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The Intellectual Disability and Schizophrenia Associated
Transcription Factor TCF4 Is Regulated by Neuronal Activity
and Protein Kinase A
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Brady J. Maher,>** “Priit Pruunsild,' and Tonis Timmusk'
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Transcription factor 4 (TCF4 also known as ITF2 or E2-2) is a basic helix-loop-helix (bHLH) protein associated with Pitt-Hopkins
syndrome, intellectual disability, and schizophrenia (SCZ). Here, we show that TCF4-dependent transcription in cortical neurons cul-
tured from embryonic rats of both sexes is induced by neuronal activity via soluble adenylyl cyclase and protein kinase A (PKA) signaling.
PKA phosphorylates TCF4 directly and a PKA phosphorylation site in TCF4is necessary for its transcriptional activity in cultured neurons
and in the developing brain in vivo. We also demonstrate that Gadd45¢ (growth arrest and DNA damage inducible gamma) is a direct
target of neuronal-activity-induced, TCF4-dependent transcriptional regulation and that TCF4 missense variations identified in SCZ
patients alter the transcriptional activity of TCF4 in neurons. This study identifies a new role for TCF4 as a neuronal-activity-regulated

transcription factor, offering a novel perspective on the association of TCF4 with cognitive disorders.
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tal disorders.

The importance of the basic helix-loop-helix transcription factor transcription factor 4 (TCF4) in the nervous system is underlined
by its association with common and rare cognitive disorders. In the current study, we show that TCF4-controlled transcription in
primary cortical neurons is induced by neuronal activity and protein kinase A. Our results support the hypotheses that dysregu-
lation of neuronal-activity-dependent signaling plays a significant partin the etiology of neuropsychiatric and neurodevelopmen-
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Introduction
Transcription factor 4 (TCF4, also called ITF2, SEF2, and E2-2) is
a dosage-sensitive gene with emerging functions in the nervous
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system (Quednow et al., 2012; Sweatt, 2013; Forrest et al., 2014).
It is one of the three mammalian genes coding for ubiquitous
class A basic helix-loop-helix (bHLH) factors, also referred to as
E-proteins, that regulate transcription via binding Ephrussi box
(E-box) DNA elements (CANNTG) as homodimers or as het-
erodimers with tissue-specific bHLH factors (Massari and Murre,
2000). TCF4 is transcribed from multiple promoters, resulting in
a repertoire of functionally different protein isoforms with dis-
tinct N termini (Sepp et al., 2011).

TCF4 knock-out mice die at birth and reduction of #cf4 ex-
pression in zebrafish leads to a general delay in embryogenesis,
indicating its importance in development (Zhuang et al., 1996;
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Bergqvist et al., 2000; Brockschmidt et al., 2011). The correct
E-protein dose is crucial for survival even after development has
been completed, as demonstrated in fruit flies (Tamberg et al.,
2015). The wide spatiotemporal expression pattern of TCF4 in
the mammalian nervous system suggests its involvement in all
stages of brain development, including proliferation, differen-
tiation, migration, and synaptogenesis, as well as in adult brain
plasticity (Quednow et al., 2014). Consistently, in vitro studies
with neural cells have provided support for its role in prolifera-
tion (Chen et al, 2014; Hill et al., 2017), cell cycle arrest
(Schmidt-Edelkraut et al., 2014), survival, and epithelial-mesen-
chymal transition and ribosome biogenesis (Forrest et al., 2013;
Slomnicki et al., 2016). In vivo evidence exists for the involvement
of TCF4 in cell cycle exit during postnatal neurogenesis in fore-
brain (Fischer et al., 2014), migration of pontine nucleus and
cortical neurons (Flora et al., 2007; Chen et al., 2016), formation
of prefrontal cortical minicolumns (Page et al., 2017), and neu-
rite branching restriction in olfactory neurons (D’Rozario et al.,
2016). In addition, enhanced spontaneous activity of prefrontal
neurons has been demonstrated recently in rats with in utero
TCF4 gain-of-function (Page et al., 2017), whereas decreased ex-
citability of prefrontal neurons and enhanced long-term poten-
tiation in the CA1 area of the hippocampus have been reported
in rats with in utero suppression of Tcf4 and/or Tcf4 heterozy-
gous knock-out mice, respectively (Kennedy et al., 2016; Ran-
nals et al., 2016). Behavioral analyses of Tcf4 heterozygous
knock-out mice and transgenic mice with mild Tcf4 overex-
pression in forebrain have revealed impaired sensorimotor
gating and compromised learning and memory (Brzozka etal.,
2010; Kennedy et al., 2016). Moreover, gating and cognitive
functions are influenced by common TCF4 variants in hu-
mans (Quednow et al., 2014).

Mutations in one of the TCF4 alleles cause Pitt—-Hopkins syn-
drome (PTHS), a rare congenital disorder characterized by severe
mental and motor deficits, gastrointestinal problems, and autistic-
like behavior (Sweatt, 2013). PTHS-associated TCF4 alleles vary
from hypomorphic to dominant-negative (DN) and missense
mutations are congregated in the C-terminal bHLH coding exon
(Forrest et al., 2012; Sepp et al., 2012; Tamberg et al., 2015).
Upstream TCF4 mutations that do not affect all alternative iso-
forms have been linked to mild to moderate nonsyndromic intel-
lectual disability (Kharbanda et al., 2016; Maduro et al., 2016).
Single nucleotide polymorphisms in TCF4 are among the
genome-wide significant markers associated with schizophrenia
(SCZ) (Schizophrenia Working Group of the Psychiatric Genomics
Consortium, 2014) and rare TCF4 coding variants outside of the
bHLH exon have been identified in sporadic SCZ cases (Hu et al.,
2014; Basmanav et al., 2015). Therefore, TCF4 is a pleiotropic
gene that links common and rare cognitive disorders. One of the
shared causes for different cognitive disorders, including intellec-
tual disability, autism spectrum disorder, bipolar disorder, and
SCZ, may be disruption of synaptic activity-induced signaling
and transcription (West and Greenberg, 2011; Ebert and Green-
berg, 2013; Cross-Disorder Group of the Psychiatric Genomics
Consortium, 2013; Schizophrenia Working Group of the Psychi-
atric Genomics Consortium, 2014). This pathway is critical for
normal brain development, its responses to external stimuli, as
well as for learning and memory. Here, we show that TCF4-
controlled transcription in neurons is induced by neuronal activ-
ity via the cAMP pathway and is altered by TCF4 missense
variations identified in SCZ patients.
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Materials and Methods

Constructs and siRNAs. The pcDNA3.1 constructs encoding TCF4 iso-
forms or ASCL1, pCAG-TCF4-A ~, pCAG-GFP, reporter vectors pGL4.29
[luc2P/12uE5/Hygro], pGL4[luc2P/12wE5/TK/Hygro], pGL4[hRlucP/
min/Hygro], and pGL4.83[hRlucP/EF1a/Puro] have been described
previously (Sepp et al., 2011; Sepp et al., 2012; Page et al., 2017). For
pcDNA-EF1a-TCF4-B ~, pcDNA-EF1a-TCF4-A ~, pcDNA-EF1a-TCF4-
A -V5/His, pcDNA-EF1a, pcDNA-SRa-ASCL1, and pcDNA-SRa the cy-
tomegalovirus (CMV) promoter in the respective pcDNA3.1 constructs
was replaced with elongation factor 1 a (EFIa) promoter from pGL4.83
[hRlucP/EF1a/Puro] or synthetic SRe promoter (AY613994: 3403—4025).
PACT (Promega) and pCMV-Tag2 (Agilent Technologies) vectors were
used for the generation of constructs encoding for VP16- or Flag-fused
N-terminal TCF4 deletants TCF4-M217(I ), TCF4-G316(Nael), TCF4-
$363(Xbal), TCF4-M430(Ncol), and TCF4-P498(Pael), named according
to the first included amino acid of TCF4-B ™. C-terminally HA-tagged
constitutively active and dominant negative forms of PKCa coding con-
structs pHACE-PKCaCAT (Addgene plasmid #21234) and pHACE-
PKCaDN (Addgene plasmid #21235) have been described previously
(Soh and Weinstein, 2003). Coding sequences of constitutively active
S218D, S222D mutant of MEK (MAPK/ERK kinase) obtained from
pBabe-Puro-MEK-DD (Addgene plasmid #15268) (Boehm et al., 2007),
PKA catalytic subunit Ca obtained from pCaEV (Addgene plasmid
#15310) (Uhler and McKnight, 1987) and a DN mutant of the PKA RI
subunit (Clegg et al., 1987) were inserted into pQM-CMV-E2-N vector
(Icosagen) behind the E2-tag. Sequences encoding constitutively active
forms of CAMK2B (M1-C290) and CAMK4 (M1-K316) were PCR am-
plified from pWZL-Neu-Myr-Flag-CAMK2B (Addgene plasmid #20439)
and pWZL-Neu-Myr-Flag-CAMK4 (Addgene plasmid #20441), respec-
tively (Boehm et al., 2007), and inserted into pCMV-Tag2 (Stratagene)
behind the Flag-tag. For pGL4.83 [hRlucP/PGK1/Puro] mouse 3-phospho-
glycerate kinase 1 (PGK1) promoter sequence (ChrX:103382066-103382573 ac-
cording to NCBI37) was inserted into pGL4.83[hRlucP/Puro] (Promega).
For pGL4.15[luc2P/Gadd45g/Hygro] human growth arrest, a DNA-
damage-inducible protein 45 gamma (GADD45G) promoter sequence
(chr9:92219712-92219956 according to hgl9) was inserted into pGL4.15
[luc2P/Hygro] (Promega). Mutagenesis of the GADD45G promoter and
TCF4 was performed using complementary primers containing the respec-
tive mutation and Phusion High-Fidelity DNA polymerase (Finnzymes).
pG5luc vector containing GAL4 binding sites is from Promega and
pEGFP-C1 from Clontech. The shRNAs-encoding AAV cis-constructs
were prepared by inserting annealed oligos into rAAV-U6-shRNA-
mCherry (Lau and Bading, 2009). The shRNAs targeted the following
sequences: rat TCF4 exon 12 5'-CCGGAACAGACAGTATAATG-3’, rat
TCF4 exon 20 5'-CGTGCGAGAAAGGAACCTGA-3’, and scrambled
5'-CACTACCGTTGTTATAGGTG-3". The scrambled siRNA Silencer
Negative control #1 and TCF4-specific siRNAs 12 I, 12 II, 20 II (Sepp et
al.,, 2011) and 20 T (forward: 5'-GUGCGAGAAAGGAACCUGATT-3/,
reverse: 5'-UCAGGUUCCUUUCUCGCACTT-3") were from Ambion.

Cell culture and transfections. Human embryonic kidney HEK-293
(RRID:CVCL_0045) and HEK-293FT (RRID:CVCL_6911) cells were
grown in MEM (PAA Laboratories) or DMEM (PAN-Biotech), respec-
tively, supplemented with 10% fetal bovine serum, 100 U/ml penicillin,
and 0.1 mg/ml streptomycin (all from PAA Laboratories). For transfec-
tion of HEK-293 cells, 0.375 pg of DNA and 0.75 ul of LipoD293 reagent
(SignaGen) were used per well of a 48-well plate or scaled up accordingly.
For cotransfections, equal amounts of pGL4.29[luc2P/12uE5/Hygro],
pGL4[hRlucP/min/Hygro], and effector constructs were used. For trans-
fection of HEK-293FT cells, 10 ug of pFlag-TCF4 or empty vector, 10 g
of pPQM-CMV-E2-PKA-Ca, and 40 g of PEI (Sigma-Aldrich) were used
per 10 cm plate.

Rat hippocampal and cortical mixed neuronal cultures from Sprague
Dawley rat embryonic day 22.5 (E22.5) embryos were obtained and
maintained as described previously (Pruunsild et al., 2011). Animal pro-
cedures were approved by the local ethics committee. For most experi-
ments, neuronal cultures were transfected at 6-7 d in vitro (DIV) in
Neurobasal A medium (Invitrogen); for experiments with bicuculline
and 4-aminopyridine (4-AP), the tranfections were performed at 10 DIV
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in transfection medium (Bading et al., 1993) consisting 9:1 of salt-
glucose-glycine solution containing the following (in mm): 10 HEPES,
pH 7.4, 114 NaCl, 26.1 NaHCO, 5.3 KCI, 1 MgCl,, 2 CaCl,, 1 glycine, 30
glucose, and 0.5 sodium pyruvate, along with minimum Eagle’s medium
(with Earle’s salt, without L-glutamine; Capricorn Scientific) supple-
mented with insulin (6.3 ug/ml), transferrin (5.7 pug/ml), and sodium
selenite (7.5 ng/ml) (ITS; Sigma-Aldrich). 0.25 ug of effector protein(s)
coding construct(s), 0.25 ug of firefly luciferase construct pGL4.29[luc2P/
12E5/TK/Hygro], pG5luc or pGL4.15[luc2P/GADD45G/Hygro], 10 or
20 ng of Renilla luciferase construct pGL4.83[hRlucP/EF1a/Puro] or
pGL4.83[hRlucP/PGK1/Puro], and 1 ul of Lipofectamine 2000 reagent
(Invitrogen) were used per well of a 48-well plate. For cotransfection of
effectors 0.125 ug of pcDNA-EF1a-TCF4-A~ or pcDNA-EFla and
0.125 g of pcDNA-SRa-ASCL1 or pcDNA-SRa were used. In siRNA
cotransfection experiments, 4.8 pmol of siRNA, 0.5 ug of DNA and 1 ul
of RNAIMAX reagent (Invitrogen) were used per well of a 48-well plate.
Forty hours after transfection, 25 mm KCI, 1 mm dbcAMP (dibutyryl
cAMP; Serva), or 1 um phorbol 12,13-dibutyrate (PDBu; Sigma-Aldrich)
was added to the culture medium for 8 h. Treatments with 50 um bicu-
culline (Sigma-Aldrich) and 0.5 mm 4-AP (Tocris Bioscience) were per-
formed 3 d after transfection for 8 h. When indicated, 5 uM nifedipine, 1
uM tetrodotoxin, 10 um MK801, 10 um KN-62, 10 um H89, 10 um Go
6983, 2 uMm Go 6976, 10 um UO126, and 10 um TBB (all from Tocris
Bioscience), 5 um STO-609 (Sigma-Aldrich), 50 um ddAdo (Santa Cruz
Biotechnology), 50 um APV or 30 um KH7 (both from Cayman Chem-
icals) were added to the culture medium 15 min before addition of KCl or
bicuculline and 4-AP.

Nucleofection and transduction of neurons. Amaxa nucleofection of
neurons was performed as described previously (Pruunsild et al., 2011)
using the Amaxa Rat Neuron Nucleofector Kit and O-003 program of the
Nucleofector II (Lonza). The chimeric particles of adeno-associated vi-
ruses (AAV) 1 and 2 were produced as described previously (Koppel et
al., 2015) using AAV1 helper pRV1, AAV2 helper pH21, adenovirus
helper pFdelta6, and Tcf4 specific or scrambled shRNAs encoding rAAV-
U6-shRNA-mCherry cis-constructs. Primary neurons were transduced
at 2 DIV. Nucleofected or AAV-transduced neurons were treated with 25
mu KCl for 6 h and harvested at 5 or 8 DIV, respectively.

In utero electroporations and histochemistry. In utero electroporation of
pregnant Wistar rats and histochemistry were performed as described
previously (Page et al., 2017). Briefly, pPCAG-GFP DNA, alone or with
either pCAG-TCF4-A~ or pCAG-TCF4-A ~-5448A, was injected into
single ventricle of an E16 embryo and targeted to medial prefrontal cor-
tex by three electrode pulses (65 V, 100 ms). P21 male and female animals
were transcardially perfused with 4% paraformaldehyde in PBS and
brains were dissected and postfixed for 24 h. Coronal vibratome sections
were prepared and analyzed by confocal microscopy (LSM 700; Zeiss).
Images were analyzed in Image] (RRID:SCR_003070). The distribution
of cells was quantified by binning pixel intensities perpendicular to the
medial surface and the coefficient of variance (CV) of these values was
used as a measure of cellular distribution, with low CV indicating a
uniform distribution and high CV indicating clustering of cells.

Immunocytochemistry. Immunocytochemistry was performed as de-
scribed previously (Sepp et al., 2011) using the following antibodies:
rabbit polyclonal anti-TCF4 (CeMines, 1:200), rabbit polyclonal anti-V5
(Sigma-Aldrich catalog #V8137; RRID:AB_261889, 1:2000), mouse
monoclonal anti-tubulin IIT (Merck-Millipore catalog #MAB1637,
RRID:AB_2210524, 1:2000), and goat anti mouse/rabbit IgG conjugated
with Alexa Fluor 405, 488, 546, or 568 (Invitrogen, 1:2000). DNA was
stained with DRAQS5 (1:5000; Biostatus Limited) or DAPI (Invitrogen).
Samples were mounted in ProLong Gold reagent (Invitrogen) and ana-
lyzed by confocal microscopy (LSM Duo; Zeiss).

Protein electrophoresis and Western blotting. Preparation of whole-cell
lysates in RIPA buffer (50 mm Tris HCl pH 8.0, 150 mm NaCl, 1% NP-40,
0.5% Na-DOC, 0.1% SDS, 1 mm DTT, 1 mm PMSE, Protease Inhibitors
Cocktail Complete; Roche) and Western blotting have been described
previously (Sepp et al., 2012). The following antibodies were used: rabbit
polyclonal anti-TCF4 (CeMines, 1:1000), rabbit polyclonal anti-Flag
(Sigma-Aldrich catalog #F7425, RRID:AB_439687, 1 ug/ml), rabbit
polyclonal anti-HA (Sigma-Aldrich catalog #6908, RRID:AB_260070,
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1:1000), monoclonal anti-V5 (Thermo Fisher Scientific catalog #R960-
25, RRID:AB_2556564, 1:5000), mouse monoclonal anti-E2 (5E11;
Icosagen catalog #A-100-100, RRID:AB_11133493, 1:5000), mouse
monoclonal anti-VP16 (2GV-4; Eurogentec, 1:5000), and HRP-con-
jugated goat anti mouse/rabbit IgG (Pierce, 1:5000).

Luciferase and electrophoretic mobility shift assays. Luciferase assays
were performed as described previously (Sepp et al., 2011) using Passive
Lysis Buffer (Promega) and the Dual-Glo Luciferase Assay (Promega).
HEK-293 cell were lysed at 24 h and neurons at 48 h after transfection.
Electrophoretic mobility shift assay was performed as described previ-
ously (Sepp et al., 2012) using in vitro translated proteins produced with
TnT Quick Coupled Transcription/Translation System (Promega) and
32p-labeled wE5 E-box oligos.

Immunoprecipitations and in vitro kinase assay. Coimmunoprecipita-
tion was performed as described previously (Kazantseva et al., 2009).
HEK-293FT cells overexpressing Flag-TCF4 and/or E2-PKA-Ca pro-
teins were lysed 2 d after transfection and 1 mg of protein lysate was
subjected to immunoprecipitation with 20 ul of anti-Flag M2 Affinity
Gel (Sigma-Aldrich catalog #A2220, RRID:AB_10063035). ChIPs were
performed as described previously (Kannike et al., 2014) using DIV 7
cultures of rat primary neurons, TCF4 (Cemines), or acetyl-histone H4
antibodies (Millipore catalog #06-866, RRID:AB_310270), and protein
A-Sepharose slurry (GE Healthcare). PKA kinase assay was performed as
described previously (Cox et al., 2000) with modifications. Briefly, HEK-
293 transfected with pFlag-TCF4 constructs were lysed in RIPA buffer,
diluted 1:9 in IP buffer (50 mm Tris-HCI pH 7.4, 150 mm NaCl, 1 mm
EDTA, 1% Triton X-100, 1 mm DTT, Protease Inhibitor Cocktail Com-
plete; Roche), and Flag-TCF4 proteins were immunoprecipitated using
12 ul of anti-Flag M2 Affinity Gel per 1 mg of protein lysate. HEK-293
transfected with E2-tagged PKA-Ca encoding construct were lysed in
HO buffer [50 mm HEPES pH 7.5, 100 mm NaCl, 1% NP-40, 2 mm
EDTA, 1 mm DTT, Protease Inhibitor Cocktail Complete (Roche), and
phosphatase inhibitor cocktail PhosStop (Roche)] and E2-PKA-Ca was
immunoprecipitated using 1 ug of mouse monoclonal anti-E2 (5E11;
Icosagen catalog #A-100-100, RRID:AB_11133493) and 12 pl of Protein
A Sepharose CL-4B (GE Healthcare) per 1 mg of protein lysate. Immune
complexes were washed 4 times with IP or HO bulftfer, respectively, once
with kinase buffer (50 mm HEPES, pH 7.5, 10 mm MgCl,, I mm EGTA,
0.014% Tween 20), and resuspended in kinase buffer. Kinase reactions
were performed by mixing Flag-TCF4 and E2-PKA-Ca immune com-
plexes with 5 um ATP and 1.67 um [y-**P]JATP (6000 Ci/mmol) and
incubated at 30°C for 30 min. The samples were resolved in 10% SDS-
PAGE and phosphorylated proteins were visualized by autoradiography.

Reverse transcription and quantitative PCR. RNA extraction, reverse
transcription, and quantitative PCR using cDNA or ChIP gDNA as tem-
plate were performed as described previously (Sepp et al., 2012). The
following primers were used: Gadd45¢ forward: 5'-TGTCTGACCGCT
GGCGTCTA-3', reverse: 5'-AAGGTCACATTGTCAGGGTCCACA-3';
Tcf4 exons 10—11 (Sepp et al.,, 2011), Hprtl and an unrelated rat chro-
mosomal region (Kannike etal.,2014), and Gadd45¢ promoter F: 5'-GCT
CCAGTCTGCCTGGTAACA-3', R: 5'-GCCTCAAATCTGCCGCTTT
TGT-3'.

Experimental design and statistical analyses. Based on our previously
published data from similar experiments and standards in the field, the
sample sizes were selected as follows: three to five biological replicates for
reporter assays and mRNA levels quantifications and seven biological
replicates for in utero transfections. Biological replicates represent inde-
pendent animals, primary cultures from different litters or cultures of cell
lines at separate times. For each independent experiment, luciferase as-
says and qPCRs were performed in technical duplicates or triplicates,
respectively. For most experiments, balanced design was used; however,
for the analyses of TCF4 N-terminal deletion mutants and pharmacolog-
ical modulators of signaling pathways, the experiments were performed
in subseries that resulted in larger sample sizes for conditions used as
controls. In Figure 3d, n = 7 for vector and VP16-TCF4-M217 (I ), n =
4 for VP16-TCF4-G316 and VP16-TCF4-S363, and n = 3 for VP16-
TCF4-M430 and VP16-TCF4-P498. In Figure 3e, n = 8 for vector, n = 4
for VP16-TCF4-S363 and VP16-TCF4-M430, and n = 3 for VP16-
TCF4-G316 and VP16-TCF4-P498. In Figure 4, a and ¢, in case of CM V-
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TCF4 n = 12 for CNTR and KCl only; n = 7 for vehicle + KCl; n = 4 for
STO-609, Go 6976, ddAdo, KH7, and vehicle only; and n = 3 for KN-62,
H89, Go 6983, U0126, TBB, dbcAMP, and PDBu; in case of EF1«-TCF4
n = 11 for CNTR and KCl only, n = 8 for dbcAMP; n = 7 for vehicle +
KCL; n = 5 for Go 6976; n = 4 for STO-609, Go 6983, and vehicle only;
and n = 3 for KN-62, H89, U0126, TBB, ddAdo, KH7, and PDBu. The
normalized data from luciferase assays and qRT-PCR analyses were sub-
jected to log transformation, mean centering, and unit variance scaling to
obtain normal and comparable distributions. ChIP-qPCR data were log-
transformed; the CV values of cell distribution were not transformed.
Statistical significance was tested using Prism 6 software (GraphPad,
RRID:SCR_002798) by unpaired two-sided ¢ tests or by one-way or two-
way between-subjects ANOVA followed by Bonferroni’s or Dunnett’s
multiple-comparisons tests as specified in the Results section and figure
legends. The degrees of freedom, p-values and effect sizes (n; or r*values
for ANOVA or t tests, respectively) are reported in the Results section for
each experiment. The post hoc tests and the comparisons made are spec-
ified in the figure legends. If needed, the calculated means were back
transformed for graphical presentation. Error bars in the figures indicate
SEM.

Results

TCF4-controlled transcription is activity regulated

in neurons

Previously, we have described numerous human TCF4 isoforms
that differ in their N termini and internal sequences due to alter-
native 5 exon usage and splicing (Sepp et al., 2011). TCF4
isoforms are briefly characterized by the following: the DNA-
binding bHLH domain and the transactivation domain AD2 are
present in all isoforms; the transactivation domain AD1 and the
nuclear localization signal (NLS) are present only in isoforms
with longer N termini; the NLS is absent from TCF4 A isoforms;
and 4 extra amino acids upsteam of the bHLH domain differen-
tiate “+” isoforms from the “—” isoforms (Fig. 1a). To study the
functioning of TCF4 isoforms in neurons we performed wE5
(CACCTG) E-box-dependent reporter assays with selected iso-
forms (TCF4-A to TCF4-I) in DIV 8-9 rat primary neurons left
untreated or treated with 25 mm KClI for 8 h to model neuronal
activity. As shown in Figure la, the activation of E-box-
controlled transcription by all studied TCF4 isoforms in neurons
was induced by KCl-mediated depolarization of neuronal mem-
branes (two-way ANOVA, treatment X transfection interaction
F(l3,84) = 8.083, p < 0.0001, n;(interaction, treatment, transfection)
0.556,0.917, 0.744; n = 4). In depolarized neurons strong (>20-
fold), transactivation was achieved with isoforms TCF4-B™,
TCF4-B~, TCF4-BA ", and TCF4-A ", medium (10- to 20-fold)
with isoforms TCF4-BA ~, TCF4-C ™, TCF4-CA~, TCF4-D ~,
TCF4-A ", and TCF4-F ~, and weak (<10-fold) with isoforms
TCF4-H~, TCF4-1", and TCF4-E~ (Fig. la).

Next, we aimed to verify that the depolarization-induced rise
in TCF4-mediated transcription requires Ca*" influx to neurons
and is not caused by neuronal-activity-dependent upregulation
of CMV promoter (Wheeler and Cooper, 2001), which was used
above for overexpression of TCF4 isoforms. In these experi-
ments, we used TCF4-A~, one of the dominant isoforms
expressed in the nervous system (Sepp et al., 2011). We overex-
pressed TCF4-A ™ from CMV promoter or from the neuronal-
activity-nonresponsive EFIla promoter and included a control
condition in which depolarization was performed in the presence
of nifedipine, a blocker of L-type voltage-gated Ca** channels
(VGCCs). As shown in Figure 1, b and ¢, EFla -TCF4-mediated
transcription in neurons was increased by membrane depolariza-
tion similarly to CMV-TCF4-mediated transcription, although,
in contrast to CMV-TCF4-A ", the levels of EFla promoter-
controlled TCF4-A~ protein remained stable after KCI treat-
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Figure 1. Identification of TCF4 as a neuronal activity-requlated transcription factor. The

effects of membrane depolarization (a, b) and increased synaptic activity (d) on the induction of
TCF4-controlled transcription in primary neurons are shown. Rat primary neurons were trans-
fected with TCF4isoforms encoding vectors, firefly luciferase construct carrying 12 (.E5 E-boxes
in front of TK promoter, and Renilla luciferase construct with £F7cx promoter (a) or PGKT pro-
moter (b, d). For overexpression of TCF4 isoforms, vectors containing CMV (a, b, d) or EF1cx (b)
promoter were used. Transfected neurons were left untreated or treated with KCl (a, b) or
biculline/4-AP (d) for 8 h. In b and d, tetrodotoxin, nifedipine, or APV/MK801 was used to block
action potentials, VGCCs, or NMDARs, respectively. Luciferase activities were measured and data
are presented as fold induced levels above the signals obtained from empty vector transfected
untreated cells (a, b) or TCF4-A ~-expressing untreated cells (d). Shown are the mean results
from four independent experiments performed in duplicates. Error bars indicate SEM. *p <
0.05; **p < 0.01; ***p < 0.001; two-way ANOVA followed by Bonferroni post hoc tests for
comparisons across treatment (a) or by Dunnett’s post hoc tests for comparisons with cells
treated only with KCl (b) or bicuculline/4-AP (d). AD, Activation domain; RLU, relative luciferase
units. ¢, Western blot analysis of C-terminally V5/His-tagged TCF4-A — protein overexpressed
from CMV or EF1c promoter in primary neurons left untreated or treated with KCl for 8 h.

ment. The induction of TCF4-controlled transcription was
effectively inhibited by nifedipine in both experimental setups
(one-way ANOVA, CMV transfection F, 4y = 168.8, p < 0.0001,
”qf, = 0.983, n = 3; EFla transfection F(, 4 = 83.98, p <
0.0001, nf, = 0.949, n = 4). Collectively, these data show that
activation of E-box-controlled transcription by TCF4 in primary
neurons is upregulated by membrane depolarization indepen-
dent of isoformal specificity or expression levels of TCF4.

To demonstrate that not only depolarization of neurons but
also excitatory synaptic activity results in upregulation of TCF4-
controlled transcription, we stimulated action potential firing in
DIV 13 primary neuron cultures by application of the GABA type
A receptor antagonist bicuculline together with the K™ channel
blocker 4-AP (Hardingham et al., 2001). TCF4-A ~-mediated
transcription was increased in response to bicuculline/4-AP
treatment and this induction was inhibited in the presence of
the Na ™ channel blocker tetrodotoxin (which prevents action
potential generation), the L-type VGCC blocker nifedipine,
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Intracellular distribution of endogenous and overexpressed V5-tagged TCF4 proteins in rat primary neurons. a, Neurons were cotransfected with Tcf4 exon 12 or 20 specific siRNAs and

an EGFP construct for identification of transfected cells (marked with asterisks); mock and scrambled siRNA transfections were performed in control. Arrows indicate nonspecific staining of glial
processes with TCF4 antibodies. b, Neurons were transfected with TCF4 V5 constructs. Localization pattern is indicated at the right. n, Nuclear; n + ¢, nuclear and cytoplasmic. In @ and b, tubulin

11l and DNA were stained to label neurons and nuclei (encircled in a), respectively.

and/or antagonists of N-methyl-D-aspartate subtype of glu-
tamate receptors (NMDARs) 2-amino-5-phosphonovalerate
(APV) and MK801 (Fig. 1d, one-way ANOVA, F5 ;) = 24.18,
p < 0.0001, nf, = 0.870, n = 4). This confirms that TCF4 is
activity regulated in neurons and indicates that Ca** influx
through L-type VGCCs and NMDAR:s is involved in trigg-
ering TCF4-controlled transcription in response to synaptic
activity.

Endogenous and overexpressed TCF4 proteins are present in
the nuclei of primary neurons

Next, we aimed to gain insights into the mechanisms that under-
lie neuronal-activity-dependent regulation of TCF4. We have
shown previously that TCF4 is present in the nuclei of neurons in
adult human hippocampal and cerebellar tissue sections (Sepp et
al., 2011). However, in a recent study, the majority of TCF4 im-
munoreactivity was found in the neuronal cytoplasmic soma and
dendrites of adult mouse brain (D’Rozario et al., 2016). To inves-
tigate whether the weak transactivation ability of TCF4 in
primary neurons in basal conditions could be explained by the
absence of TCF4 from the neuronal nuclei, we studied the distri-
bution of TCF4 in primary neurons transfected with Tcf4-specific
or scrambled siRNAs. In mock and scrambled siRNA-transfected
neurons, we detected most of the TCF4-like signal in the nuclei,
whereas in neurons transfected with three different Tcf4-specific
siRNAs, the nuclear staining was severely reduced (Fig. 2a). Upon
overexpression, the NLS-containing TCF4 isoforms localized to
the nuclei, whereas NLS-lacking isoforms distributed to the nu-
clei and cytoplasm (Fig. 2b). These data demonstrate that, in
primary neurons endogenous as well as overexpressed TCF4,
proteins are present in the nuclei, corroborating our previous
findings in adult human brain tissue and HEK-293 cells (Sepp
etal., 2011). The differences between our results and findings
by D’Rozario et al. (2016) could arise from the usage of differ-
ent TCF4 antibodies. Here, we have confirmed the specificity
of the endogenous nuclear signal in primary neurons, but the
specificity of the endogenous cytoplasmic TCF4-like signal
requires further validation, for example, by using TCF4
knock-out mice. We conclude that the regulation of TCF4 by
neuronal activity cannot be attributed to its signal-dependent
nuclear import.

Region between AD2 and bHLH is critical for
neuronal-activity-dependent regulation of TCF4 functions
Because all assessed TCF4 isoforms were responsive to neuronal
activity, we reasoned that the effect could be dictated by the com-
mon domains AD2 and/or bHLH. To elucidate the role of AD2,
we compared the activities of a deletion mutant of TCF4-B ™ that
lacks AD2 but retains AD1 and the AD2-containing isoform
TCF4-A . In contrast to TCF4-A ~, TCF4-B ~ AAD2 did not in-
crease E-box-dependent reporter activity significantly above the
vector control levels in depolarized neurons (Fig. 3a; two-way
ANOVA, treatment X transfection interaction F, ;,y = 8.055,
p= 0.0061, 7fp(imeraclion, treatment, transfection) 0.573,0.811, 0.827;
n = 3). To study the activation domains independently of the
bHLH domain, we used heterologic constructs in which AD1 or
AD?2 is fused with the GAL4 DNA-binding domain and the E2-
tag. GAL4-AD2-E2, but not GAL4-AD1-E2, raised reporter tran-
scription from GAL4 binding sites carrying promoter above the
control levels. However, this upregulation was not activity de-
pendent because an ~3.5-fold increase in reporter levels was
recorded in GAL4-AD2-E2-expressing neurons in both basal
and depolarized conditions (Fig. 3b; two-way ANOVA, treat-
ment X transfection interaction F(, 5y = 3.762, p = 0.0431,
T’p(intcraction, treatment, transfection) = 0295’ 0580’ 0980’ n= 3)
These results indicate that AD2 is required for transactivation
in neurons, but is not sufficient for neuronal-activity-depen-
dent regulation of TCF4 functions.

Next, we made serial deletions of TCF4 N-terminal sequences
starting with the shortest isoform TCF4-1 ~ and added SV40 Lar-
geT NLS and the constitutively active VP16 transactivation do-
main to the N terminus of the deletants. VP16-TCF4-M217(1 ),
VP16-TCF4-G316, VP16-TCF4-S363, VP16-TCF4-M430, and
VP16-TCF4-P498 (named according to the first included TCF4
aa using the TCF4-B sequence as a reference) were expressed at
comparable levels in HEK-293 cells and bound uE5 E-box in vitro
(Fig. 3¢). In HEK-293 cells, all VP16-TCF4 deletant proteins up-
regulated E-box-controlled transcription, even though the trans-
activation decreased concomitant with increased deletions in
TCF4 (Fig. 3d; one-way ANOVA, transfection F5 ,,) = 1264, p <
0.0001, nf, = 0.997, n = 3). Conversely, in rat primary neurons,
overexpression of the shortest TCF4 deletant protein VP16-
TCF4-P498 did not elicit induction of reporter activity in KCl-
treated cells compared with untreated cells, whereas all other
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Figure3. Mapping of the TCF4 regions required for its regulation by neuronal activity. a, b, d, e, Reporter assays with primary neurons (a, b, e) or HEK293 cells (d) transfected with CMV promoter

containing constructs encoding TCF4 isoforms (a), E2-tagged GAL4 fusion proteins (b), or VP16-TCF4-1 ~ deletants (d, e) as indicated. Firefly luciferase constructs carrying (LES E-boxes (a, d, e) or
GAL4-binding sites (b) and Renilla luciferase construct with £F7ce promoter were cotransfected. Neurons were left untreated or treated with KCl for 8 h. Data are presented as fold induced levels
above the signals obtained from empty vector transfected untreated cells (a, b, d) or as fold induction of luciferase activity in KCl-treated neurons compared with untreated neurons (e). Shown are
the means = SEM from at least three independent experiments (see Materials and Methods for details). Statistical significance shown with asterisks is relative to the reporter levels measured from
untreated or KCl-treated cells of the first data point in each chart or between the bars connected with lines. *p << 0.05; **p << 0.01; ***p << 0.001; two-way ANOVA followed by Bonferroni post hoc
tests for comparisons across treatment and transfections (a, b) or one-way ANOVA followed by Dunnett’s post hoc tests for comparisons with vector control (d, e). ¢, Western blot analysis of
VP16-TCF4-1 — deletants expressed in HEK-293 cell and electrophoretic mobility shift assay (EMSA) for binding of wE5 E-box by in vitro translated VP16-TCF4-1 — deletant proteins. AD, Activation
domain; AV MLP, adenovirus major late promoter; GBS, GAL4 binding site; min, minimal promoter; RLU, relative luciferase units; TK, thymidine kinase promoter.

deletant proteins, including VP16-TCF4-M430, were able to me-
diate membrane depolarization-mediated induction of reporter
activity (Fig. 3e; one-way ANOVA, transfection F, ,,, = 41.38,
p < 0.0001, nlzj = 0.907, n = 3). These results indicate that the
TCF4 protein region between aa M430 and P498, in conjunction
with the bHLH domain, is critical for activity-dependent regula-
tion of TCF4.

PKA participates in the regulation of TCF4 functions by
neuronal activity

In neurons, a membrane-depolarization-induced rise in intracel-
lular Ca*™ levels activates many protein kinases, including Ca*" -
calmodulin kinases (CAMK), protein kinase A (PKA), protein
kinase C (PKC), and mitogen-activated protein kinases (MAPKs)
(Kotaleski and Blackwell, 2010). To elucidate which signaling
pathways play a role in KCl-induced capacity of TCF4 to activate
transcription in neurons, we tested whether inhibition of any of
these kinases interferes with the induction. To exclude promoter-
driven effects of the compounds on TCF4 levels, we performed
parallel reporter experiments with TCF4-A ™ constructs carrying
the CMV or EFla promoter. Independent of the promoter used
for TCF4-A ™~ overexpression, KCl-induced reporter levels were
reduced significantly by the CAMK2 inhibitor KN-62 and the
PKA inhibitor H89, but not by the CAMKK inhibitor STO-609,
the Ca*"-dependent PKC isoform inhibitor Go 6976, or an un-
related casein kinase inhibitor TBB (Fig. 4a; one-way ANOVA,
CMYV transfection F( 39y = 54.48, p < 0.0001, n7 = 0.933, 1 = 3;
EFla transfection F( 39y = 10.44, p < 0.0001, n?, =0.728,n=
3). Inconsistent results were obtained with the pan-PKC in-
hibitor Go 6983 and the MEK inhibitor U0126 in the two
experimental settings, possibly pointing to nonspecific effects.
Next, we tested whether coexpression of constitutively active
(CAT) forms of CAMK2B, CAMK4 (Sun et al., 1994), PKA
(Uhler and McKnight, 1987), PKC (Soh and Weinstein, 2003), or
MEK (Huang and Erikson, 1994) is able to trigger TCF4-
dependent transcription in neurons grown in basal conditions.
The results of this assay showed that constitutively active PKA
catalytic subunit o and, to lesser extent, also PKCa CAT, was able

to induce the reporter activity (Fig. 4b; one-way ANOVA, trans-
fection F5 ;) = 75.66, p < 0.0001, nf, = 0.969, n = 3). We then
focused on PKA and PKC and studied the effects of chemical
activators and DN forms of these kinases on TCF4-dependent
transcription in neurons. As demonstrated in Figure 4c, the re-
porter activity was upregulated by treatment with PKA activator
dibutyryl cAMP (dbcAMP) and not with PKC activator PDBu
independent of the promoter used for TCF4-A ~ overexpression
(one-way ANOVA, CMV transfection F5 |5, = 33.69, p < 0.0001,
m; = 0.849, n = 3; EFla transfection F(;,,) = 10.45, p =
0.0002, nIZJ = 0.588, n = 3). Consistently, induction of TCF4-
dependent transcription by KCl-treatment was reduced by coex-
pression of the DN PKA-regulative subunit R1 (Clegg et al., 1987)
and not by coexpression of DN PKCa (Soh and Weinstein, 2003)
in neurons (Fig. 4d; one-way ANOVA, transfection F,4 =
14.40, p = 0.0051, né = 0.828, n = 3). We validated all CAT and
DN forms of kinases by Western blot analyses performed with the
appropriate tag-specific antibodies on proteins overexpressed in
HEK-293 cells (Fig. 4e).

cAMP is generated by nine transmembrane adenylyl cyclases
(tmACs) and one soluble AC (sAC) in mammals. To discern
between the contributions of different ACs to regulation of TCF4
by membrane depolarization in neurons, we selectively inhibited
tmACs and sAC with ddAdo (2',3'-dideoxyadenosine) and KH7,
respectively. Inhibition of sAC and not tmACs interfered with the
induction of TCF4-dependent transcription in depolarized neu-
rons independent of the promoter used for TCF4-A ™~ overex-
pression (Fig. 4a). From the above results, we concluded that
signaling via sAC and PKA is needed for membrane depolariza-
tion induced TCF4-dependent transcription in primary neurons.
Nevertheless, other kinases, including CAMK2 and PKC, could
also play a role.

TCF4 $448 is phosphorylated by PKA and contributes to the
regulation of TCF4 by neuronal activity

We next investigated whether TCF4 is a substrate for PKA. To
evaluate this, we performed in vitro immune complex kinase as-
says using immunoprecipitated E2-PKA-Ca from transfected
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Figure4. Identification of signaling pathways involved in the induction of TCF4-dependent transcription by neuronal activity. Shown is the effect of treatment with pharmacological inhibitors

(a), coexpression of constitutively active kinases (b), treatment with kinase activators (c), and coexpression of DN kinase subunits (d) on TCF4-A ~-mediated transcription. Neurons were transfected
with firefly luciferase construct carrying 12 ES E-hoxes in front of TK promoter, Renilla luciferase construct with £F7ce or PGKT promoter, and TCF4-A ~ vector with CMV or EF7cx promoter,
respectively. Constructs coding for various constitutively active and DN protein kinase subunits were cotransfected in b and d, respectively. The transfected neurons were left untreated or treated
with theindicated compounds for 8 h. Data are presented as fold induced levels above the signals obtained from empty vector transfected and untreated cells in a—cand as fold induction of luciferase
activity in KCl-treated neurons compared with untreated neurons in d. Shown are the mean results from at least three independent experiments (see Materials and Methods for details) performed
induplicates. Error barsindicate SEM. Figures aand care to scale and dashed lines indicate reporter levels in nontreated and KCl-treated TCF4-A ~ -expressing cells. Statistical significance shown with
asterisks is relative to the first data point in each chart. *p << 0.05; **p << 0.01; ***p << 0.001; one-way ANOVA followed by Dunnett’s post hoc tests. RLU, Relative luciferase units. E, Western blot
analysis of constitutively active and dominant negative protein kinase subunits overexpressed in HEK-293 cells.

HEK-293 cells as the enzyme and immunoprecipitated Flag-
TCF4-M217(17) or its deletion mutants Flag-TCF4-G316, Flag-
TCF4-S363, Flag-TCF4-M430, or Flag-TCF4-P498 from transfected
HEK-293 cells as the substrates in the presence of [y->*P]ATP.
All Flag-TCF4 deletant proteins were immunoprecipitated at
comparable levels and all except Flag-TCF4-P498 were phos-
phorylated in the presence of E2-PKA-Ca (Fig. 5a). These results
suggest that PKA phosphorylates TCF4 in the region between aa
M430 and P498. We subsequently used NetPhos 2.0 (Blom et al.,
2004) to predict phosphorylation sites in this region and identi-
fied S448 and S464 as potential PKA targets. Both of these serines
are conserved in mammals, reptiles, and amphibians and S448
also in teleost fishes (Fig. 5b). To determine whether S448 and/or
S464 are phosphorylated by PKA in vitro, we substituted one or
both of the serines with alanines in the context of Flag-TCF4-
M217(I ") and performed immune complex kinase assays as de-
scribed above. Compared with the WT protein, phosphorylation
by PKA was severely reduced when S448 was mutated, slightly
reduced when S464 was mutated, and abolished in case of the
double mutant (Fig. 5¢). This indicates that, in TCF4, S448 is the
major and S464 a minor site for phosphorylation by PKA. In addi-
tion, E2-PKA-Ca overexpressed in HEK-293FT cells was coimmu-
noprecipitated with Flag-TCF4-M217(1 ") and to lesser extent also
with Flag-TCF4-P498 (Fig. 5d), demonstrating that TCF4 interacts
with PKA, but the region containing the phosphorylation sites is not
absolutely required for the association.

To elucidate whether the identified PKA phosphorylation
sites in TCF4 are involved in membrane-depolarization-medi-
ated induction of TCF4-dependent transcription in neurons, we
performed reporter assays using neurons transfected with con-
structs encoding WT, S448A, S464A, or S448A and S464A double
mutant TCF4-A ™. Compared with WT TCF4-A "~ overexpres-
sion, the induction of E-box-controlled luciferase activity in re-
sponse to KCI treatment was reduced significantly when S448A

or the double mutant TCF4-A "~ was expressed in neurons (Fig.
5e; one-way ANOVA, transfection F; ,,) = 4.836, p = 0.0197,
m, = 0.547, n = 4). This indicates that $448 is required for full
induction of TCF4-dependent transcription in depolarized
neurons.

In utero electroporation of TCF4 has recently been demon-
strated to severely disrupt the columnar organization of pyrami-
dal cells in layer 2/3 of the rat medial prefrontal cortex (mPFC) by
inducing clustering of transfected cells in a neuronal-activity-
dependent manner (Page et al., 2017). To test whether S448 is
required for altering the distribution of pyramidal cells by TCF4
in vivo, we overexpressed WT or S448A TCF4-A ™ in mPFC of rat
embryos by in utero electroporation. Compared with overexpres-
sion of GFP alone, coexpression of WT TCF4-A ™ resulted in the
formation of cellular aggregates in layer 2/3 mPFC, an effect that
was abolished by mutating S448 (Fig. 5f,g; one-way ANOVA,
transfection F, |5, = 5.567, p = 0.0155, nf) = 0.426, n = 7 except
for GFP, which was n = 4). Altogether, the above data identify
TCF4 S448 as a PKA substrate and provide evidence for the im-
portance of S448 in the neuronal-activity-dependent regulation
of TCF4 in neurons in culture as well as in vivo.

TCF4 participates in the neuronal-activity-induced
transcription of Gadd45g

We next aimed to extend our studies that established TCF4 as a
Ca**-responsive transcription factor to a natural endogenous
target gene. For this, we tested whether TCF4 participates in the
regulation of Gadd45g, which is known to be upregulated by
neuronal activity (Zhang et al., 2009). Gadd45gis a direct target of
ASCL1 (Huang et al., 2010; Castro et al., 2011), a class Il bHLH
factor that requires an E-protein dimerization partner such as
TCF4 for efficient DNA binding. We cloned the human GADD45G
promoter region from —215 to +30 bp from the putative tran-
scription start site containing two conserved ASCL1-responsive
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Figure5. Identification and functional analysis of PKA phosphorylation sites in TCF4 in vitro
and in vivo. a, ¢, Western blot analysis and in vitro phosphorylation assay with Flag-TCF4-1 ~
deletant (a) and point mutant (c) proteins overexpressed in HEK-293 cells and immunoprecipi-
tated with Flag antibodies. Kinase E2-PKA-Caw was overexpressed in HEK-293 cells and immu-
noprecipitated with E2 antibodies. The position of Flag-TCF4 —P498 is indicated with an asterisk
(*). b, Alignment of Homo sapiens (Hs) TCF4 protein region M430—P498 with the respective
regions in TCF4 of Mus musculus (Mm), Arolis carolinensis (Ac), Xenopus tropicalis (Xt), and
Oryzias latipes (0l). The predicted PKA phosphorylation sites S448 and S464 are circled. d,
Interactions of E2-PKA-Coe with Flag-TCF4. The proteins were overexpressed in HEK-293FT cells
as indicated and coimmunoprecipitated with Flag antibodies. Western blots with E2 and Flag
antibodies were performed sequentially, the number sign (#) marks bands from previous layer.
Ina, ¢, and d, a representative of at least two independent experiments with similar results is
shown. e, Reporter assay with primary neurons transfected with firefly luciferase construct
carrying 12 wE5 E-boxes in front of TK promoter, Renilla luciferase construct with £F7cx pro-
moter,and WT ormutant TCF4-A ~ encoding constructs. Data are presented as fold induction of
luciferase activity in 25 mm KCl-treated neurons compared with untreated neurons. f, Distribu-
tion of layer 2/3 pyramidal neurons expressing TCF4 and/or GFP protein in the mPFC. Rat em-
bryos were electroporated in utero at E16 and coronal sections from P21 animals were subjected
to confocal microscopy. g, Quantification of the data in £. Pixel intensities perpendicular to the
medial surface were binned and the CV across all bins was calculated. The higher the CV value,
the more clustered is the distribution of cells. Results from four (e) or seven (f, g; except for GFP,
which is n = 4) independent experiments are shown. Error bars indicate SEM. *p << 0.05;
one-way ANOVA followed by Dunnett’s post hoc tests for comparisons with WT (e) or control
GFP (g).

E-boxes (Huang et al., 2010), into a reporter vector (Fig. 6a) and
performed luciferase assays in primary neurons. Overexpression
of ASCL1 alone, but not TCF4 alone, upregulated transcription
from the GADD45G promoter in neurons left untreated or
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treated with KCI (Fig. 6b; two-way ANOVA, treatment F(, ;) =
182.6, p < 0.0001; transfection Fg; 5 = 36.79, p < 0.0001,
p(interaction, treatment, transfection) ~ =0.303,0.919,0.873; n = ) Im-
portantly, the effect of ASCL1 on GADD45G promoter activity
in depolarized neurons was augmented by TCF4 overexpres-
sion (Fig. 6b) and diminished by cotransfection of four differ-
ent TCF4-specific siRNAs (Fig. 6¢; two-way ANOVA,
treatment X transfection interaction F(4 10 = 8.151, p <
0. 0001 np(mteractlon treatment, transfecnon) = 0. 449 0. 877 0. 824
n = 5). This demonstrates that TCF4 is involved in neuronal-
activity-dependent upregulation of ASCLI1-mediated tran-
scription from the GADD45G promoter in neurons.

To determine whether TCF4 binds and regulates the
GADD45G promoter via the conserved E-boxes in neurons, we
performed reporter assays with promoter constructs containing
mutations in one or both of the E1 and E2 E-boxes (Fig. 6a) and
ChIP experiments using TCF4 antibodies. In depolarized neu-
rons, TCF4-A ™~ and ASCL1 coexpression increased transcription
from WT and E1 mutant promoters compared with empty vector
control. In contrast, the induction was insignificant in case of E2
mutant and lost in case of double mutants (Fig. 6d; two-way
ANOVA, transfection X treatment interaction F; 4y = 6.667,
P = 00040) T’;(interaction, transfection, treatment) = 0555’ 0729’ 07807
n = 4). In ChIP experiments, we detected enrichment of TCF4 on
Gadd45¢ promoter compared with an unrelated region on Chr1 that
served as an indicator of unspecific background (Fig. 6e; two-way
ANOVA; antibody X genomic region interaction F; g) = 9.376,p =
0.0155, Tf(mteracuon antibody, genomic region) — =0.540,0.447,0.344; n =
3). The above data demonstrate that TCF4 binds directly to the
Gadd45¢ promoter in neurons, most probably by interacting with
the proximal E2 E-box.

Finally, to find out whether TCF4 regulates the endogenous
Gadd45g gene, we overexpressed VP16-fused TCF4-1" or Tcf4-
specific ShRNAs in primary neurons using nucleofection or
transduction of AAV vectors, respectively. Compared with EGFP
control, VP16-TCF4-1" increased Gadd45g levels both before
and after 6 h depolarization (Fig. 6f; n = 2). Silencing of T¢f4 to
~40% or ~10% of control levels using two different shRNAs (Fig.
6g; two-way ANOVA, transfection F,,,, = 776.0, p < 0.0001,
np(mteractlon treatment, transfection) ~ = 0.066, 0.060, 0.985; n = 3) de-
creased Gadd45g transcription in depolarized but not in resting
neurons (Fig. 6h; two-way ANOVA, treatment X transfection inter-
action F(Z 24) = 10. 84 p= 0. 0004 np(mtehcnon treatment, transfectlon)
0.475,0.994,0.428; n = 3). Altogether, these results demonstrate that
Gadd45g is an endogenous target of TCF4 in neurons.

TCF4 missense variations identified in SCZ patients alter the
transcriptional activity of TCF4 in neurons

The rare coding variants of TCF4 detected in sporadic SCZ cases
include S102C, P156T, F211L, P299S, and G428V identified in
single SCZ patients and A315V identified in 14 cases and 10 con-
trols (Hu et al., 2014; Basmanav et al., 2015). The variations are
located outside of the functional domains of TCF4, suggesting
that their impact on TCF4 function might be modest and depen-
dent on cellular context. To evaluate the potential pathogenicity
of these variations in the light of the novel role of TCF4 as an
activity-regulated transcription factor, we studied the impact of
the substitutions on TCF4-dependent reporter transcription in
primary neurons. This experiment was performed with the long
TCF4 isoform B~ because it comprises all six sites of substitution
(Fig. 7). Compared with WT TCF4-B~, the P299S variant
increased E-box-dependent reporter levels in neurons in basal condi-
tion 1.3-fold and the G428V variant raised reporter levels 1.4- or 1.5-fold
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Figure6. Regulation of GADD45G transcription by TCF4in neurons. a, Alignment of the cloned GADD45G promoter region in Homo sapiens (Hs) with the respective region in Rattus norvegicus (Rn).
Arrows indicate the primers used in ChIP analysis and the putative transcription start site (TSS). The two conserved E-boxes Tand 2 are shown in boxes with the introduced mutationsindicated below.
b—d, Reporter assays with cultured primary neurons transfected with WT (b—d) or mutant (d) GADD45G promoter firefly luciferase constructs and Renilla luciferase construct with PGK promoter for
normalization. Empty vector, £F7ce-TCF4-A — and/or SRa-ASCL1 vector (b, d) and SRa-ASCLT vector together with TCF4-specific or scrambled siRNAs (c) were cotransfected as indicated.
Transfected neurons were left untreated or treated with 25 mm KCl for 8 h. e, ChIP analysis of TCF4 binding to Gadd45g promoter in neurons. Chromatin was coimmunoprecipitated with TCF4
antibodies or with beads alone. The levels of bound Gadd45g promoter or an unrelated region (URR) on chromosome 1 were quantified by qPCR. The means of three independent experiments are
presented as percentages of input DNA. f—h, Quantitative RT-PCR analysis of Gadd45g (f, h) and total Tcf4 (g) mRNA expression in primary neurons nucleofected with EGFP or VP16-TCF4-l —
constructs () or transduced with scrambled or TCF4-specific shRNAs encoding AAV vectors (g, h). Neurons were left untreated or treated with 25 mm KCl for 6 h. b—d, f~h, Data are presented relative
to the normalized reporter or mRNA levels measured in untreated control cells in each experiment. The mean results from two (f), three (b, d), four (g, h), or five (c) independent experiments are
shown. Error bars indicate SEM. Statistical significance shown with asterisks is relative to the reporter or mRNA levels measured from untreated or KCl-treated neurons of the first data
point of each chart or between the bars connected with lines. *p << 0.05; **p << 0.01; ***p << 0.001; two-way ANOVA followed by Bonferroni post hoc tests for comparisons across TCF4
and ASCL1 transfections (b, d) or antibody use and genomic regions (e) or Dunnett's post hoc tests for comparisons with untreated or KCl-treated scrambled si/shRNA samples (c, g, h).
RLU, Relative luciferase units.

in untreated or KCl-treated neurons, respectively (Fig. 7; two-way
ANOVA, treatment F, 55, = 1339, p << 0.0001, transfection Fg .4y =
9920> P < 00001’ T’f)(interaction, treatment, transfection) = 0107’ 0961’
0.520; n = 5 except for P156T "<\, n = 4). In addition, we ob-

7 1
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6 m+Ka dependent reporter activity in KCl-treated neurons compared
with untreated neurons for four TCF4 variants: P299S (84% of
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0.0151, r* = 0.543, n = 5), P156T (85%, tzy = 2.272,p = 0.0573,
PR e Sy r* = 0.425,n = 4),5102C (77%, (5, = 2.036,p = 0.0762,r = 0.341,
> n=5),and F211V (84%, t.g, = 1.998, p = 0.0808, r> = 0.333,
2 n = 5). These results raise the possibility that aberrant regulation
= of TCF4 transcriptional activity in neurons could play a role in
SCZ.
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TCF4-B~ il bHLH I rons is modified by missense variations implicated in SCZ. Our

data suggest that the role of TCF4 in the etiology of SCZ and
Figure7. Theeffect of SCZ-linked TCF4 missense variations on the transcriptional activity of  pTHS converges with the roles of many other psychiatric and neu-
TCF4 in neurons. Reporter assay with primary neurons transfected with WT or mutant £F7 - rodevelopmental disorder-associated genes on a common pathway;
TCF4-B ~ vectors, firefly luciferase construct carrying 12 wE5 E-boxes in front of TK promoter, that s, neuronal-activity-dependent signaling (West and Greenber
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independent experiments (except for P156T ¥, inwhich n = 4). Error bars indicate SEM.*p ~ Group of the Psychiatric Genomi‘cs Consortium, 2014).
< 0.05; **p < 0.01; two-way ANOVA followed by Dunnett's post hoc tests for comparisons Synaptic-activity-induced signaling modulates gene tran-
with untreated or KCI-treated WT. RLU, Relative luciferase units. scription by altering the function, localization, or expression of
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transcription factors (Lyons and West, 2011). In the current
study, we showed that the activity-dependent induction of
E-box-controlled transcription by TCF4 in cultured cortical and
hippocampal neurons is not mediated by signal-regulated nu-
clear import of TCF4 and is independent of its isoformal speci-
ficity. We found that only transactivation domain AD2, and not
AD1 separately, functions in activating transcription in primary
neurons. This is in accordance with the requirement of AD2 for
TCF4 activity in the developing prefrontal cortex in vivo (Page et
al., 2017), but different from non-neural cells, in which both AD1
and AD2 are able to mediate transcriptional activation and func-
tion synergistically (Sepp et al., 2011). Although AD2 was essen-
tial for TCF4-mediated transactivation in neurons, it was not
involved in neuronal-activity-dependent regulation of TCF4. In-
stead, we found that, for activity responsiveness, the C-terminal
~240 aa of TCF4 are sufficient. This region contains the bHLH
domain and a conserved upstream serine (S448) that was re-
quired for full depolarization-mediated TCF4 activation in pri-
mary neurons and for the ability of TCF4 to induce prefrontal
layer 2/3 neuron clustering in vivo. Therefore, it appears that S448
phosphorylation is a central mechanism by which stimulus-
dependent regulation of TCF4 is achieved.

Activity-dependent transcription in neurons is driven by sev-
eral signaling pathways initiated predominantly by Ca*" influx
through VGCCs and/or NMDARs (Hagenston and Bading,
2011). Here, we found that Ca** signaling triggered by both of
these Ca®" entry routes is conveyed to TCF4. By combining
pharmacological and genetic approaches, we demonstrated that
the induction of TCF4-controlled transcription by membrane
depolarization depends on the cAMP—PKA pathway. This result
was corroborated by interaction of TCF4 with the catalytic sub-
unit of PKA and direct phosphorylation of TCF4 at the critical
S448 and S464 by PKA in vitro. Although the cAMP-PKA path-
way has long been known to be involved in Ca**-regulated
synaptic function, plasticity, and the late phase of long-term po-
tentiation, it has generally been considered to play a modulatory
role in activity-dependent gene regulation in neurons (Poser and
Storm, 2001). For instance, the prototypical neuronal activity-
responsive transcriptional regulator CREB (cAMP response ele-
ment binding protein) is primarily stimulated by the CAMK and
MAPK pathways in neurons (Hagenston and Bading, 2011),
whereas PKA influences it indirectly, for example, by supporting
MAPK nuclear translocation and preserving nuclear localization
of CREB-regulated transcriptional coactivator 1 (Poser and
Storm, 2001; Ch’ng et al., 2012). In contrast, we found here that
TCF4 activity in neurons depends predominantly on the cAMP-
PKA pathway, although roles for other kinases, especially for
CAMK?2 and PKC, cannot be ruled out. The significance of
cAMP-PKA signaling in TCF4 regulation was further substanti-
ated by our finding that of the two sources of cellular cAAMP, sAC
activity, but not tmAC activity, was required for depolarization-
induced TCF4-dependent transcription in neurons. sAC is a free
Ca*" and bicarbonate-responsive enzyme that localizes to differ-
ent cellular compartments, including the nucleus, and has been
shown to act as a sensor of neural activity in retinal ganglion cells
(Stiles et al., 2014). Together, our results reveal a novel signaling
axis in cortical neurons that links Ca*" influx into neurons
with activation of sAC, PKA and TCF4-dependent transcrip-
tion.

The mechanisms by which phosphorylation of TCF4 by
PKA regulates its transactivational capacity remain undefined.
Previous studies have shown that phosphorylation can affect sev-
eral properties of bHLH proteins, including their stability (Hong
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et al., 2011; Jo et al., 2011; Lin and Lee, 2012) and dimerization
specificity (Sloan et al., 1996; Lluis et al., 2005). These regulatory
mechanisms and differential modulation of DNA binding of
E-protein homodimers and heterodimers by Ca**-calmodulin
(Hauser et al., 2008) provide the means for signal-responsive
regulation of target genes by specific bHLH dimers. Here, we
demonstrate that, in primary neurons, depolarization activates
TCF4:ASCL1 heterodimers, which participate in the induction
Gadd45g expression. Gadd45g¢ codes for a member of growth
arrest and DNA damage-inducible 45 protein family that are im-
plicated in active DNA demethylation, adult cognitive function,
and neuropsychiatric dysfunction (Sultan and Sweatt, 2013).
Identification of a functional E-box and binding of TCF4 to its
endogenous promoter establish Gadd45¢ as a direct target of
TCF4. These results complement previous studies that have as-
signed serum response factor (SRF) and CREB as regulators of
activity-dependent Gadd45¢ transcription (Zhang et al., 2009;
Tan etal., 2012; Kuzniewska et al., 2016) and validate TCF4 as an
activity-responsive transcription factor in the context of a natural
target gene. Our findings are substantiated by recent studies that
have implicated TCF4 in the regulation of synaptic stimuli-
induced processes (Kennedy et al., 2016; Page et al., 2017). Ken-
nedy et al. (2016) studied gene expression in the hippocampi of
heterozygous TCF4 knock-out mice and found broad dysregu-
lation of memory-related genes as well as differences in the
induction of immediate early genes in response to experiential
learning. These changes were accompanied by deficits in synaptic
plasticity, learning, and memory. Page et al. (2017) demonstrated
that TCF4-dependent transcription is involved in the activity-
dependent formation of cortical minicolumns and in the regula-
tion of early neuronal activity. Considering the latter data
together with the results of the current study, we propose that
TCF4 is involved in a positive feedback loop where it acts as
sensor of neuronal activity that enhances spontaneous activity by
regulating transcription.

We have shown previously that most of the PTHS-associated
missense mutations impede the activation of E-box-controlled
transcription by TCF4 in depolarized neurons (Sepp et al., 2012).
Here, we found that two (G428V and P299S) of the six rare TCF4
missense variations identified in SCZ patients (Hu et al., 2014;
Basmanav et al., 2015) increase TCF4 transcriptional activity in
depolarized and/or resting neurons. In addition, several variants
(P299S, P156T, S102C, and F211V) displayed a trend toward
reduced signal-dependent induction of TCF4 activity. Given the
polygenic nature of SCZ etiology, detecting variation-elicited
functional changes is not expected to be fully correlated with a
SCZ case diagnosis (Kim et al., 2017). Our results indicate that at
least a subset of SCZ-linked TCF4 variants have functional con-
sequences. The mechanisms underlying these effects remain un-
characterized, but might involve changes in TCF4 transactivation
ability and/or response to neuronal activity. In contrast, most
PTHS-associated missense mutations studied so far damage the
ability of TCF4 to form stable dimers or bind DNA (Forrest et al.,
2012; Sepp et al., 2012). Our finding that PTHS- and SCZ-linked
missense substitutions have divergent effects on TCF4 functions
is consistent with the accumulating evidence that both loss and
gain of TCF4 expression or activity are related to cognitive dis-
eases and even partial TCF4 deletions and duplications may result
in disturbances (Sepp et al., 2012; Talkowski et al., 2012; Ye et al.,
2012; Kharbanda et al., 2016). Even so, several aspects about the
role of TCF4 in SCZ remain uncertain; for example, the causality
of the rare coding variants of TCF4 in SCZ has not been estab-
lished and the functional implications of the SCZ-associated
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common SNPs in TCF4 are unknown. It has been suggested that
SCZ might be linked to increased TCF4 expression in the nervous
system (Brzézka et al., 2010; Brennand et al., 2011; Guella et al.,
2013; Quednow et al., 2014), although this is not supported by
all studies (Umeda-Yano et al., 2014). We propose that the
impaired cognitive functions seen in PTHS and SCZ patients
could be caused in part by aberrant TCF4-dependent tran-
scriptional response to neuronal activity that in turn could
lead to incorrect neuronal connectivity and/or excitatory-
inhibitory balance.

In summary, we have identified TCF4 as an activity-dependent
transcriptional activator in neurons, providing a mechanistic ratio-
nale for the association of TCF4 with disorders affecting cognitive
function and development.
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