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The molecular mechanisms driving brain development at risk in autism spectrum disorders (ASDs) remain mostly
unknown. Previous studies have implicated the transcription factor FOXP1 in both brain development and ASD
pathophysiology. However, the specific molecular pathways both upstream of and downstream from FOXP1 are not
fully understood. To elucidate the contribution of FOXP1-mediated signaling to brain development and, in partic-
ular, neocortical development, we generated forebrain-specific Foxp1 conditional knockout mice. We show that
deletion of Foxp1 in the developing forebrain leads to impairments in neonatal vocalizations as well as neocortical
cytoarchitectonic alterations via neuronal positioning and migration. Using a genomics approach, we identified the
transcriptional networks regulated by Foxp1 in the developing neocortex and found that such networks are enriched
for downstream targets involved in neurogenesis and neuronal migration. We also uncovered mechanistic insight
into Foxp1 function by demonstrating that sumoylation of Foxp1 during embryonic brain development is necessary
for mediating proper interactions between Foxp1 and the NuRD complex. Furthermore, we demonstrated that
sumoylation of Foxp1 affects neuronal differentiation and migration in the developing neocortex. Together, these
data provide critical mechanistic insights into the function of FOXP1 in the developing neocortex and may reveal
molecular pathways at risk in ASD.
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FOXP1 is among the relatively few high-confidence genes
with de novomutations associated with autism spectrum
disorders (ASDs) (Iossifov et al. 2014; Sanders et al. 2015;
Stessman et al. 2017). Individuals with FOXP1mutations
are diagnosed with ASD and/or intellectual disability (ID)
and present with global developmental delay, motor de-
lay, and severe speech delay (Bacon and Rappold 2012).
Themajority ofmutations in FOXP1 (deletions, transloca-
tions, missense, and nonsense mutations) (Hamdan et al.
2010; O’Roak et al. 2011; Bacon andRappold 2012; Lozano
et al. 2015; Sollis et al. 2016) results in loss of function
(Sollis et al. 2016). However, detailed loss-of-function
studies investigating the contributions of FOXP1 to
ASD-relevant phenotypes in the developing brain have
yet to be carried out.

A few mouse models of Foxp1 have begun to elucidate
the function of Foxp1, primarily in the adult brain. (Fork-
head genes have a unique protein nomenclature: upper-
case for primates, title case for rodents, and mixed case
for all other species or mixture of species [Kaestner et al.
2000].) Adult micewith a brain-wide deletion of Foxp1 us-
ing a conditional knockout (cKO) approach (Nes-Cre;
Foxp1flox/flox) demonstrated developmental abnormalities
in the striatum and hippocampus, reduced excitability of
hippocampal CA1 neurons, impaired short-termmemory,
and ASD-like behaviors (Bacon et al. 2015). In addition,
our patient-relevant haploinsufficient Foxp1 mouse mod-
el displayed increased excitability of striatal medium
spiny neurons (MSNs), altered neonatal ultrasonic vocali-
zations (USVs), and altered gene expression of ASD-
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relevant pathways as adults (Araujo et al. 2015). Together,
these studies have demonstrated the importance of Foxp1
in global brain development. However, the region-specific
roles of Foxp1, in particular its role in neocortical develop-
ment and function, are largely unknown.

Previous work has demonstrated that genes expressed
during fetal brain development are at risk in ASDs (Will-
sey et al. 2013; de la Torre-Ubieta et al. 2016; Packer
2016). These findings suggest that early brain develop-
ment is a critical time point for understanding the mech-
anisms underlying ASDs. Therefore, in this study, we
characterized the behavioral and neuroanatomical phe-
notypes in forebrain-specific Foxp1 cKO mice (Emx1-
Cre; Foxp1flox/flox) at early postnatal stages that are anal-
ogous to the phases of early human fetal brain develop-
ment. We demonstrate impairments in USV production
and the neocortical cytoarchitecture of Foxp1 cKO
mice. To explore the molecular mechanisms underlying
these phenotypes, we carried out RNA sequencing
(RNA-seq) and identified alterations in the expression
of genes involved in neuronal development, migration,
and synaptic function. Moreover, we show that sumoyla-
tion of Foxp1 in the neocortex plays an essential role in
neurite outgrowth and neuronal migration. Finally, we
found that sumolyation regulates the recruitment of
the FOXP1–NuRD complex, a potential mechanism to
modify gene expression. Together, these data demon-
strate a critical role for Foxp1 in the developing forebrain
that may be relevant to neurodevelopmental disorders
such as ASDs.

Results

Forebrain expression of Foxp1 is required for vocal
communication

We generated Foxp1 cKO mice by crossing Emx1-Cre
driver mice (Gorski et al. 2002) to Foxp1flox/flox mice
(Feng et al. 2010) as described previously (Araujo et al.
2017). We confirmed an absence of Foxp1 expression in
thepostnatal neocortices andhippocampi of these animals
(Fig. 1A,B). In general, Foxp1 cKO mice appeared healthy
and viable, and there was no difference in their average
body weight during early postnatal development com-
pared with littermate controls (Fig. 1C). We performed
behavioral analysis for USVs as an ASD-relevant pheno-
type at early postnatal stages on Foxp1 cKO mice and ob-
served alterations in USVs at postnatal day 4 (P4) and P7
(Fig. 1D–I). Specifically, the number of whistle calls pro-
duced was significantly lower (interaction, P = 0.0036;
age,P < 0.0001; genotype,P < 0.0001) (Fig. 1D), thepercent-
age of callswith frequency jumpswas lower (interaction,P
= 0.67; age, P = 0.020; genotype, P = 0.0016) (Fig. 1E), call
durations were shorter (interaction, P = 0.79; age, P <
0.0001; genotype, P < 0.0001) (Fig. 1F), and the frequency
range was smaller (interaction, P = 0.59; age, P = 0.031; ge-
notype, P < 0.0001) (Fig. 1I). However, therewere no signif-
icant differences in either themean frequency or call slope
of Foxp1 cKOmouse USVs (Fig. 1G,H). These data suggest
thatFoxp1expression in the pyramidal neurons of the fore-

brain is necessary for proper vocal communication at early
postnatal stages.

Deletion of Foxp1 in the forebrain results
in structural brain changes and abnormal
neocortical neuronal positioning

To quantify any neuroanatomical phenotypes correspond-
ing to forebrain-specific loss of Foxp1 that might be con-
tributing to the observed behavioral phenotypes, we
analyzed the brains of Foxp1 cKOmice at P7 by magnetic
resonance imaging (MRI). For this assessment, we looked
at relative volume differences regionally as well as voxel-
wise, as there was a significant decrease in the total brain
volume (−4.4%; P = 0.01; q = 0.03) of Foxp1 cKOmice. As-
sessing brain areas with robust EMX1 expression (Gorski
et al. 2002), we found significant reductions in the relative
volume (percentage total brain volume) of the cerebral
cortex and hippocampus and an increase in the relative
volume of the lateral septum (Fig. 2A,B; Supplemental
Table S1). Interestingly, we also found significant changes
inwhitematter tracts and brain regions not expected to be
directly affected by Emx1-Cre expression (Fig. 2A,B;
Supplemental Table S1). These results demonstrate that
deletion of Foxp1 grossly impacts brain development.
These data also suggest that loss of Foxp1 might alter
the numbers of forebrain projection neurons, leading to al-
terations inwhitematter tract density, and affect brain de-
velopment in a non-cell-autonomous manner.

Previous neuroanatomical and neuroimaging studies
have shown that the neocortex is an important driver for
vocalization-related motor functions, with little involve-
ment of the hippocampus (Konopka and Roberts 2016b).
Thus, we focused our subsequent studies on the neocortex
in order to identify themolecular pathways thatmight ex-
plain the vocal abnormalities observed in Foxp1 cKO
mice. We first investigated whether loss of Foxp1 alters
the cytoarchitectonic structure of the neocortex by exam-
ining the expression of well-characterized neocortical lay-
er markers. We immunostained neocortical sections from
Foxp1 cKOmice at P7 for the layer 2–4marker CUX1, the
layer 5 marker CTIP2, and the layer 6 marker Foxp2. In
line with our MRI data, we found that loss of Foxp1 leads
to a smaller neocortex (Fig. 2C,D; Supplemental Fig. S1;
Supplemental Table S1), and this decrease is caused pri-
marily by a reduction in the size of layer 6 (Fig. 2C–F). In-
terestingly, the reduction in size of layer 6 does not
correspond to a significant decrease in the number of layer
6 Foxp2-positive neurons (Fig. 2F), suggesting that a small-
er layer 6 could be due to loss of other cell types in layer 6
(non-Foxp2-positive cells) or changes in the spacing be-
tween cells. In addition, we quantified relative thickness-
es of CUX1-positive, CTIP2-positive, and Foxp2-positive
layers within layers 2–4, layer 5, and layer 6, respectively
(Fig. 2C,E). We found that there was an increase in the rel-
ative size of layers 2–4 and again a decrease in the size of
layer 6, with no change in layer 5. By quantifying the num-
ber of cells in each layer using the samemarkers, we found
a large increase in the number of CUX1-positive cells in
layers 5 and 6 (Fig. 2F), suggesting abnormal positioning
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of CUX1-positive neurons in the deep layers of Foxp1 cKO
mice.We also found a small but significant increase in the
number of CTIP2-positive neurons in layer 5 (Fig. 2F). To-
gether, these data suggest that forebrain-specific loss of
Foxp1 affects neocortical lamination and overall neocorti-
cal size, potentially through a defect in neocortical migra-
tion given that CUX1-positive neurons are mispositioned
in deep layers (Supplemental Fig. S1).

Identification of Foxp1-mediated signaling pathways in
neocortical development

To identify molecular pathways downstream from Foxp1
that might contribute to the observed behavioral and neu-
roanatomical deficits of Foxp1 cKO mice, we carried out
RNA-seq in the neocortices of Foxp1 cKOmice and litter-
mate controls at P0 and P7. At P0, we identified 591 differ-
entially expressed genes (DEGs; 203 up-regulated and 388
down-regulated) (Fig. 3A; Supplemental Table S2). Gene
ontology (GO) analysis of theDEGs identified enrichment

for synaptic regulation and neuronal projection pathways
among the up-regulated genes (Fig. 3B; Supplemental
Table S3) and enrichment for neuronal development, pro-
liferation, and migration pathways among the down-regu-
lated genes at P0 (Fig. 3C; Supplemental Table S3). At P7,
we identified 327 DEGs (124 up-regulated and 203 down-
regulated) (Fig. 3D), and up-regulated genes were enriched
for neurogenesis pathways (Fig. 3E; Supplemental Table
S3), while down-regulated genes were enriched for chan-
nel activity and neuronal projection pathways (Fig. 3F;
Supplemental Table S3). These results suggest that ex-
pression of Foxp1 in the neocortex is important for regu-
lating the expression of genes involved in neuronal
development, migration, and synaptic function. To deter-
mine the potential disease relevance of these Foxp1-regu-
lated DEGs, we intersected the DEGs with ASD genes
derived from the SFARI gene database (see the Materials
and Methods; Supplemental Table S4) and found that
the intersection of each DEG list significantly overlapped
with the SFARI gene list (Fig. 3G,H; Supplemental Table

Figure 1. Foxp1 cKO mice exhibit abnormalities in vocal communication. (A) Immunostaining of Foxp1 expression in control
(Foxp1flox/flox) and Foxp1 cKO (Emx1-Cre; Foxp1flox/flox) mice at P7. (CTX) Neocortex; (HIP) hippocampus; (STR) striatum. (B) Representa-
tive immunoblot and quantification of Foxp1 expression in each brain region of control and Foxp1 cKOmice at P7. Data are represented as
means (±SEM). (∗∗∗)P < 0.001; (∗∗)P < 0.01, t-test. n = 3 per condition. (C )Mouseweight at postnatal stages.Data are represented asmeans (±
SEM). Interaction, P = 0.45; age, P < 0.0001; genotype, P < 0.49, two-way ANOVAwith a Tukey’s multiple comparison test. n = 46–48 per
condition. (D–I ) Analysis of USVs. (D) Total number of whistle calls (USVs). Interaction, P = 0.0036; age, P < 0.0001; genotype, P <
0.0001. (E) Percentageof callswith frequency jumps. Interaction,P = 0.67; age,P = 0.020; genotype,P = 0.0016. (F )Call duration. Interaction,
P = 0.79; age, P < 0.0001; genotype, P < 0.0001. (G) Call slope. Interaction, P = 0.63; age, P = 0.50; genotype, P = 0.31. (H) Mean frequency. In-
teraction, P = 0.22; age, P < 0.0001; genotype, P = 0.98. (I ) Frequency range. Interaction, P = 0.59; age, P = 0.031; genotype, P < 0.0001. Data
are represented asmeans (±SEM). (∗∗∗) P < 0.001; (∗) P < 0.05, two-wayANOVAwith a Tukey’smultiple comparison test. n = 51–52 per con-
dition. Bars, 500 µm.
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S4). We identified four up-regulated (Akap9, Aldh1a3,
Grm1, and Smarca2) and seven down-regulated (Brinp1,
Diaph3, Foxp1,Galnt14, Lpl, Snap25, and Zfp804a) genes
that were altered at both time points and overlapped with
the ASD genes. To further prioritize specific genes for rel-
evance to ASDs, we performed weighted gene correlation
network analysis (WGCNA) (Supplemental Table S5;
Supplemental Fig. S2; Langfelder and Horvath 2008).
The “pink” module was most positively associated with
genotype, in particular at the P0 time point. This module
contained ASD genes such as Erbin, Fbn1, Gas2, and
Wac among the most highly interconnected genes
(Supplemental Fig. S2C). In addition, CNEP1R1, the hu-
man ortholog of another “hub” gene, Cnep1r1, is within
16q11.2-q12.1, a locus associated with ASDs, ID, and
developmental delay when deleted or duplicated (Weiss
et al. 2008; Kaminsky et al. 2011). Together, these results

indicate that Foxp1 regulates gene expression pathways in
the developing mammalian brain that are at risk in ASD
pathophysiology.

Foxp1 is sumoylated during neocortical development

The behavioral, neuroanatomical, and genomic analyses
of Foxp1 cKO mice suggest that Foxp1 plays an essential
role in neurodevelopment; however, the molecular mech-
anisms underlying the involvement of Foxp1 in neuronal
development remain uncharacterized. To answer this
question, we examined developmental expression of
Foxp1 in the brain. As we had previously observed sumoy-
lation of the related transcription factor Foxp2 to be im-
portant for neuronal development (Usui et al. 2017), we
examined whether Foxp1 was also sumoylated during
brain development. We found that Foxp1 is highly

Figure 2. Foxp1 cKOmice have altered brain structure and neocortical cytoarchitecture. (A) Representative coronal brain slices of mag-
netic resonance images highlighting in each slice the relative volumedifferences in areas that are larger (in red) or smaller (in blue) in Foxp1
cKO mice compared with controls. False discovery rate (FDR) < 0.05. (B) Quantification table for the brain regions with robust EMX1 ex-
pression that demonstrate significantly altered relative volumes in Foxp1 cKO mice at P7. Data are represented as means (±SD). (∗∗∗) q <
0.005; (∗∗) q < 0.01; (∗) q < 0.05, FDR. n = 15–18 per condition. (C ) Fluorescent images of CUX1 (layers 2–4), CTIP2 (layer 5), and Foxp2 (layer
6) immunostaining in the neocortices of coronal sections of control and Foxp1 cKO mice at P7. (D–F ) Quantifications of absolute thick-
ness (DAPI, P = 0.038; CUX1 [L2–4], P = 0.41; CTIP2 [L5], P = 0.32; Foxp2 [L6], P < 0.0001) (D), relative thickness (CUX1 [L2–4], P = 0.019;
CTIP2 [L5],P = 0.59; Foxp2 [L6], P = 0.0028) (E), and number of positive cells (CUX1 [L2–4], P = 0.09; CUX1 [L5–6], P = 0.0013; CTIP2 [L2–4],
P = 0.63; CTIP2 [L5], P = 0.031; CTIP2 [L6], P = 0.062; Foxp2 [L6], P = 0.080) (F ) in themouse neocortex at P7. Data are represented asmeans
(±SEM). (∗∗∗) P < 0.001; (∗∗) P < 0.01; (∗) P < 0.05, t-test. n = 4–5 per condition. Bars, 100 µm.
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sumoylated in the embryonic mouse neocortex in the
presence of N-ethylmaleimide (NEM), a sumoylation sta-
bilizer (Fig. 4A), during a developmental window corre-
sponding to the timing of neuronal migration in this
region (Molyneaux et al. 2007; Greig et al. 2013). We con-
firmed the endogenous sumoylation of Foxp1 in the
mouse neocortex at P0 via coimmunoprecipitation of
SUMO-1 and Foxp1 (Fig. 4B). We carried out in silico anal-
ysis and identified a consensus sumoylation site (ψKXE) at
K636 (K664 in mice) of FOXP1 (Fig. 4C; Supplemental
Table S6). The conservation of this site across species sug-
gests that it plays an important role in FOXP1 function

(Fig. 4D). Next, we directly tested the formation of sumoy-
lated FOXP1 using NEM. When we expressed Flag-tagged
wild-type FOXP1 in the presence of NEM, we observed a
higher-molecular-weight band. This band is recognized
by either a FOXP1 or SUMO-1 antibody in lysates that
have undergone immunoprecipitation with an antibody
recognizing Flag. The intensity of this higher-molecular-
weight band was decreased by hydrogen peroxide (H2O2)
treatment (a mechanism for reversible inhibition of
SUMO-conjugating enzymes) (Bossis and Melchior 2006)
or ginkgolic acid treatment (a sumoylation-specific inhib-
itor) (Fig. 4E; Fukuda et al. 2009). Together, these data

Figure 3. Gene expression changes with loss of Foxp1 in the neocortex. (A) MA plot of DEGs in the neocortex at P0. Absolute log2 fold
change < 0.3. FDR < 0.005. Two-hundred-three genes were up-regulated (green) and 388 genes were down-regulated (blue) in the neocortex
at P0. (B,C ) GO analyses of up-regulated (B) and down-regulated (C ) DEGs at P0. (D) MAplot ofDEGs in the neocortex at P7.One-hundred-
twenty-four genes were up-regulated (green) and 203 genes were down-regulated (blue) in the neocortex at P7. (E,F ) GO analyses of up-reg-
ulated (E) and down-regulated (F ) DEGs at P7. (G,H) Venn diagrams of up-regulated (G) and down-regulated (H) DEGs overlapping with
SFARI ASD genes. (CTX) Neocortex; (UP) up-regulated genes; (DOWN) down-regulated genes.
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indicate that this higher-molecular-weight band repre-
sents a sumoylated form of FOXP1. To confirm the
responsible sumoylation site, we made a mutation of
lysine to arginine at K636 in FOXP1 (FOXP1 KR
[FOXP1K636R]) (Fig. 4C). The high-molecular-weight band
was not observed with this mutation (Fig. 4F), indicating
that K636 is the site of FOXP1 sumoylation.

FOXP1 is sumoylated by SUMO-1/2 and PIAS
E3 SUMO ligases

To characterize the process of FOXP1 sumoylation, we in-
vestigated the interactions of FOXP1with SUMOproteins
and determined that FOXP1 is sumoylated by both
SUMO-1 and SUMO-2/3 in 293T cells (Supplemental
Fig. S3A,B). SUMO-2 and SUMO-3 are 97% homologous
and therefore are indistinguishable (Geiss-Friedlander

and Melchior 2007; Hasegawa et al. 2014). Furthermore,
we identified PIAS2 and PIAS3 as potential E3 SUMO li-
gases (Sharrocks 2006) of FOXP1 (Supplemental Fig. S3C,
D). We observed colocalization of Foxp1 with SUMO-1,
SUMO-2/3, PIAS2, and PIAS3 in the cortical plate of the
mouse neocortex at embryonic day 18 (E18), when Foxp1
is sumoylated (Supplemental Fig. S3E). We also observed
colocalization of Foxp1 with other PIAS family proteins
(PIAS1 and PIAS4) in the mouse neocortex at E18 (data
not shown). These data suggest that FOXP1 is sumoylated
by SUMO-1/2 proteins and PIAS family E3 SUMO ligases
during embryonic time points in the neocortex.

Sumoylation of FOXP1 accelerates neurite outgrowth

Previous studies have shown that Foxp1 regulates neuro-
nal morphogenesis (Bacon et al. 2015; Li et al. 2015), and

Figure 4. Sumoylation of FOXP1. (A) Representative immunoblotting of Foxp1 in themouse neocortex during development. (Right pan-
el) Quantification of SUMO–Foxp1 immunoblotting. Immunoblots were first normalized to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) at each time point and then subsequently normalized to nonsumoylated Foxp1 levels at embryonic day 15.5 (E15.5). Data are
represented as means (±SEM). n = 3 per condition. (B) Endogenous coimmunoprecipitation of Foxp1 and SUMO-1 in the mouse neocortex
at P0. (C ) Schematic of FOXP1 protein showing the location of K636. (PolyQ) Polyglutaminemotif; (ZF) zinc finger; (LZ) leucine zipper. (D)
K636 is conserved across species. (E) Immunoblotting for Flag-tagged FOXP1 in 293T cells. Lysates were treated with 1 mMH2O2 for 1 h
(left panel) or 100 µM ginkgolic acid for 6 h (right panel) in the presence or absence of NEM. (FOXP1 WT) Flag-tagged wild-type FOXP1.
The asterisk indicates a nonspecific band of the SUMO-1 antibody. (F ) Immunoblot of immunoprecipitated wild-type Flag-tagged FOXP1
or Flag-tagged FOXP1 KR.
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sumoylation of FOXP2, a paralog of FOXP1, regulates neu-
rite length and arborization of Purkinje cells (Usui et al.
2017). Thus, we assessed the role of FOXP1 sumoylation
in neuronal morphogenesis. We measured neurite out-
growth in neocortical mouse neural progenitors (mNPs)
with expression of wild-type FOXP1, FOXP1K636R

(FOXP1 KR), or GFP control and found that wild-type
FOXP1 significantly promoted the length of microtu-
bule-associatedprotein2 (MAP2)-positivematureneurites
in mNPs (Fig. 5A,B). In contrast, FOXP1 KRwas unable to
promote neurite outgrowth as effectively (Fig. 5A,B).

Sumoylation of Foxp1 controls neocortical neuronal
migration

Since we observed alterations in brain structure and neu-
ronal positioning with loss of Foxp1 (Fig. 2), we assessed
whether Foxp1 sumoylation in vivo affects neuronal mi-
gration. We carried out in utero electroporation (IUE) in
Foxp1 cKO mice at E14.5 to target layer 2/3 neurons
(Baek et al. 2015) and then analyzed neuronal migration
at E18.5. All animals received a GFP plasmid to track mi-
gration together with a rescue Foxp1 expression plasmid
containing either wild-type FOXP1 (wild-type rescue) or

Figure 5. Sumoylation of Foxp1 is required for neurite outgrowth and neuronal migration. (A,B) Immunocytochemistry (A) and quanti-
fication (B) of MAP2-positive neurites in differentiated mouse neocortical progenitors. Data are represented as means (±SEM). (∗∗∗) P <
0.001; (∗∗) P < 0.01; (∗) P < 0.05, one-wayANOVAwith aTukey’smultiple comparison test.n = 60 cells per condition from four independent
experiments. (C ) Schematic and time line of in utero electroporation (IUE) in the developing neocortices of Foxp1 cKO mice. (D) Immu-
nohistochemistry of electroporated a mouse neocortex in coronal sections at E18. (E) Quantification of electroporated GFP-positive cells
in a mouse neocortex at E18. (CP) Cortical plate; (IZ) intermediate zone; (SVZ/VZ) subventricular zone/ventricular zone. Data are repre-
sented as means (±SEM). (∗∗∗) P < 0.001; (∗) P < 0.05, one-way ANOVAwith a Tukey’s multiple comparison test. n = 3–4 per condition. (F )
Immunocytochemistry of neurospheres generated from human neural progenitors (hNPs). The dotted line indicates the edge of the neuro-
sphere. (G) Quantification of the distance of GFP- or Flag-positive cells from the edge of the neurospheres. Data are represented asmeans (±
SEM). (∗∗∗) P < 0.001, one-way ANOVAwith a Tukey’s multiple comparison test. n = 220–320 cells per condition from 11–16 independent
experiments. (H) Quantification of the neurosphere diameters. Data are represented as means (±SEM). Bars: A, E, 50 µm; F, 100 µm.
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a nonsumoylated form of FOXP1 (KR rescue) (Fig. 5C). We
observed abnormal migration in the neocortices of Foxp1
cKOmice, as evidenced by a significantly decreased num-
ber of cortical plate neurons and an increased number of
subventricular zone/ventricular zone (SVZ/VZ) neurons
(Fig. 5D,E). This migration phenotype in Foxp1 cKO
mice was rescued with wild-type FOXP1 (Fig. 5D,E) but
not FOXP1 KR (Fig. 5D,E), indicating that Foxp1 exerts
its role in cortical neuronal migration via sumoylation.

Sumoylation of FOXP1 is required for migration of
human neurons in vitro

We next investigated whether sumoylation of FOXP1 in
neuronal migration could be translated to human neuro-
nal development. We therefore used human neural pro-
genitors (hNPs), an established in vitro model system for
human neuronal development (Konopka et al. 2012; Stein
et al. 2014). We created neurospheres from hNPs; trans-
duced the cells with lentiviruses expressing wild-type
FOXP1, FOXP1 KR, or GFP as a control; induced neuronal
differentiation; and then quantified the migration dis-
tance of cells from the edge of the neurospheres, similar
to a previous study (Baek et al. 2015). Cells from neuro-
spheres expressing wild-type FOXP1 migrated distances
similar to those of GFP-expressing controls (Fig. 5F,G).
However, we observed a reduction in the migration dis-
tance of cells expressing FOXP1 KR compared with
wild-type FOXP1 or GFP control cells (Fig. 5F,G). We
also quantified the diameter of the neurospheres to assess
any issues with sphere formation, but there was no differ-
ence among conditions (Fig. 5H). These results indicate
that FOXP1 sumoylation plays an important role in hu-
man neuronal migration in vitro. However, it should be
noted that these in vitro results are challenging to inter-
pret with respect to in vivo behavior and are not akin to
movement along radial glia in the in vivo environment.

Sumoylation of FOXP1 does not affect known protein–
protein interactions

To investigate the functional consequences of FOXP1
sumoylation, we assessed whether FOXP1K636 affects
dimerizationwith other FOXP family proteins or the core-
pressor CTBP (Li et al. 2004; Usui et al. 2017), as sumoyla-
tion often affects protein–protein interactions (Gill 2003).
We overexpressed Flag-tagged wild-type FOXP1 or FOXP1
KR with each partner in 293T cells and found that FOXP1
sumoylation does not affect heterodimerization or homo-
dimerization with FOXP2, FOXP4, FOXP1, FOXP1 KR, or
nonsumoylated FOXP2K674R (FOXP2 KR) (Usui et al.
2017) or interaction with CTBP (Supplemental Fig. S4).
These data indicate that sumoylation does not affect in-
teractions of FOXP1 with some of its major interactors.

Sumoylation switches FOXP1–NuRD
complex recruitment

FOXP1/2/4 proteins have been shown to interact with
GATAD2B (also known as p66β), a component of the

NuRD chromatin remodeling complex, to repress tran-
scription of their target genes (Fig. 6A; Chokas et al.
2010). The NuRD complex is formed by CHD3/4/5,
HDAC1/2, MBD1/2/3, MTA1/2/3, RBBP4/7, and
GATAD2A/B and interactswith a number of transcription
factors to control gene expression (Chen and Dent 2014;
Basta and Rauchman 2015). Interestingly, HDAC1/2 and
CHD3/4/5 regulate neuronal proliferation and migration
in the mouse neocortex (Montgomery et al. 2009; Nott
et al. 2013; Nitarska et al. 2016). Therefore, we examined
whether sumoylation affects FOXP1–NuRD complex for-
mation. We first confirmed that HDAC1/2 interacts with
wild-typeFOXP1as reportedpreviously (Fig. 6B,C;Chokas
et al. 2010). Remarkably, we found that the interaction of
FOXP1 KR with HDAC1/2 was stronger relative to wild-
type FOXP1 (Fig. 6B–D), indicating that the interaction
of FOXP1 with HDAC1/2 is regulated by sumoylation.
We next examined the endogenous interaction of FOXP1
with the NuRD complex using Flag-tagged FOXP1 in
293T cells and pulled down major components of the
NuRD complexwith an anti-Flag antibody.We confirmed
that HDAC1/2 were strongly immunoprecipitated by
FOXP1 KR compared with wild type (Fig. 6E). We also
found that MTA1/2 similarly demonstrated increased im-
munoprecipitation with FOXP1 KR compared with wild
type (Fig. 6E); however, we did not observe a difference in
GATAD2B immunoprecipitation (Fig. 6E). These data
demonstrate that sumoylation regulates the affinity of
FOXP1 for major components of the NuRD complex, po-
tentially blocking the physical interaction between
FOXP1and this complexor acting as a“switch” for thedis-
association of FOXP1 from this complex.

Discussion

In this study,wedemonstrate that forebrain-specificFoxp1
cKOmice exhibit impaired vocal communication in early
postnatal stages. We identified neuroanatomical changes
with loss of Foxp1, such as a reduction in neocortical size
and abnormal positioning of neurons in the deep layers of
the postnatal mouse neocortex. To identify the molecular
mechanisms underlying these behavioral and neuroana-
tomical abnormalities, we carried out RNA-seq and un-
covered signaling networks regulated by Foxp1 involved
in important developmental processes such as neurogene-
sis, neuronal migration, and synaptogenesis. Based on
these phenotypes, we further investigated the develop-
mental expression of Foxp1anddemonstrated that sumoy-
lationofFoxp1 in theembryonicmouseneocortexcontrols
neuronal migration. This sumoylation acts as a key for
switching themolecular function of FOXP1 through alter-
ations in the recruitment of the NuRD complex.

The relevance of Foxp1 function to
neurodevelopmental disorders

Recentwork has placed FOXP1 among the highest-ranked
ASD candidate genes (O’Roak et al. 2011; Talkowski et al.
2012; Iossifov et al. 2014; Sanders et al. 2015). ASD is
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characterized by impairments in social communication,
repetitive behaviors, and restricted interests. To elucidate
a role for FOXP1 in brain development relevant to ASD,
we characterized the phenotypes of forebrain-specific
Foxp1 cKO mice at early postnatal stages, which are
roughly equivalent to time points at risk in ASD (Willsey
et al. 2013; de la Torre-Ubieta et al. 2016; Packer 2016).
We found alterations in USVs with forebrain loss of

Foxp1, a phenotype relevant to ASD. Interestingly, we
had demonstrated previously a reduction in USVs of
Foxp1 heterozygous (Foxp1+/−) mouse pups (Araujo et al.
2015), and the USV parameters are differentially affected
between that and the present study. The changes in num-
bers of whistle calls (Fig. 1D), the percentage of calls with
frequency jumps (Fig. 1E), call durations (Fig. 1F), and the
frequency range (Fig. 1I) in Foxp1 cKO mice are pheno-
types similar to those that we found in Foxp1+/− mice.
Neither call duration nor percentage of calls with frequen-
cy jumps was significantly different in Foxp1+/− mice,

whereas mean frequency and call slope were significantly
different in Foxp1+/−mice but not in Foxp1 cKOmice (Fig.
1G,H; Araujo et al. 2015). These results suggest that Foxp1
might regulate vocal communication through multiple
circuits. We found a significant reduction in the neocorti-
cal volume of Foxp1 cKO mice at P7 by MRI (Fig. 2A,B;
Supplemental Table S1), underscoring the importance of
neocortical function in USVs.
Studies of the language-associated gene Srpx2 have

shown that modulation of synaptogenesis in the neocor-
tex contributes to proper USV production (Sia et al.
2013). In addition, knockout mice of the Foxp1 target
Cntnap2 (Vernes et al. 2008; O’Roak et al. 2011) also dis-
play reduced USVs and abnormal neuronal positioning of
CUX1-positive neurons in the neocortex (Penagarikano
et al. 2011). Corticostriatal circuits are associatedwith vo-
cal communication in songbirds, mice, and humans (Lan-
gen et al. 2011; Murugan et al. 2013; Kalueff et al. 2016;
Konopka and Roberts 2016a,b) and are frequently

Figure 6. Sumoylation switches FOXP1–NuRD complex recruitment. (A) Schematic of FOXP1 and GATAD2B (p66β) proteins showing
each binding location. (PolyQ) polyglutamine motif; (ZF) zinc finger; (LZ) leucine zipper; (CTBP) CTBP protein-binding domain;
(GATAD2B) GATAD2B-binding domain; (MBD/NuRD) MBD/NuRD-binding domain; (FOXP) FOXP-binding domain; (Histone) his-
tone-binding domain. (B,C ) Coimmunoprecipitations of Flag-tagged FOXP1 and Flag-tagged HDAC1 (B) or Flag-tagged HDAC2 (C ) in
293T cells. (D) Quantification of amounts of immunoprecipitated HDACs with wild-type FOXP1 or FOXP1 KR. Data are represented
asmeans (±SEM). (∗∗∗) P < 0.001; (∗) P < 0.05, t-test. n = 3 per condition. (E) Coimmunoprecipitations of Flag-tagged FOXP1 and endogenous-
ly expressed NuRD complex components in 293T cells.
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disrupted in ASD (Delmonte et al. 2013; Shepherd 2013;
Kuo and Liu 2017).Moreover, the striatumhas been estab-
lished as a critical region for vocal production (Fisher and
Scharff 2009; Frohlich et al. 2017), and our previous data
have suggested important roles for Foxp1 expression in
the striatum (Araujo et al. 2015) and Foxp2 expression in
the cerebellum (Usui et al. 2017) for USV production. A
circuit connecting projection neurons from themotor cor-
tex to the dorsal striatum has been proposed as important
for USVs in mice (Arriaga et al. 2012; Arriaga and Jarvis
2013). In contrast, many USV parameters are not affected
in adult mice with developmental ablation of the neocor-
tex (Hammerschmidt et al. 2015), suggesting that the
striatum regulates the generation of calls, while the neo-
cortex integrates sensory information important for deter-
mining when it is proper to produce calls. This idea is
consistent with the hypothesis that postnatal USVs are
produced in response to sensory cues upon separation
from the nest (Scattoni et al. 2009; Portfors and Perkel
2014). Thus, our data suggest that neocortical expression
of Foxp1, particularly in neurons involved in corticostria-
tal circuits, might be critical for regulating vocal commu-
nication relevant to ASD.

Role of Foxp1 in brain development

Foxp1 is highly expressed in the developing neocortex and
hippocampus (Ferland et al. 2003; Kang et al. 2011). Em-
bryonic time points are a dynamic stage of brain develop-
ment, especially with regard to progenitor proliferation,
neuronal specification and differentiation, and circuit for-
mation. In this study, we demonstrate that Foxp1 is essen-
tial for normal neocortical development by identifying
significant reductions in the volumes of the neocortex
and hippocampus where Foxp1 is highly expressed (Fig.
2A,B; Supplemental Table S1) in addition to impaired neu-
ronal migration in the neocortex with loss of Foxp1 (Fig.
5D,E). Quantification of neocortical laminar markers
also supports impairment in neuronal migration, with up-
per layer cell types being overrepresented in lower layers
(Fig. 2C–F). Gene expression profiling in the neocortices
of Foxp1 cKO mice uncovered altered signaling pathways
involved in neurogenesis, neuronal migration, and synap-
tic function (Fig. 3).

Focusing on the handful of genes identified from the
RNA-seq data that are consistently regulated by Foxp1
at both P0 and P7 (Fig. 3) further underscores the impor-
tant role for Foxp1-mediated signaling pathways in brain
development and the behavioral phenotypes that we ob-
served. For example, Brinp1 knockout mice show social
interaction and USV deficits, hyperactivity, and impaired
short-term memory (Berkowicz et al. 2016), phenotypes
reminiscent of Foxp1 cKOmouse phenotypes. Interesting-
ly, the expression of neuronal migration genes Astn1 and
Astn2 (Wilson et al. 2010) is up-regulated inBrinp1 knock-
out mice (Berkowicz et al. 2016), and Astn1 demonstrates
an increase in the Foxp1 cKO neocortex at P0. Another ex-
ample is DIAPH3, which is involved in cell migration,
axon guidance, and neuritogenesis (Gupton et al. 2007;
Damiani et al. 2016). Diaph3 knockout mice show re-

duced brain size and numbers of PAX6- andTBR2-positive
neural progenitors, resulting in altered neocortical neuro-
nal populations (Damiani et al. 2016). In addition,
DIAPH3 is required for the formation of filopodia, struc-
tures essential for neocortical neurite initiation (Dent
et al. 2007; Vorstman et al. 2011). Finally, ZFP804A is lo-
calized at synapses and regulates neurite outgrowth and
synaptogenesis (Deans et al. 2017). Knockdown of
ZNF804A in hNPs alters the expression of cell adhesion
genes such as C2ORF80 and STMN3 (Hill et al. 2012)
that are involved in neurite outgrowth and axonal and
dendritic branching (Poulain et al. 2008). Together, these
findings demonstrate that downstream targets of Foxp1
play an essential role in neurogenesis, neuronalmigration,
and synaptogenesis during brain development, consistent
with the phenotypes observed in Foxp1 cKO mice. How-
ever, based on themany significantly enrichedGO catego-
ries (e.g., neuron projection, cytoskeleton organization,
and synapse) (Supplemental Table S3), it is also possible
that Foxp1 is important for regulating additional cellular
phenotypes, such as axonal and/or dendritic outgrowth
and/or plasticity. Future studies that investigate the spe-
cific downstream targets of Foxp1 within the developing
neocortex should provide deeper insights into the cellular
phenotypes regulated by Foxp1.

Overlapping the Foxp1DEGswith lists of genes relevant
to ASD (SFARI genes), as we did in Figure 3, can begin to
provide translational relevance to the pathways identified
downstream fromFoxp1 in themouse brain. In addition to
the SFARI list of ASD genes, we also examined the overlap
of Foxp1 DEGs with a smaller list of genes (65 genes) that
are high-confidence ASD genes with de novo mutations
(Sanders et al. 2015). FOXP1 is among this list, and all of
these 65 genes are also contained within the SFARI gene
list. Ten genes overlap between the Foxp1 DEGs and the
high-confidence ASD genes (AKAP9, CHD2, CTTNBP2,
ERBIN, FOXP1, GRIN2B, INTS6, KMT2C, SCN2A, and
SHANK3). This suggests that most of the Foxp1-regulated
genes that are associated with ASD are not among the
high-confidence genes with de novo mutations. However,
since FOXP1 itself is among those genes and is a transcrip-
tion factor, FOXP1 could be a key upstream regulator of
pathways at risk inASD. Interestingly, a recent report sug-
gested that patients withmutations in FOXP1 have a con-
sistent clinical phenotype with ID and frequent ASD
comorbidity (Meerschaut et al. 2017).

Given that Foxp1 cKO mice have altered USVs and
structural brain abnormalities, we were surprised that
the mice did not have reduced body weight (Fig. 1C).
These results suggest that the mutant mice are still cared
for by dams and are able to properly feed. Future studies
that investigate the long-term impact of developmental
loss of Foxp1 in the forebrain should determine whether
these mice ultimately have growth or metabolism defi-
cits; however, adult Foxp1 cKOmice do not weigh signifi-
cantly different from control littermates (Araujo et al.
2017). Additionally, we have not explored the potential
impact of loss of Foxp1 in the developing hippocampus.
However, we demonstrated recently that hippocampal ex-
pression of Foxp1 plays a role in spatial learning and CA1-

Usui et al.

2048 GENES & DEVELOPMENT

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.305037.117/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.305037.117/-/DC1


dependent LTP maintenance using the same Foxp1 cKO
mice at later stages (Araujo et al. 2017).

Sumoylation of Foxp1 regulates its function in neurons

Sumoylation is a post-translational modification that reg-
ulates transcription, chromatin remodeling, synapse for-
mation, and mitochondrial function in the CNS (Martin
et al. 2007; Wilkinson et al. 2010; Hendriks and Vertegaal
2016). Recently, three different groups have reported that
sumoylation of FOXP2 regulates gene expression (Estruch
et al. 2016; Meredith et al. 2016; Usui et al. 2017), neuro-
nal differentiation, motor function, and vocal communi-
cation (Usui et al. 2017). In addition, recent work has
demonstrated that rat Foxp1 is sumoylated at K670 in an
activity-dependentmanner in primary rat neocortical cul-
tures, and this sumoylation modulates Foxp1 function in
terms of dendritic morphogenesis and regulation of
Cntnap2 expression via CTBP complex recruitment in
this model system (Rocca et al. 2017). Here, we demon-
strate that sumoylation of Foxp1 regulates neuronal differ-
entiation and migration. We provide biochemical
evidence that sumoylation of FOXP1 at K636 (equivalent
to rat K670) is regulated by SUMO-1, SUMO-2, and
PIAS2/3 (Fig. 4; Supplemental Fig. S3). We also demon-
strate that sumoylation switches FOXP1–NuRD complex
recruitment (Fig. 6). HDAC1 and HDAC2 are major com-
ponents of the NuRD complex, which controls neuronal
proliferation and specification in neural precursors (Mont-
gomery et al. 2009). HDAC2 also regulates radial glia mi-
gration at the embryonic stage (Nott et al. 2013). A recent
study has also shown that the NuRD subunits CHD3,
CHD4, and CHD5 regulate layer specification, neural pro-
genitor proliferation, and neuronal migration in the
mouse neocortex (Nitarska et al. 2016). Thus, our data
suggest future studies to investigatewhether sumoylation
of FOXP1 controls neocortical development through the
regulation of gene expression that is modified via
FOXP1–NuRD complex recruitment.
The functional similarities between FOXP2 and FOXP1

in terms of sumoylation indicate that this post-transla-
tional modification plays an important role during overall
brain development. Sumoylation might therefore also
have an important role in ASD pathogenesis. Copy num-
ber variations in SAE1, an E1 SUMO ligase for SUMO-1/
2/3, have been identified in an ASD cohort (Prasad et al.
2012). Therefore, delineating regulation of sumoylation
could provide additional insights into the role of FOXP1
during brain development and how alterations to FOXP1
might put individuals at risk for ASD. Further understand-
ing of the role of sumoylation in the brain in general
should give rise to novel insights and targets for under-
standing the molecular mechanisms underlying develop-
mental disorders such as ASD.

Materials and methods

Constructs and site-directed mutagenesis

Sources of theDNA constructs used in this studywere as follows:
pLUGIP-FOXP1-3xFlag (generated by cloning), pLUGIP-FOXP1

K636R-3xFlag (generated by mutagenesis as described below),
pLUGIP-FOXP2-3xFlag (Konopka et al. 2009), pLUGIP-FOXP2
K674R-3xFlag (Usui et al. 2017), pEGFP-N1-SUMO-1 and
pEGFP-N1-SUMO-2 (Rabellino et al. 2012), pLenti6.4-PIAS3-V5
and pLenti6.4-FOXP4-V5 (generated by Invitrogen Gateway sys-
tem from pENTRD purchased from Open Biosystems), and
pLenti6.4-FOXP1 K636R-V5 (generated by cloning). Mutagenesis
of pLUGIP-FOXP1 K636R-3xFlag was carried out using the Quik-
Change II XL site-directed mutagenesis kit (Agilent, 200521) ac-
cording to the manufacturer’s instruction using the following
primers: FOXP1K636R (lysine to arginine): F-5′-GTGCATCCTGT
ACACGTCAGAGAAGAGCCCCTCGATCCAG-3′ and R-5′-CTG
GATCGAGGGGCTCTTCTCTGACGTGTACAGGATGCAC-3′.

Antibodies

The following antibodies were used: mouse monoclonal anti-
SUMO-1 (D-11) antibody (Santa Cruz Biotechnology, sc-5308),
rabbit polyclonal anti-FOXP1 antibody (Spiteri et al. 2007),
mouse monoclonal anti-FOXP1 (JC12) antibody (Abcam,
ab32010), goat polyclonal anti-FOXP2 (N-16) antibody (Santa
Cruz Biotechnology, sc-21068), mouse monoclonal anti-Flag
M2 antibody (Sigma-Aldrich, F1804), mouse monoclonal anti-
V5 antibody (Invitrogen, R960-25), goat polyclonal anti-GFP anti-
body (Rockland Immunochemicals, 600-101-215), chick poly-
clonal anti-GFP antibody (Aves Laboratories, GFP-1010), rabbit
monoclonal anti-SUMO-2/3 (18H8) antibody (Cell Signaling
Technology, 4971), rabbit polyclonal anti-PIAS2 antibody
(Abcam, ab155556), rabbit polyclonal anti-PIAS3 (H-169) anti-
body (Santa Cruz Biotechnology, sc-14017), rabbit polyclonal
anti-MAP2 antibody (Chemicon, AB5622), mouse monoclonal
anti-CtBP (E-12) antibody (Santa Cruz Biotechnology, sc-17759),
rabbit polyclonal anti-CDP (CUX1: M-222) antibody (Santa
Cruz Biotechnology, sc-13024), rat anti-CTIP2 (Abcam,
ab18465), rabbit polyclonal anti-HDAC1 antibody (Abcam,
ab19845), mouse monoclonal anti-HDAC1 (10E2) antibody
(Cell Signaling Technology, 5256), mouse monoclonal anti-
HDAC2 (3F3) antibody (Cell Signaling Technology, 5113), rabbit
monoclonal anti-MTA1 (D40D1) XP antibody (Cell Signaling
Technology, 5647), rabbit polyclonal anti-MTA2 (H-170) anti-
body (Santa Cruz Biotechnology, sc-28731), rabbit polyclonal
anti-p66β (GATAD2B) antibody (Novus Biologicals, NBP1-
87358), mouse monoclonal anti-glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) antibody (Millipore, MAB374), mouse
(G3A1) mAb IgG1 isotype control (Cell Signaling Technology,
5415), normal rabbit IgG (Cell Signaling Technology, 2729), and
normal goat IgG (Santa Cruz Biotechnology, sc-2028). Dilutions
of antibodies are described individually in each method.

Mice

Wild-type C57BL/6J, Emx1-Cre (purchased from Jackson Labora-
tory, 005628) (Gorski et al. 2002), and Foxp1flox/flox (Feng et al.
2010) mice were used as described previously (Araujo et al.
2017). Emx1-Cre and Foxp1flox/flox mice were backcrossed with
C57BL/6J mice for at least 10 generations to obtain congenic an-
imals. PCR genotyping was performed using the following prim-
ers: for the Emx1-Cre oIMR1084_mutant, F-5′-GCGGTCTGG
CAGTAAAAACTATC-3′; for the oIMR1085_mutant, R-5′-GT
GAAACAGCATTGCTGTCACTT-3′; for oIMR4170_wildtype,
F-5′-AAGGTGTGGTTCCAGAATCG-3′; and for oIMR4171_
wildtype, R-5′-CTCTCCACCAGAAGGCTGAG-3′ to detect
mutant (102-base-pair [bp]) and wild-type (378-bp) alleles and
for flox Foxp1, F-5′-CCAGGGATCAGAGATTACTGTAGC-3′

and R-5′-CACCCTCTCCAAGTCTGCCTCAG-3′ (Feng et al.
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2010) to detectmutant (280-bp) andwild-type (370-bp) alleles. For
timed embryo staging, the dayof detection of the vaginal plugwas
considered to be E0.5. All procedures were approved by the Insti-
tutional Animal Care andUse Committee (IACUC) of University
of Texas Southwestern Medical Center.

Western blotting

Proteins from each sample were separated by SDS-PAGE and
transferred to an Immun-Blot PVDF membrane (Bio-Rad Labora-
tories, 162-0177), blocked with blocking buffer (1% skimmilk in
TBS with 0.1% Tween-20) for 30 min at room temperature, and
incubated with the following primary antibodies overnight at
4°C: mouse anti-Flag M2 (1:10,000), mouse anti-SUMO-1
(1:100–1000), rabbit anti-FOXP1 (1:2500), goat anti-FOXP2
(1:1000), mouse anti-V5 (1:1000), goat anti-GFP (1:1000), mouse
anti-GAPDH (1:5000), mouse anti-CtBP antibody (1:1000), rabbit
anti-HDAC1 (1:1000), mouse anti-HDAC1 (1:1000), mouse anti-
HDAC2 (1:1000), rabbit anti-MTA1 (1:1000), rabbit anti-MTA2
(1:1000), and rabbit anti-GATAD2B (1:400). The membrane was
washedwithTBS-T (TBSwith 0.1%Tween-20), blocked again, re-
acted with the appropriate horseradish peroxidase (HRP)-conju-
gated species-specific secondary antibodies (goat anti-mouse
IgG, 1:5000 [Thermo Fisher Scientific, 12-349] and donkey anti-
goat IgG, 1:5000 [Millipore, AP180P]) or the appropriate species-
specific secondary antibodies fluorescent dye-conjugated to
IRDye 680RDand/or IRDye 800CW (1:20,000; LI-CORBioscienc-
es) according to the manufacturer’s instruction for 1 h at room
temperature, washed, and developed using SuperSignal West
Pico chemiluminescent substrate (Thermo Fisher Scientific, PI-
34080) when HRP secondary antibodies were used. The images
were collected using Blue Basic Autorad film (BioExpress,
F9023-8×10) or the Odyssey infrared imaging system (LI-COR
Biosciences).

USVs

USV analysis was performed as described previously (Usui et al.
2017). Assessment of USVs was carried out at P4 and P7. Differ-
ences between genotypes on allmeasured features of vocalization
were assessed using two-way analysis of variance, testing for the
main effects of genotype, day, and interaction of genotype by day.
Post hoc multiple comparisons were assessed using Tukey’s pro-
cedure. Features of vocalization were considered independently.

MRI

Mice were anesthetized and intracardially perfused (rate 1 mL/
min) with 10 mL of 0.1 M PBS without Ca and Mg containing
10 U/mL heparin (Sagent Pharmaceuticals, 400-30) and 2 mM
ProHance (Bracco Diagnostics, 11181) for postnatal pups fol-
lowed by 15 mL of 4% paraformaldehyde (PFA) containing 2
mM ProHance (a gadolinium contrast agent; Bracco Diagnostics,
Inc.) (Spring et al. 2007). The brains and remaining skull struc-
tures were incubated in 4% PFA and 2 mM ProHance overnight
at 4°C and then transferred to 0.1 M PBS containing 2 mM Pro-
Hance and 0.02% sodium azide for at least 1 mo prior to MRI
scanning (de Guzman et al. 2016). A multichannel 7.0 Tesla
MRI scanner (Agilent) was used to image the brains within the
skulls. Sixteen custom-built solenoid coils were used to image
the brains in parallel (Bock et al. 2005; Lerch et al. 2011). In order
to get the contrast required for image registration at P7, a three-
dimensional diffusion weighted fast spin–echo sequence with an
echo train length of 6 was used (Sussman et al. 2013), with a TR
of 270 msec, first TE of 30 msec, and TE of 10 msec for the re-

maining five echoes; two averages; field of view 14 × 14 × 25
mm3; and a matrix size of 250 × 250 × 450, yielding an image
with 0.056-mm isotropic voxels. Diffusion parameters were as
follows: δ = 5 msec, Δ = 15 msec, G = 30 G/cm, six high-b-value
images (using the Tetra6 partition of the Jones30 diffusion table),
yielding a high b-value of 2147 sec/mm2. This was done to ac-
quire an improved contrast at the young age. Total imaging
time was 14 h. The high-b-value images were averaged to create
a single diffusion weighted image that had the contrast required
for the image registration. To visualize and compare any changes
in the mouse brains, the images were linearly (six parameters fol-
lowed by 12 parameters) and nonlinearly registered together. All
scans were then resampled with the appropriate transform and
averaged to create a population atlas representing the average
anatomy of the study sample. The result of the registration
was to have all scans deformed into alignment with each other
in an unbiased fashion. This allowed for the analysis of the defor-
mations needed to take each individual mouse’s anatomy into
this final atlas space, the goal being to model how the deforma-
tion fields relate to genotype (Nieman et al. 2006; Lerch et al.
2008). The Jacobian determinants of the deformation fields
were then calculated as measures of volume at each voxel. Sig-
nificant volume changes could then be calculated by warping a
pre-existing classifiedMRI atlas onto the population atlas, which
allowed for the volume of 59 segmented structures encompass-
ing neocortical lobes, large white matter structures (i.e., corpus
callosum), ventricles, the cerebellum, the brain stem, and olfac-
tory bulbs (Dorr et al. 2008) to be assessed in all brains. Further-
more, these measurements could be examined on a voxel-wise
basis in order to localize the differences found within regions
or across the brain. Multiple comparisons in this study were con-
trolled for using the false discovery rate (FDR) (Genovese et al.
2002).

Immunohistochemistry and neocortical layer analysis

Immunohistochemistry was performed as described previously
(Usui et al. 2012). For CTIP2 staining, antigen retrieval pretreat-
ment was performed by incubating sections in citrate buffer (10
mM citrate, 0.05% Tween-20 at pH 6) for 10 min at 95°C. Sec-
tions were stained with the following primary antibodies: rabbit
anti-FOXP1 (1:1000), mouse anti-FOXP1 (1:500), goat anti-
FOXP2 (1:500), mouse anti-SUMO-1 (1:100), rabbit anti-SUMO-
2/3 (1:200), rabbit anti-PIAS2 (1:200), rabbit anti-PIAS3 (1:100),
goat anti-GFP (1:1000), chicken anti-GFP (1:1000), rabbit anti-
CUX1 (1:100), and rat anti-CTIP2 (1:500). For fluorescence immu-
nostaining, species-specific antibodies conjugated to Alexa fluor
488, Alexa fluor 555, and/or Alexa fluor 647 (1:2000; Invitrogen)
were applied, and coverglasses were mounted with ProLong
Gold or ProLong Diamond anti-fade mountant with DAPI
(Thermo Fisher Scientific, P-36931 or P36971) for nuclear stain-
ing. TO-PRO-3 was also used to stain the nucleus. Images were
collected using a Zeiss microscope and digital camera system
(Axio Observer.Z1, Carl Zeiss) and a Zeiss confocal laser scan-
ning microscope (LSM510 with META or LSM710, Carl Zeiss).
Analysis of neocortical layering at P7 was performed using the
Fiji image processing package. To measure neocortical layer
thickness, coronal sections containing the S1 cortex were stained
forDAPI (all layers), CUX1 (layers 2–4), CTIP2 (layer 5), and Foxp2
(layer 6). For each animal, three measurements spanning the
width of the S1 cortex were collected and averaged as that ani-
mal’s absolute neocortical thickness. Next, for each neocortical
layer marker, three measurements along the layer width within
S1 were collected and averaged as absolute layer thickness. For
each animal, relative layer thickness was calculated as absolute
layer thickness divided by absolute neocortical thickness. For
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cell count analysis, numbers of nuclei positive for each layer
marker were counted in a 1024 × 4096-pixel (0.36 × 1.43-mm)
field of view over S1. Differences between genotypes were as-
sessed using a two-tailed t-test (n = 4–5 per condition).

RNA-seq

RNA-seqwas performed as a service by BGIAmerica for P0 brains
or as described previously (Takahashi et al. 2015) for P7 brains.
Briefly, total RNA was extracted with the miRNeasy minikit
(Qiagen, 217004) according to the manufacturer’s instructions.
RNA integrity number (RIN) of total RNA was quantified by an
Agilent 2100 Bioanalyzer using an Agilent RNA 6000 nanokit
(Agilent, 5067-1511). Total RNA with RIN values of ≥9.5 were
used for RNA-seq library preparation. mRNA was purified from
2 µg of total RNA by NEXTflex poly(A) beads (Bioo Scientific,
512981), subjected to fragmentation and first and second strand
syntheses, and cleaned up by EpiNext beads (EpiGentek,
P1063). Second strand DNAwas adenylated, ligated, and cleaned
up twice by EpiNext beads. cDNA libraries were amplified by
PCR and cleaned up twice by EpiNext beads. cDNA library qual-
ity was quantified by a 2100 Bioanalyzer using an Agilent high-
sensitivity DNA kit (Agilent, 5067-4626, ). Libraries of P0 and
P7 brains were sequenced separately as 50-bp single ends on a
BGISEQ-500 or BGI in-house sequencer or as 75-bp single ends
on Illumina NextSeq 500, respectively.

RNA-seq data analysis

Raw reads were first filtered for quality and trimmed for adapters
using FASQC (http://www.bioinformatics.babraham.ac.uk/
projects/fastqc) and Trimmomatic (Bolger et al. 2014). Filtered
reads were then aligned to the mouse genome mm10 (https://
genome.ucsc.edu) using STAR version 2.5.2b (Dobin et al.
2013), allowing three mismatches. Uniquely mapped reads (bam
flag NH:i:1) were used to obtain the gene counts using the HTSeq
package (Anders et al. 2015), and the read countswere normalized
to the CPM (counts per million) implemented in the edgeR pack-
age (Robinson et al. 2010; McCarthy et al. 2012). For further anal-
ysis, we performed a sample-specific CPM filtering considering
geneswithCPMvalues of 1 in all replicates for treatments or con-
trols. DESeq (Anders and Huber 2010; Love et al. 2014) was then
used to detect the DEGs. We applied a filter of FDR (adjusted P-
value) of <0.05 and absolute log2 fold change of >0.3 to identify
significantly changed genes. GO analysis with the significant
DEGs was carried out using ToppGene (https://toppgene.cchmc
.org), and these GO terms were consolidated using REVIGO (re-
duce and visualize GO) (Supek et al. 2011). The list of ASD genes
was derived from the SFARI gene database (843 genes) (https://
gene.sfari.org/database/human-gene).

Network analysis

The R package for WGCNA (Langfelder and Horvath 2008) was
used to build a gene coexpression network using filtered CPM
data (as described above). A signed network was constructed us-
ing the blockwiseModules function of the WGCNA R package.
A value of 18 was chosen as β. For other parameters, we used cor-
Type = pearson, maxBlockSize = 15000, reassignThreshold = 1 ×
10−4, mergeCutHeight = 0.15, deepSplit = 4, detectCutHeight =
0.999, etc. Network plots were created using Cytoscape version
3.4.0 (Shannon et al. 2003), representing the top 200 edges based
on ranked weights.

Cell culture

293T cells (American Type Culture Collection) were cultured in
DMEM containing 10% fetal bovine serum (FBS) (Invitrogen,
10437028) and antibiotic–anti-mycotic (Invitrogen, 15240-062)
at 37°C under 5%CO2. Forty-eight hours after transfection using
FuGENE6 transfection reagent (Promega, E2691), cells were har-
vested. Cells were washed with PBS, lysed with a lysis buffer (20
mMTris-HCl at pH 8.0, 1 mM EDTA, 150 mMNaCl, 0.1% [w/v]
Triton X-100) with protease inhibitor cocktail (Sigma-Aldrich,
P8340) and 50 mMNEM as a sumo protease inhibitor (Sigma-Al-
drich, 3876), and processed for sumoylation analysis. H2O2 (1
mM), which reduces the level of high-molecular-weight SUMO
conjugates, was used to reduce sumoylated bands for 1 h before
harvesting cells (Bossis and Melchior 2006). Ginkgolic acid (100
µM; Sigma-Aldrich, 75741) was also used to reduce sumoylated
bands as a sumoylation-specific inhibitor for 6 h before harvesting
cells (Fukuda et al. 2009; Meredith et al. 2016).

mNPs

mNPs were cultured from E13.5 neocortices as described previ-
ously (Usui et al. 2017). Cells were expanded for 2 d before trans-
duction by lentivirus. After transduction, cells were cultured in
neurobasal medium (Invitrogen, 21103-049A) supplemented
with B27 and 500 µM L-glutamine (Invitrogen, 25030081) to in-
duce neuronal differentiation. Culture medium was not changed
after transduction.

hNPs

hNPs (Lonza, PT-2599) were cultured as described previously
(Konopka et al. 2012; Usui et al. 2017). Lentiviral transduction
was used to introduce genes. Forty-eight hours after transduction,
cells were collected with QIAzol lysis reagent (Qiagen, 79306)
and processed for total RNA purification.

Human neurospheres

Tomake neurospheres of hNPs, proliferating hNPswere plated at
a density of 300,000 cells per well in neurobasal A medium sup-
plemented with BIT, antibiotic–anti-mycotic, glutamax, 10 ng/
mL FGF, and 10 ng/mL EGF on Corning spheroid 96-well black/
clear round-bottomed, ultra-low-attachment surface, lidded ster-
ile microplates (Sigma-Aldrich, CLS4520) and incubated at 37°C
under 5% CO2. Cells were half-fed every second day to maintain
the concentration of growth factors. To assess neurospheremigra-
tion, proliferating hNPs were plated at a density of 300,000 cells
per well in neurobasal Amedium supplemented with BIT, antibi-
otic–anti-mycotic glutamax, 10 ng/mL FGF, and 10 ng/mL EGF
on Corning spheroid 96-well black/clear round-bottomed, ultra-
low-attachment surface, lidded sterile microplates; infected
with lentivirus at the same time; and incubated at 37°C under
5% CO2. Forty-eight hours after plating and lentiviral infection,
culturemediumwas replacedwith neurobasal Amedium supple-
mented with B27 minus vitamin A, antibiotic–anti-mycotic glu-
tamax, 10 ng/mL BDNF, and 10 ng/mL NT-3, and then
neurospheres were gently transferred on poly-L-ornithine- and
laminin-coated plates using Axygen 200-µLwide-bore tips (Corn-
ing, TF-205-WB-R-S). Twenty-four hours after plating, neuro-
spheres were fixed, stained, and quantified.

Lentivirus production

Lentivirus production was performed as described previously
(Usui et al. 2017).
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Immunoprecipitation

Immunoprecipitation was performed as described previously
(Usui et al. 2017). The following amounts of antibodies were
used: 10 µL of mouse anti-SUMO-1 per immunoprecipitation,
10 µL of rabbit anti-FOXP1 per immunoprecipitation, 5 µL of
mouse anti-Flag M2 per immunoprecipitation, 2 µL of mouse
anti-V5 per immunoprecipitation, and 10 µL of goat anti-FOXP2
per immunoprecipitation. Mouse, rabbit, and goat IgGs were
used as appropriate negative controls.

Immunocytochemistry

Cultured cells were fixed with 4% PFA in PBS for 10 min at room
temperature, placed in PBS, and then permeabilized in PBS-T.
Blocking was performed using 10% goat serum and 1% BSA in
PBS-T for 1 h at room temperature. Cells were incubated with
the following primary antibodies overnight at 4°C: goat anti-
GFP (1:1,000), mouse anti-Flag M2 (1:1,000), and rabbit anti-
MAP2 (1:1,000). Cells were then washed and incubated with sec-
ondary antibodies for 1 h at room temperature. For fluorescence
immunostaining, species-specific antibodies conjugated to Alexa
fluor 488, Alexa fluor 555, and/or Alexa fluor 647 (1:2000; Invitro-
gen) were applied, and coverslips were mounted with ProLong
Gold anti-fade mountant containing DAPI for nuclear staining
(Invitrogen, P36934). TO-PRO-3 (Invitrogen, T3605) was also
used to stain the nucleus. Images were collected using a Zeissmi-
croscope and digital camera system (AxioObserver.Z1, Zeiss) and
Zeiss confocal laser scanning microscope (LSM 510 with META,
Zeiss).

IUE

IUE was performed as described previously (Usui et al. 2017).
Timed pregnant mice were deeply anesthetized with isoflurane
(1.5%–3% in oxygen) during surgery and were also administered
1 mg/kg buprenorphine to limit pain after electroporation. Endo-
toxin-free plasmid DNA (1–2 µg/µL) with 0.1% Fast Green FCF
dye (Sigma-Aldrich, F7252) was microinjected into the lateral
ventricles of E14.5 embryos to target upper layer (layer 2/3) neu-
rons of the neocortex. The embryo was held through the uterus
with platinum plate electrode tweezers (Protech International,
Inc., CUY650P5) and electroporated (five 50-msec pulses of 33
V with an interval of 950 msec) (NEPA Gene, CUY21SC) (Baek
et al. 2015; Li et al. 2015). Electroporated embryos were analyzed
at E18.5.

Statistical analysis

All data are represented as means of biological independent ex-
periments ±SEM. Statistical analysis (t-test, one-way ANOVA,
or two-way ANOVA with a Tukey’s multiple comparison test)
was performed using Prism 7. Asterisks indicate P-values (P <
0.001 [∗∗∗], P < 0.01 [∗∗], and P < 0.05 [∗]).

Accession numbers

The NCBI Gene Expression Omnibus accession number for the
RNA-seq data reported in this study is GSE98913.
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