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Autism spectrum disorder (ASD) is a highly heritable, behaviorally defined, heterogeneous disorder of unknown pathogenesis. Several
genetic risk genes have been identified, including the gene encoding the receptor tyrosine kinase MET, which regulates neuronal differ-
entiation and growth. An ASD-associated polymorphism disrupts MET gene transcription, and there are reduced levels of MET protein
expression in the mature temporal cortex of subjects with ASD. To address the possible neurodevelopmental contribution of MET to ASD
pathogenesis, we examined the expression and transcriptional regulation of MET by a transcription factor, FOXP2, which is implicated in
regulation of cognition and language, two functions altered in ASD. MET mRNA expression in the midgestation human fetal cerebral
cortex is strikingly restricted, localized to portions of the temporal and occipital lobes. Within the cortical plate of the temporal lobe, the
pattern of MET expression is highly complementary to the expression pattern of FOXP2, suggesting the latter may play a role in repression
of gene expression. Consistent with this, MET and FOXP2 also are reciprocally expressed by differentiating normal human neuronal
progenitor cells (NHNPs) in vitro, leading us to assess whether FOXP2 transcriptionally regulates MET. Indeed, FOXP2 binds directly to
the 5� regulatory region of MET, and overexpression of FOXP2 results in transcriptional repression of MET. The expression of MET in
restricted human neocortical regions, and its regulation in part by FOXP2, is consistent with genetic evidence for MET contributing to
ASD risk.

Introduction
Autism spectrum disorder (ASD) is a common neurodevelop-
mental disorder. The genetic contribution to this syndrome is
well documented (Abrahams and Geschwind, 2008), but the mo-
lecular pathways involved are just beginning to be elucidated (Bill
and Geschwind, 2009). Although genetic variation in several
genes has been implicated as potential risk factors in ASD, their
regulation and neurodevelopmental functions are not well un-
derstood. MET, a gene belonging to the tyrosine kinase receptor
family, is a candidate risk gene previously shown to be associated
with ASD in four independent family cohorts (Campbell et al.,

2008; Jackson et al., 2009; Sousa et al., 2009). These studies iden-
tified two common risk alleles, one of which negatively regulates
MET gene transcription (Campbell et al., 2006), consistent with a
twofold reduction in MET expression in postmortem temporal
cortex of subjects with ASD (Campbell et al., 2007). Overrepre-
sented copy number variations (CNVs) that delete MET were
reported in one study (Marshall et al., 2008), suggesting multiple
genetic mechanisms for disrupting MET in ASD. MET was dis-
covered as a proto-oncogene that is activated through its only
known ligand (Birchmeier et al., 2003). Met expression in the
forebrain is restricted to periods of dendritic growth and synapse
formation in mice (Judson et al., 2009), and signaling via the
receptor regulates these processes in vitro (Lim and Walikonis,
2008). Finally, signaling pathways that MET is known to interact
with contain at least eight members that also show association
with ASD (Bill and Geschwind, 2009).

There is limited information regarding the transcriptional
regulation of MET. The MET promoter contains seven repeats of
the consensus binding site for the Sp family of transcription fac-
tors, a number of potential binding sites for regulatory elements
such as AP1, AP2, NF-�B, IL-6RE (Liu, 1998), and a LINE regu-
lator sequence in intron 2 (Mätlik et al., 2006). SP binding is
important for promoting MET expression since there is reduced
gene transcription and protein binding to the MET promoter in
the presence of the ASD C risk allele rs1858830 compared to the G
allele (Campbell et al., 2006). In searching for candidate regula-
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tory proteins of MET in neocortex, a preliminary screen of MET
expression in the human fetal brain revealed a possible pattern
reciprocal in nature to FOXP2, a gene encoding a repressor reg-
ulatory protein that has been implicated in regulating higher cog-
nitive functions including language (Lai et al., 2001). While
mutations in FOXP2 are not implicated directly in increasing
ASD risk, the language dysfunction that is central to ASD diag-
nosis may be influenced through downstream regulation by
FOXP2 of key gene networks that ultimately impact circuit wir-
ing. Here we present evidence using a variety of methods to dem-
onstrate a close relationship between FOXP2 and MET in human
neocortical development, providing additional evidence that a
network of genes that includes these elements may be key targets
in ASD risk etiology.

Materials and Methods
Tissue samples. Fresh-frozen human embryonic brains from 15 to 20
gestational weeks (GW) were obtained from the University of Maryland
Brain and Tissue Bank. Demographics on the fetuses are as follows: Fig-
ures 1, A and B, and 2, A and B: #1057, 19 GW, female, African American,
1 h postmortem interval (PMI); Figure 1C: #1010, 20 GW, female, Cau-
casian, 3 h PMI; Figure 1 D: #1075, 15 GW, female, African American, 3 h
PMI; Figure 1 E, #1926, 18 GW, female, African American, 2 h PMI;

Figure 2, C and D: #1110, 19 GW, female, African American, 2 h PMI. All
fetuses were considered “normal” except for the one in Figure 1C, which
had polyhydramnios, twin-to-twin transfusion syndrome in the fetus.

Primary cell culture. Normal human fetal neuronal progenitors
(NHNPs) were either purchased (Lonza; 17 GW, female, African Amer-
ican) or prepared from cortical tissue as previously described (Svendsen
et al., 1998) (16 GW, male, race unknown, and 18 GW, sex and race
unknown). Based on whole-genome genotyping analysis, these cells were
deemed “normal” with a low number of CNVs �200 kb (0 –2 per line)
(Konopka et al., 2011). The cells were propagated in Neurobasal A,
BIT9500 (10%), FGF2 (20 ng/ml), EGF (20 ng/ml), LIF (10 ng/ml), and
heparin (2 �g/ml). To induce differentiation, retinoic acid (500 ng/ml),
NT-3 (10 ng/ml), and BDNF (10 ng/ml) were added.

Other methods. Information is available upon request.

Results
MET expression is enriched in the temporal cortex of the
developing human brain
To identify the expression pattern of MET at midgestation in the
human fetal brain, we performed in situ hybridization mapping.
We used two non-overlapping probes that specifically recognize
different regions of the MET transcript. High expression of MET
was detected specifically in the temporal cerebral cortex of the

Figure 1. MET expression in the temporal cortex of human fetal brains. In situ hybridization is shown in the right panels and cresyl violet in the left panels. A–C, Sagittal sections from 18 GW (A,
B) and from 20 GW (C) fetal brain. D, E, Coronal sections from 15 week fetal brain (D) and horizontal sections from 19 week fetal brain (E). F, G, Dark-field image (F ) and bright-field image (G) of the
cresyl violet staining of the cortical plate shown from the boxed area in A. The golden signal represents MET mRNA labeling. Temporal lobe enrichment of MET expression is evident in sections
representing all cardinal planes. Layers II/III and V are marked by a horizontal line. Arrows mark the hippocampus, in which MET is expressed in CA1 subfield, and the temporal neocortex. Scale bars:
A–D, 5 mm; E, 0.25 mm. Tctx, Temporal cortex; Hipp, hippocampus; GE, ganglionic eminence; BG, basal ganglia; SP, subplate; CP, cortical plate; MZ, marginal zone; a, anterior; p, posterior.
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fetal brain during the 15th to 20th gestational weeks, a period
when neuronal migration is almost complete and there is a major
influx of axons into the reorganizing subplate and cortical plate
(Kostovic and Rakic, 1990). Changes in gene expression at these
embryonic ages are critical for later developmental processes, and
thus characterizing modifications in gene expression at these
time points provides insight into developmental disorders such
as ASD. MET expression was also detected at lower levels in the
developing hippocampus and in the occipital cortex, which is a
similar developmental state as the temporal neocortex. In contrast,
MET expression was not detected in the more rostral regions of the
developing cerebral hemispheres, including somatosensory, motor,
and frontal regions (Fig. 1A–E). By analysis of postemulsion slides,
we detected restricted expression of MET in the cortical plate (Fig.
1F,G). Here, labeling appeared to be most dense in supragranular
layers II and III. At the ages examined, the expression of MET was
not detected in other developing brain areas such as the striatum or
cerebellum.

MET and FOXP2 expression are complementary
It has been shown previously in human fetal brain that FOXP2 is
expressed in the frontal and temporal cortex, specifically in layer
VI and also in the thalamus (Teramitsu et al., 2004), two regions
in which MET was not detected in the current study. To examine
the possible complementary expression of the two transcripts
more directly, we examined MET and FOXP2 in sections pre-
pared from the same brains (Fig. 2). In situ hybridization analysis
of adjacent brain sections revealed that MET and FOXP2 are
expressed in different layers of the cortical plate in the posterior
parietal region and in the temporal region (Fig. 2). Whereas MET
transcript is expressed most densely in supragranular layers II–
III, FOXP2 is located mostly in infragranular layer VI. This non-
overlapping pattern of cortical plate expression was intriguing
given the primary role of FOXP2 as a negative regulator of tran-
scription and its regulation of another ASD risk gene, CNTNAP2
(Vernes et al., 2008).

To examine the potential regulatory influence by FOXP2 on
MET transcription, we used NHNPs as a model to examine more
precisely the complementary expression of each protein. We in-
duced differentiation of NHNP cells, confirming differentiation
by reduction of nestin expression, a marker of undifferentiated
neuroepithelial cells (Dahlstrand et al., 1995). Indeed, after 4
weeks of differentiation, anti-nestin immunostaining revealed
greatly reduced protein expression, while the expression of Tuj1,
a marker of early neuronal differentiation (Lee et al., 1990), in-
creased significantly (Fig. 3A,B and Konopka et al., 2011). We
have also conducted genome-wide gene expression analysis of
these cell lines and find significant upregulation of neuronal
markers such as MAP1B, PAX6, and SNAP25, and downregula-
tion of proliferation and progenitor markers such as nestin,
CXCR4, and CDC20 (Konopka et al., 2011). Though MET in
primate and rodent neocortex is not expressed in neural progen-
itor cells, expression of MET in undifferentiated NHNPs was
detected using gene microarrays (data not shown). However, as
evident in both species (Judson et al., 2009, 2011), initially high
MET expression becomes greatly reduced over time. To confirm
these results in the NHNPs, we performed qRT-PCR using three
biological replicates. We compared the cells differentiated for 4
weeks to the undifferentiated cells and found a 2.4-fold reduction
in the MET transcript (Fig. 3C). In contrast, FOXP2 mRNA ex-
hibited a dramatic increase in expression between 0 and 4 weeks
of differentiation, from almost undetectable baseline levels to a
�100-fold increase (Fig. 3D).

FOXP2 negatively regulates MET expression
The anatomical and molecular analyses suggest that FOXP2 is a
candidate to negatively regulate MET gene transcription. To test
this directly, we overexpressed FOXP2 in undifferentiated NHNP
cells and examined MET expression 4 d later. There was a dra-
matic reduction of both MET transcript and protein expression
by cells overexpressing FOXP2 (Fig. 3E,F). We also confirmed
this inverse expression of FOXP2 and MET using two additional
human neuronal cell lines (SH-SY5Y cells) overexpressing
FOXP2 (Fig. 3G) (Konopka et al., 2009). These data extend the
results from the NHNP differentiation experiments and the com-
plementary pattern of expression in the fetal human brain, indi-
cating that FOXP2 negatively regulates MET expression.

FOXP2 regulation of MET is via direct interaction
To address the possibility that FOXP2 physically interacts with
the MET gene to reduce transcription, we searched for canonical
FOXP2 binding sites (AATTTG or CAAATT) within the MET
gene. Potential FOXP2 binding sites were identified within the 5�
promoter and intron 3 (Fig. 4A). Two plausible sites of regulation
were examined: site I in the promoter area at position �538
[where zero is defined as the transcription start site, NM_000245
(Liu, 1998)], and site II with two potential binding sites in close
proximity in the third intron at chr7:116165987 and chr7:
116166013, respectively. To test whether these human-specific
sites bind FOXP2, we conducted EMSA assays. Probes I and II
correspond to nucleotides �556 to �518 in the MET promoter
and chr7:116165984 –116166013 in intron 3 of the MET gene.
Both probes robustly bound to a protein complex in the nuclear
extract of cells overexpressing FLAG-tagged FOXP2 (Fig. 4B,
lanes 1 and 7). Mutant forms of these probes (Fig. 4B, lanes 2 and

Figure 2. MET and FOXP2 are expressed in largely non-overlapping areas of the brain. A, B,
In situ hybridization analysis of sagittal sections from 19 week fetal brain (left panels) and
cortical plate magnification of corresponding box insets (right panels) (A). Same analysis of
coronal sections with corresponding cortical plate magnification box insets (bottom panels) (B).
Thal, Thalamus; SVZ, subventricular zone; Cau, caudate. Other abbreviations are as in Figure 1.
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8) failed to bind this complex. Adding un-
labeled probe led to competition with the
labeled probe and reduced binding to the
protein complex (Fig. 4B, lanes 3 and 9).
Finally, preincubation of the nuclear ex-
tract with an anti-FLAG antibody led to a
detectable shifted DNA–protein band on
the gel (Fig. 4B, lanes 4 and 10, upper
band). This shift confirms the presence of
FOXP2 in the nuclear protein complex
that binds to these putative regulatory re-
gions of MET. To confirm in vivo binding
of these putative regulatory elements by
FOXP2, we performed chromatin immu-
noprecipitation (ChIP) with NHNP cells
transduced with FOXP2. Anti-FOXP2 spe-
cifically precipitates MET DNA, whereas
control IgG yields no enrichment of the
MET sequence (Fig. 4C), supporting direct
in vivo binding of FOXP2 to the MET pro-
moter region as demonstrated in vitro by
EMSA.

Discussion
The current study provides the first evi-
dence that MET—an ASD risk gene—is
predominantly expressed in the temporal
lobes of the fetal human brain, and is spe-
cifically enriched in the supragranular lay-
ers of the developing cortical plate around
midgestation. In addition, unpublished
data from the Allen Brain Atlas (http://
human.brain-map.org/) demonstrate that
MET is the most differentially expressed
transcript in temporal cortex compared to
all other cortical areas in adult human brain.
This regional specificity is especially relevant
to ASDs because the temporal lobes play a
critical role in language processing, emo-
tional control, and affective perception, the
clinical spheres most affected by these
disorders (Courchesne et al., 2007). The
restricted pattern of MET transcript expres-
sion is different from the more widespread
distribution of MET in the developing mouse neocortex (Judson et
al., 2009). Whereas the distribution of MET within the layers of
cortical areas and the timing of MET expression is conserved, the
expression of MET within specific cortical regions is not conserved
(Judson et al., 2011). Thus, these data provide evidence for primate-
restricted expression of MET that parallels our findings in human
brain at midgestation.

The present study further strengthens the possible connection
between aberrant MET signaling and complex cognitive develop-
ment, including language, by demonstrating that the protein en-
coded by FOXP2, a gene involved in the development of human
speech and language, negatively regulates MET expression and
does so in untransformed neural progenitors derived from midg-
estation human fetal brain. This negative regulation is also im-
plied in vivo; however, there it seems to be uncoupled to
differentiation. The early-born neurons in the deeper cortical
layers express FOXP2 and thus, we postulate that MET expres-
sion is repressed. In later-born neurons of the more superficial
layers, FOXP2 is not expressed, and therefore MET expression is

unrepressed and elevated. While we observed MET expression in
proliferating NHNPs but not in the GE in vivo, this is likely due to
the semicommitted fate of the cells in culture based upon the
location and timing of their origin. We further show that FOXP2
directly binds to regulatory sequences in MET genomic DNA in
vitro and in vivo and forced expression of FOXP2 leads to down-
regulation of MET expression in multiple neuronal cell lines,
indicating that FOXP2 can directly regulate MET expression.

There has been increasing success in identifying ASD suscep-
tibility candidate genes and the biological mechanisms by which
they increase risk for ASDs. Here we focused on the MET gene,
which has common variants associated with ASD. MET is a re-
ceptor tyrosine kinase that has been shown to modulate dendritic
development (Lim and Walikonis, 2008), synapse maturation
(Tyndall and Walikonis, 2007), and LTP (Akimoto et al., 2004).
Moreover, the expression in rodent is enriched in the forebrain
just before and during the peak of synapse formation, particularly
in the cerebral cortex (Judson et al., 2009). The results presented
here in the human indicate that while the temporal patterns may

Figure 3. Overexpression of FOXP2 leads to downregulation of MET expression. A, B, Immunocytochemistry of undifferentiated
NHNPs (A) and NHNPs differentiated for 4 weeks (B). Green is nestin-positive staining, red is Tuj1-positive staining, and blue is
DAPI. C, D, qRT-PCR analysis of MET and FOXP2 in NHNP cells differentiated for 4 weeks (4W) compared to undifferentiated cells
(0W). E, Western blot analysis of MET and FOXP2 protein expression in NHNP extract. GAPDH indicates equal loading. F, qRT-PCR
analysis of NHNPs overexpressing FOXP2. *p � 0.05, **p � 0.01; error bars are �SEM (Student’s t test, n � 3). G, Western blot
analysis of MET protein expression in two different lines of SH-SY5Y cells overexpressing FOXP2. GAPDH indicates equal loading.
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be conserved between rodents and human, the neocortical ex-
pression is far more restricted in primates. In fact, this is also
evident in a detailed analysis of the developing macaque brain
prenatally and postnatally (Judson et al., 2011). There is a dra-
matic expansion of both the frontal and temporal lobes in the
primate, the latter being most relevant for language processing
(Spiroski et al., 2009) and social cognition (including face recog-
nition) (Amaral et al., 2008). These differences in MET expres-
sion between mouse and primates suggest that it will be
important to understand genetic differences that have emerged
on the primate lineage. MET has been highly conserved during
mammalian evolution, as the mouse and the human gene share
86.6% homology at the nucleotide level, and the predicted pro-
moter is also conserved (Seol et al., 1999). Interestingly, align-
ment of human and mouse genomic DNA shows that the core
binding site (AAT) in two of the three potential FOXP2 binding
sites studied here differs by one nucleotide in the mouse. Based
on our data regarding the relationship between MET and FOXP2,

we speculate that while the developmental neurobiological func-
tions of MET are likely to be highly conserved, the regulation of
human MET in the development of specific neural circuitry has
diverged from the rodent. It is important to be clear that these
data do not exclude a role for Foxp2 regulation of Met in mouse.
Preliminary observations suggest that Foxp2 can bind the mouse
Met promoter (M. Y. Bergman and P. Levitt, unpublished obser-
vations). However, the data presented here show that there are
likely key functional differences in the MET promoter sequence
between human and mouse, specifically in regions where we
show FOXP2 to bind and regulate MET expression in humans.
Since FOXP2 is repressing expression of MET throughout deeper
cortical layers, clearly other undetermined transcription factors
are responsible for primate-specific enrichment of MET in tem-
poral regions.

Given the intimate relationship between FOXP2 and MET,
one can speculate that the repression of MET expression in spe-
cific frontal, temporal, and striatal circuits is key for the successful
development of language. FOXP2 is critical for speech and lan-
guage, and also directly regulates other language-related and/or
ASD genes, such as CNTNAP2 (Vernes et al., 2008), the sushi-
repeat protein SRPX2, and the plasminogen activator urokinase
receptor PLAUR (or uPAR) (Roll et al., 2010), which is also in the
MET signal transduction cascade (Campbell et al., 2008; Bill and
Geschwind, 2009). CNTNAP2 has also been shown to be involved
in specific language impairment and has focal cortical expression
(Vernes et al., 2008). The regulation of CNTNAP2, PLAUR, and
MET by FOXP2 provides an interesting connection to ASD can-
didate genes that are part of an interactive network that mediate
neurobiological events involved in circuit formation and matu-
ration (Bill and Geschwind, 2009). Moreover, mutations in
SRPX2 are associated with a form of epilepsy in which the seizures
originate in the speech areas of the brain, and SRPX2 interacts
with PLAUR to form a complex (Roll et al., 2010). Thus, our data
add an additional player, MET, into the molecular pathways that
are related to speech disorders. On a molecular level, repression
of MET by FOXP2 may be critical for regulation of dendritic or
axonal outgrowth in deeper cortical layers during early brain
development, as MET is typically highly expressed in these sub-
cellular compartments and involved in their function (Judson et
al., 2010). Thus, FOXP2-mediated regulation of MET may be
important for regulation of subcortical efferent pathway signal-
ing that may underlie some aspects of language and cognition.

These data together suggest that MET may be an important
molecular component of human temporal lobe development.
Both the positive and negative regulation of MET will be critical
to define, because both will contribute to the specificity of expres-
sion in temporal lobe and related circuitry that are critical for the
development of human higher cognition functions, some of
which are dysfunctional in ASD, including social cognition and
language. However, there is no genetic evidence directly linking
FOXP2 with ASD. These current results further strengthen an
indirect connection of FOXP2 with ASD and suggest that assess-
ment of the relationship between ASD-related genetic variation
in MET and human temporal lobe structure and function using
MRI will be of significant value.
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