microtubule associated protein
Chaperone (HSP family)
Chaperone (HSP family)
Microtubule associated protein
Chaperone (HSP family)
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Less than 70kDa
# Peptides
14
14
13
12
7
7
6
6

Protein Name
ATPB
DPYL1
EF1A1
ATPA
THIL
ATPO
DPYL3
DPYL5

6
6
5
5
4
4

STXB1
RL13
DPYL2
ROA3
O54725
HNRPG

4
4
4
4
4

ECHB
RL27
H12
RL23A
H2B1A

Low abundance proteins
# Peptides Protein Name
3
PP1A
3
Q9QX80
3
TBB5
3
TBB2C
3
TBB3
3
GLNA
3
G3P
3
RS7
3
RS4X
3
ADT1
3
RL14
3
3
3
3
3

NDUS1
DYN2
H4
Q4FZS2
RL24

Description
Mitochondrial membrane ATP synthase
Semaphorin signaling pathway
Elongation factor
ATP synthase
Acetyl-CoA synthesis enzyme
ATP synthase
Semaphorin signaling pathway
Semaphorin signaling pathway
Neurotransmitter
release
Ribosomal protein
Semaphorin signaling pathway
Heterogeneous nuclear ribonucleoprotein
RSK kinase?
Heterogeneous nuclear ribonucleoprotein
Mitochondrial
respiration
Ribosomal protein
Histone protein
Ribosomal protein
Histone protein

Description
PP1 phosphatase
Heterogeneous nuclear ribonucleoprotein
Tubulin
Tubulin
Tubulin
Glutamine synthetase
Glycerol-3-Phosphate
Ribosomal protein
Ribosomal protein
Solute carrier
Ribosomal protein
Mitochondrial
respiration
Microtubule associated protein
Histone protein
Spindle checkpoint protein
Ribosomal protein
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3
2
2
2
2

HNRDL
HNRPK
NLGN2
DREB
H10

2
2
2
2
2
2
2
2
1
1
1

AP2B1
RS13
Q4V8K6
RL36
ODPA
AT12A
RS18
TIF1B
HSP71
NLGN1
EF1A2

1
1

AP1B1
HNRH1

1
1
1
1
1
1
1
1
1
1

QCR2
ADDB
TRA2B
Q4KLJ1
RL31
G3PT
AT2A1
HNRPC
YBOX1
Q6AYI1

1

HP1B3

Heterogeneous nuclear ribonucleoprotein
Heterogeneous nuclear ribonucleoprotein
Neuroligin 2
Drebrin1 - actin binding
Histone protein
Protein transport
adaptor
Ribosomal protein
Heterogeneous nuclear ribonucleoprotein
Ribosomal protein
Acetyl-CoA synthesis enzyme
ATPase
Ribosomal protein
Transcriptional control
Chaperone (HSP family)
Neuroligin 1
Elongation factor
Protein transport
adaptor
Heterogeneous nuclear ribonucleoprotein
Mitochondrial
respiration
Cytoskeleton
Splicing factor
Splicing factor
Ribosomal protein
Glycerol-3-Phosphate dehydrogenase
ATPase
Heterogeneous nuclear ribonucleoprotein
Splicing factor
Splicing factor
Heterochromatin
protein

Table AI-1. Proteins co-immunoprecipitating with Sp4 detected by
LC/MS/MS
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elongation and splicing factors, RNA binding proteins, proteins involved in
neurotransmitter release, and a proteasomal subunit. Further work is needed to
confirm the validity of these interactions.
Regulation of Sp4 phosphorylation
An important direction of study is the identification of the kinase regulating
Sp4 phosphorylation. Kinase prediction software, that uses known consensus
sequences to predict sites of phosphorylation, suggest several kinases with the
potential to phosphorylate Sp4 at S770 (Table AI-2). Here, we describe our
attempts to identify the kinase phosphorylating Sp4. Our approach was limited to
primarily pharmacological methods due to the technical challenge of achieving
high transfection efficiency in primary neuron cultures. These analyses were
concentrated on kinases and cell signaling pathways known to be regulated by
neuronal activity or known to regulate Sp4 stability.
We focused on several key pathways. The Akt signaling pathway was of
particular interest due to the prediction of Akt as a potential Sp4 S770 kinase with
Kinasephos2.0, as well as unpublished findings in our lab that the Akt inhibitor IV
(which inhibits an unknown kinase upstream of Akt and downstream of PI3K)
prevents the degradation of the Sp4 protein in resting conditions. We found that
the Akt inhibitor IV reduced the levels of Sp4 phosphorylation, however, two
direct inhibitors of Akt (GSK690693 and GDC0068) had no effect on Sp4
phosphorylation at S770 indicating that Akt does not play a direct role in
regulating this site.
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Based on these results, we currently favor the hypothesis that a PDK1
substrate regulates Sp4 protein levels. PDK1 is a member of the AGC kinase
family, and has over 20 reported substrates (184). PDK1 is considered a
constitutively active kinase, and phosphorylates specific substrates through the
regulated activity of the substrates themselves. Our evidence for PDK1 activity
regulating Sp4 does have some caveats: The PDK1 inhibitor OSU-03012
prevented Sp4 degradation in 5mM KCl and also prevented the mobility shift
observed in the 610-784 deletion mutant. However, later batches of this inhibitor
failed to repeat this effect, and an alternative PDK1 inhibitor, BX-912, had only a
marginal effect on Sp4 S770 phosphorylation. The reasons for these conflicting
results remain unknown. Nevertheless, an important future direction will be to
assess the role of the various PDK1 substrates on Sp4 phosphorylation and
stability.
GSK3β appeared as a candidate kinase in the prediction software, and
was an attractive candidate because it is regulated downstream of Akt and
contributes to many facets of neuronal physiology. Our investigations described
in Chapter 4, however, discount Sp4 S770 as a potential substrate of GSK3β.
We also assessed calcium-activated signaling pathways, and MAPK
signaling pathways which are activated downstream of NMDA receptor signaling,
and found no effect on Sp4 phosphorylation. Table AI-3 lists inhibitors used, the
kinases which they target, and the resultant effect on total and Sp4
phosphorylation in 25mM and 5mM KCl conditions. Also listed are the positive
controls tested and the effect(s) that were observed.
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Table AI-2. Kinases predicted to phosphorylate Sp4 at S770. Two softwares
were used, GPS2.1 at low and high threshold prediction cut-offs, and
KinasePhos 2.0.
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Table AI-3. List of inhibitors tested for changes in pSp4 S770 and total Sp4
in CG neurons. N=number of replicates. ↑ - increased levels, ↓ - decreased
levels, = no change. Cells were treated for one hour with the indicated inhibitors
and KCl concentrations. The changes are compared to the levels observed in the
untreated condition with the same concentration of KCl.
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Sp4 o-glycosylation
In searching for Sp4 post-translational modifications, we also identified the oglycosylation of Sp4 (Fig. AI-2). O-glycosylation is the addition of a small sugar
moiety that is distinct from the large branched chain N-glycosylation that is found
on many cell surface proteins (185). This modification occurs on serine and
threonine residues, and is hypothesized to compete with phosphorylation for
determining protein function. Transcription factors have been reported to be oglycosylated, and this modification has been shown to affect transcription factor
function. These results confirm that Sp4 is regulated by multiple forms of posttranslational modifications. Additional studies into the mechanisms and function
of Sp4 glycosylation may reveal important roles for this modification in neuronal
development and in disease.
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Figure AI-2. Modification of Sp4 by o-GlcNAc. Cerebellar lysates were
immunoprecipitated with agarose conjugated wheat germ agglutinin (WGA) in the
presence or absence of excess free sugar. Sp4 binds to the WGA, indicating it is
glycosylated. This binding is competed away by free sugar, confirming the
specificity of the Sp4-WGA interaction.
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Appendix II. Activity-dependent regulation of Sp4 protein levels in cortical
neurons
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Materials and Methods
Cortical neurons – Cortices were isolated from E18 Long-Evans rat pups, and the
tissue was incubated in 0.25% trypsin in HEPES-buffered saline (HBSS; Life
Technologies) for 20 min at 37°C. Cells were resuspended in Neurobasal media
and plated onto poly-D-lysine coated plates. 24 hours later, media was replaced
with fresh neurobasal media supplemented with 1µM AraC. All experiments
were performed at DIV 5. Cells were treated with EGTA, APV, MK801,Bicuculline (all obtained from Sigma), 50mM KCl, or the Akt inhibitor IV
(EMD Millipore) for the indicated times.

Western blotting - Cells were lysed in RIPA buffer supplemented with protease
inhibitors (Roche) and phosphatase inhibitors (Santa Cruz). Equal amounts of
protein were separated by SDS-PAGE and transferred to nitrocellulose
membranes. After blocking, membranes were incubated with goat polyclonal to
Sp4 (Santa Cruz) 1:1,000 and mouse monoclonal to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (Millipore) 1:20,000. Blots were incubated in HRP
conjugated secondary antibodies (Santa Cruz) and visualized by
chemiluminscence (Pierce). Linear-range exposures were quantified by
densitometry using Fiji software.

Quantitative PCR –RNA was extracted from CG neurons using Trizol (Invitrogen)
and an RNeasy kit (Qiagen) according to the manufacturer’s instructions. First
strand cDNA synthesis from 1μg of RNA was performed using the iScript cDNA
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synthesis kit (Biorad) according to the manufacturer’s instructions. Quantitative
PCR was performed using the indicated primers to Sp4 and GAPDH. Sp4
results were normalized to GAPDH and compared as a fold change to the
control. Three biological replicates were analyzed.
Sp4 forward: AGCGATCAGAAGAAGGAGGAG
Sp4 reverse: GTTGCTTGATTTTCACCAGGA
GAPDH forward: ATGACCACAGTCCATGCCATC
GAPDH reverse: CCAGTGGATGCAGGGATGATG
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Results
Depolarization and NMDA-receptor dependent regulation of Sp4 protein levels

The Sp4 transcription factor is ubiquitinated and degraded by the
proteasome in resting conditions, and is one of many examples of transcription
factors that are regulated by membrane potential (12,48). In our experiments
concerning the regulation of Sp4 stability, CG neurons were maintained in 25mM
KCl until the time of the experiment, in which they were then treated with fresh
media containing 25mM or 5mM (resting) KCl. In other neuron culture systems
(e.g. cortical neurons) cells are maintained in resting conditions of physiological
KCl. We wanted to test the activity-dependent regulation of Sp4 protein levels in
a culture system normally maintained at physiological KCl prior to the
manipulation of membrane potential.
When we depolarized cortical neurons with 50mM KCl we observed a brief
trend towards increased Sp4 protein expression levels before declining below
baseline, however these changes were not significant (Figure AII-1, A).
However, a 30 minute pre-treatment with 100µM APV to inhibit the NMDA
receptor inhibitor and lower baseline activity levels resulted in a robust and
sustained increase in the expression levels of Sp4 (Figure AII-1, B). The
depolarization-dependent increase in Sp4 protein levels in cortical neurons was
recently reported (130).
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Figure AII-1. Regulation of Sp4 by depolarization. Cortical neurons were
treated with or without 50mM KCl in control conditions (A), or after a 30 minute
pretreatment with 100μM APV (B). Protein expression was analyzed by Western
blot over the indicated time-course. N=3. ANOVA (F=2.223, p=0.12). *p<0.05;
**p<0.01.
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Further analysis revealed that APV pre-treatment reduced the protein
expression level of Sp4 (Figure AII-2, A). In addition, an alternative NMDA
receptor inhibitor, MK-801, also decreased the levels of Sp4 (Figure AII-3). This
effect was post-transcriptional, because Sp4 mRNA transcripts did not change in
response to APV treatment (Figure AII-2, B). Thus, APV lowers the baseline
levels of Sp4 and likely allows for a greater depolarization-dependent increase in
Sp4 levels.
We tested the role of synaptic activity in regulating the levels of Sp4.
Unlike depolarization, the addition of the GABA-A receptor inhibitor, Bicuculline,
increases activity specifically at synapses by inhibiting the inhibitory GABA
receptor. Addition of Bicuculline increased the levels of Sp4 (Figure AII-3). To
see if the synaptic activation of NMDA receptors is responsible for the increased
levels of Sp4, these same experiments were performed in the presence of the
NMDA-receptor inhibitor, MK-801. The addition of MK-801 prevented the
bicuculline-induced increase in Sp4 levels. These results indicate that the
synaptic activation of NMDA receptors increases the levels of Sp4 in cortical
neurons.
Our results describe the activity-dependent regulation of Sp4 protein
levels through synaptic NMDA receptor signaling. The results suggest that there
is overlap in the pathways regulating Sp4 in CG neurons and in cortical neurons,
but since NMDA receptor signaling does not affect total Sp4 levels in CG
neurons, specific aspects of this regulation may not be equivalent across the two
cell types.
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Figure AII-2. NMDA receptor inhibition reduces Sp4 protein, but not mRNA,
levels. Cortical neurons were treated with 100µM APV for 30 minutes and
protein expression was analyzed by Western blot (A) and Sp4 mRNA transcripts
were measure by RT-qPCR (B).
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Figure AII-3. Bicuculline increases Sp4 protein levels through activation of
the NMDA receptor. Cortical neurons were treated with 50µM bicuculline (Bic)
with or without 20µM MK-801 for one hour and protein expression was analyzed
by Western blot. A. Representative immunoblot. B. Densitometry of Sp4
protein relative to GAPDH. N=4. ANOVA (F=26.57, p<0.0001). **p<0.01.
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