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Perturbation of neuronal activity-regu-
lated transcriptional networks has been
increasingly linked to the pathophysiol-
ogy of various neurodevelopmental and
psychiatric diseases (Ebert et al., 2013).
Transcription factors mediate a signifi-
cant part of the activity-dependent re-
sponse of neurons by regulating the
expression of genes controlling neural de-
velopment and plasticity. The transcrip-
tion factor 4 (TCF4) has recently gathered
considerable attention because of its asso-
ciation with both autism spectrum disor-
der and schizophrenia. Specifically, TCF4
haploinsufficiency causes the autism
spectrum disorder-classed Pitt–Hopkins
syndrome, while single nucleotide poly-
morphisms in noncoding and coding re-
gions of TCF4 are associated with an
increased risk of schizophrenia (Zweier et
al., 2007; Stefansson et al., 2009). Investi-
gating the physiological function and
regulation of TCF4 and the pathophysio-
logical consequences of its disease-linked
mutations is of major interest, because it
may provide deeper insight into patho-

physiological pathways shared between
these enigmatic diseases.

TCF4 is a ubiquitously expressed class
I bHLH transcription factor that binds to
Ephrussi-box DNA elements either as a
homodimer or as a heterodimer with tissue-
specific bHLH factors (Massari and Murre,
2000). TCF4 is broadly expressed in the
developing CNS, and its expression is
maintained in multiple regions of the
adult brain, suggesting functions in
neurodevelopment and brain plasticity
(Quednow et al., 2014). Only recently
have studies begun to address these func-
tions. Developmental knockdown of Tcf4
reduced cortical neuronal spiking by dis-
inhibiting ion channels that hyperpolarize
the cell (Rannals et al., 2016), and constitu-
tive Tcf4-haploinsufficiency led to enhanced
long-term potentiation of hippocampal
cornu ammonis 1 (CA1) neurons (Kennedy
et al., 2016). Overexpression of TCF4 in de-
veloping layer 2/3 cortical neurons impaired
neuronal migration and disrupted cortical
architecture. This defect was attenuated by
blocking NMDAR function (Page et al.,
2018). These findings not only provided
support for the hypothesis that TCF4 func-
tions in both CNS development and postna-
tal plasticity, but also suggested that TCF4 is
regulated by and embedded in neuronal
activity-dependent regulatory networks.

A recent study by Sepp et al. (2017)
investigatedwhetherTCF4-dependenttran-

scription is regulated by neuronal activity
(Sepp et al., 2017, their Fig. 1). Sepp et al.
(2017) compared the induction of a lu-
ciferase reporter gene that was cloned
downstream of the TCF4 cis-acting DNA
sequence (Ephrussi-box) in untreated
and depolarized rat primary neurons
transfected with human TCF4 isoforms.
Transcriptional activation increased upon
neuronal depolarization regardless of the
TCF4 isoform subtype expressed (Sepp et
al., 2017, their Fig. 1). Synaptic activity
induced by blocking GABA type A recep-
tors and K� channels in primary neuron
cultures increased TCF4 activity, whereas
pharmacological block of L-type voltage-
gated calcium channels and NMDARs in-
hibited this effect (Sepp et al., 2017, their
Fig. 1). Collectively, these observations
identified synaptic activity and Ca2�-depen-
dent signaling pathways as potential up-
stream regulators of TCF4 function.

The authors subsequently investigated
how synaptic activity influences TCF4 ac-
tivity (Sepp et al., 2017, their Fig. 4). In
vitro, inhibiting protein kinase A (PKA) or
soluble adenylyl cyclase decreased depola-
rization-induced TCF4 activity (Sepp et
al., 2017, their Fig. 4). Using deletion mu-
tants and Western blot analysis of the
TCF4 phosphorylation pattern, the PKA
phosphorylatable serine residue (S448)
was identified as the potential molecular
switch conferring the activity-depend-
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ency of TCF4-mediated gene induction
(Sepp et al., 2017, their Figs. 3, 5). To test
whether the S448 residue serves an impor-
tant function in the generation of cortical
neurons, the authors exchanged the identi-
fied serine residue by alanine to create a
nonphosphorylatable TCF4 isoform (S448A
mutant) and then in utero electroporated
either the TCF4 wild type (WT) or the
S448A mutant into the developing cortex.
TCF4 WT-overexpressing layer 2/3 pre-
frontal neurons failed to properly mi-
grate, thereby disrupting the columnar
cortex architecture (Sepp et al., 2017, their
Fig. 5; Page et al., 2018). Intriguingly,
overexpression of the mutated TCF4 iso-
form did not reproduce this migratory de-
fect (Sepp et al., 2017, their Fig. 5). In vivo,
TCF4 function therefore appears to be sig-
nificantly modulated by its S448 phos-
phorylation status.

To investigate the possibility that
activity-dependent alterations in TCF4
phosphorylation and function constitute
a pathophysiological pathway in schizo-
phrenia, Sepp et al. (2017) asked whether
sporadic schizophrenia-associated, rare
coding single-nucleotide polymorphisms in
TCF4 alter the activity-dependent transacti-
vation of TCF4. TCF4 reporter assays in de-
polarized primary neurons showed that a
single-nucleotide polymorphism proximal
to the putative phosphorylation site in-
creased neuronal depolarization-induced
TCF4 activity (Sepp et al., 2017, their Fig. 7).
This suggests that, at least in some cases of
TCF4-associated schizophrenia, changes in
activity-dependent regulation might con-
tribute to the disease phenotype.

How neuronal activity-induced phos-
phorylation alters TCF4 function remains
to be determined. Phosphorylation can
affect multiple levels of protein function
such as cellular localization, DNA bind-
ing affinity, and protein interaction.
Sepp et al., 2017 found that TCF4 is
present in the nucleus without stimula-
tion mimicking neuronal activity. Cell
depolarization did not alter cellular
TCF4 distribution, suggesting that neu-
ronal activity increases TCF4-induced
gene expression via mechanisms other
than increasing protein translocation to
the nucleus (Sepp et al., 2017, their Fig. 2).

Phosphorylation-induced conforma-
tional changes might enhance the DNA
binding affinity of TCF4. Electromobility
shift assays of phosphorylatable, as well as
nonphosphorylatable, isoforms showed
that phosphorylation is not a conditio sine
qua non for DNA binding (Sepp et al.,
2017, their Fig. 3). This is in line with the
observation that TCF4 is transcriptionally

active in nondepolarized cells and raises
the possibility that, rather than acting as
an on/off switch, phosphorylation serves
to fine-tune the transcriptional activity of
TCF4 (e.g., through the modulation of its
residence time on DNA; Sepp et al., 2012).

Ephrussi-box transcription factors are
broadly expressed in multiple cell types in
the developing and adult brain (Quednow
et al., 2014). It is thought that their tran-
scriptional activity is directed to specific
genomic loci by interaction with tissue-
specific bHLH transcription factors such
as the proneural transcription factors
NEUROD1, ATOH1, and ASCL1 (Persson et
al., 2000; Suzuki et al., 2001; Flora et al.,
2007; Brzózka et al., 2010). Modulation of
the affinity of TCF4 for its interaction
partners and switches in the choice of
interaction partner could determine the
differential set of TCF4 target genes in dif-
ferent cellular contexts. Sepp et al., 2017
observed an increased cooperation of
TCF4 and ASCL1 on a putative target gene
after depolarization (Sepp et al., 2017,
their Fig. 6). This observation raises the
possibility that TCF4 functions as a sensor
for neuronal activity in transcriptional
complexes with proneural bHLH factors,
thereby enabling modulation of the tran-
scriptional program of the cell in response
to neuronal activity.

Previous work indicated that neuronal
subpopulations significantly differ in their
requirement for precise TCF4 dosage or
activity. For example, overexpression of
TCF4 in layer II/III neurons led to a mi-
gration defect disturbing the columnar ar-
chitecture in the medial prefrontal cortex,
but not in the somatosensory cortex (Page
et al., 2018). The mechanistic principle for
this differential vulnerability of develop-
ing neuronal subpopulations to TCF4
dosage remains a conundrum. The obser-
vation that the migration defect of pre-
frontal cortex neurons depends on the
activity-dependent phosphorylation of TCF4
(Sepp et al., 2017, their Fig. 5; Page et al.,
2018) raises the intriguing possibility that
activity-dependent phosphorylation and
regulation of TCF4 transcriptional func-
tion is critical only for a subset of neurons
and accounts for the differential vulner-
ability of neuronal subpopulations to
TCF4 dosage.

Another central question in TCF4 func-
tion and TCF4-linked pathology is how
TCF4 regulates plasticity (Kennedy et al.,
2016; Rannals et al., 2016). Loss of TCF4
function increases long-term potentiation
in hippocampal CA1, and this is accom-
panied by dysregulated transcription of
plasticity-regulating genes (Kennedy et

al., 2016). These transcriptional changes
appear to be regulated by altered DNA
methylation, indicating that TCF4 gov-
erns a broad transcriptional network po-
tentially via interaction with or regulation
of the DNA methylation machinery (Ken-
nedy et al. 2016). Interestingly, Sepp et al.,
2017 provide evidence that TCF4 regulates
the expression of Gadd45y. GADD45 pro-
teins interact with proteins of the demeth-
ylation machinery and are thought to
target loci for active DNA demethylation
(Ma et al., 2009; Sultan et al., 2012). Inter-
estingly, the TCF4 target Gadd45y and its
homolog Gadd45b are upregulated upon
neuronal activity (Ma et al., 2009; Sultan
et al., 2012; Grassi et al., 2017). Activity-
dependent upregulation of Gadd45b pro-
motes demethylation in the dentate gyrus
subfield and controls long-term potentia-
tion formation in the hippocampal CA1
region (Ma et al., 2009; Sultan et al., 2012).
Gadd45y is strongly upregulated upon
neuronal depolarization in hippocampal
neurons and its level is correlated with
altered methylation status of autism-associ-
ated genes (Grassi et al., 2017). These find-
ings are intriguingly consistent with the
changes in DNA methylation and long-
term potentiation formation in Tcf4 hap-
loinsufficient mice (Kennedy et al., 2016).
Thus, the present data suggest a model in
which activity-dependent regulation of
TCF4 generates a transcriptional and epi-
genetic response that modulates neuronal
excitability and potentially neuronal ac-
tivity patterns. Local network activity
patterns are hypothesized to underlie
thoughts, perception, and action (Hop-
field, 1982; Yuste, 2015), and their disrup-
tion is considered a convergence point for
the multitude of etiologies in schizophre-
nia (Hamm et al., 2017). It will, thus, be
important to determine whether and how
perturbation of TCF4 activity-dependent
function affects local patterns of neuronal
activity.

The identification of activity-dependent
TCF4 function adds a new layer of com-
plexity to its regulation and function, and
emphasizes the importance of activity-
dependent regulatory networks in the
pathogenesis of autism spectrum disorder
and schizophrenia. Further work to eluci-
date the precise mechanisms of activity-
dependent regulation and function of
TCF4 might uncover critical pathophysi-
ological pathways shared between these
neuropsychiatric entities.
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Persson P, Jögi A, Grynfeld A, Påhlman S, Axelson
H (2000) HASH-1 and E2–2 are expressed in
human neuroblastoma cells and form a func-
tional complex. Biochem Biophys Res Com-
mun 274:22–31. CrossRef Medline
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