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Fundamental human traits, such as language and bipedalism, are
associated with a range of anatomical adaptations in craniofacial
shaping and skeletal remodeling. However, it is unclear how such
morphological features arose during hominin evolution. FOXP2 is
a brain-expressed transcription factor implicated in a rare disorder
involving speech apraxia and language impairments. Analysis of
its evolutionary history suggests that this gene may have contrib-
uted to the emergence of proficient spoken language. In the
present study, through analyses of skeleton-specific knockout
mice, we identified roles of Foxp2 in skull shaping and bone
remodeling. Selective ablation of Foxp2 in cartilage disrupted
pup vocalizations in a similar way to that of global Foxp2 mutants,
which may be due to pleiotropic effects on craniofacial morpho-
genesis. Our findings also indicate that Foxp2 helps to regulate
strength and length of hind limbs and maintenance of joint carti-
lage and intervertebral discs, which are all anatomical features
that are susceptible to adaptations for bipedal locomotion. In light
of the known roles of Foxp2 in brain circuits that are important for
motor skills and spoken language, we suggest that this gene may
have been well placed to contribute to coevolution of neural and
anatomical adaptations related to speech and bipedal locomotion.
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Significance

Speech and bipedalism are key aspects of behavior that
emerged during human evolution. FOXP2, a gene implicated in
a human speech and language disorder, has been suggested to
contribute to language evolution. Here, through knockout
studies of mouse Foxp2, we show that this gene is not only
important for neural circuits involved in vocal behaviors, it also
helps regulate relevant anatomical substrates. We additionally
demonstrate that Foxp2 influences skeletal features that may
be relevant for bipedal locomotion. Our findings raise the
possibility that FOXP2 might be important for anatomical fea-
tures contributing to derived human traits, including speech
and bipedalism.

Author contributions: X.G. designed research; S.X., P.L., Yuanxing Chen, Yi Chen, W.Z,,
H.Z., Yiwei Cao, F.W., N.J,, S.L,, Y.J.,R.Z, Z.Y., Q.L, and X.X. performed research; B.L., Z.Z.,
ZW., Y.F., LH, J.D.D, HO.T, S.E.F., and Q.L. contributed new reagents/analytic tools;
Q.L, X.X,, and X.G. analyzed data; and X.G. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.
Published under the PNAS license.

To whom correspondence may be addressed. Email: liugs@giabr.gd.cn, xuechun.xia@sjtu.
edu.cn, or xzguo2005@sjtu.edu.cn.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1721820115/-/DCSupplemental.

Published online August 13, 2018.

PNAS August 28, 2018 vol. 115 no. 35 8799-8804

—
<
Z >
£8
3
@
>
w
(=]



http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1721820115&domain=pdf
http://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:liuqs@giabr.gd.cn
mailto:xuechun.xia@sjtu.edu.cn
mailto:xuechun.xia@sjtu.edu.cn
mailto:xzguo2005@sjtu.edu.cn
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721820115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721820115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1721820115

‘ﬂnt’n°fFoxp]/2 nr g g fo wfje™ R tl’n‘“rirg
me o wndvlem 430
a °n.urd nf nr t’n'f Px®® .n mby®n
b101&nq, £ inlgh el mer iy pn e e
gnnt'flggn nHmnVSPt°nW hruS f(lt'n-
L 9f‘ﬂnt1’n nly - ynmy o @ g e
n}gllhhlg’ré‘ n®ny. n'xP sdl}’ kl ]llt’oxp21' s
| o .fPPV. iz ®n Py P
Ry, Wrd Egl’blnﬁll rkb 011 R

L T

Sal
M T Igly of oxpﬁ n kl
" Pﬂttlkqll dtlllt9 k‘llSFh Igf t Stl hnll} r
-. g TV lgé‘l .13/1’1 [ PXI'Z nfllP Wlls -
‘mls btr th s. rq‘ ﬁrV' lthlg
e tthit HLEY K LR CAN
If“nrl n['bll’dlp‘n?tl’n.
Results

Cartilage-Specific Deletion of Foxp2
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Fig. 2. Ablation of Foxp2 in cartilage impairs USVs in pup calls. (A) Alcian blue
staining of larynx cartilages from Foxp2c,;;*™* (Col2-cKO) mice. CC, cricoid
cartilage; TC, thyroid cartilage; Tr, trachea cartilage. (B) Safranin O staining for
the transverse sections of larynx at P10. (Scale bar, 500 pm.) E, esophagus; G,
glottis. (C and D) Alcian blue staining of larynx cartilages from Foxp2R>32HR552H
(R552HIR552H, C) at PO and Foxp2R**2M"* (R552H/+, D) mutant mice at P7. (E)
Representative spectrograms of pup isolation calls in Foxp2c.,* (Col2-cKO)
mice at P10. The y axis indicates the frequency change of the USVs in the ki-
lohertz range, whereas the x axis indicates time in seconds. Color depths in the
sonograms represent relative intensity strength in decibels. C, complex syllable;
S, simple syllable. (F) The sonic characteristics of pup calls, including syllable
rate, proportion of complex syllables, syllable duration, peak frequency, wie-
ner entropy, and bandwidth in Foxp2™" (Contr) mice. *P < 0.05; **P < 0.01;
**%p < 0.001. Foxp2™ mice, n = 27; Foxp2co2™® knockouts, n = 26.
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Fig. 3. Disruption of posterior skull integrity in Foxp2 knockout mice. (A)
Dorsal view of skulls of Foxp2p.,;*"* mice (Prx1-cKO) at E18.5. Ip, interpar-
ietal bone. (B and C) Dorsal view of skulls of Foxp2R°52H/R552H (R552H/R552H)
mutant mice at PO and Foxp2®*>2""* mice (R552H/+) at P7. (D) Dorsal view of
skulls of Foxp1/2", Foxp2p,;*'® (Prx1-cKO), and Foxp1/2pnq*" [Prx1-cKO
(P1/2)] mice at 1 mo of age. Dashed lines outline the lambdoid suture.
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Fig. 4. Impaired articular cartilage integrity due to Foxp2 loss. (A) Repre-
sentative pictures of femur bones from Fopof”ﬂ (Contr) and Foxp2p.;~*
(Prx1-cKO) mice at 2 mo old. (B) Quantification of the length of femur bones
in A. n =5; *P < 0.05. (C) Safranin O staining for growth plate in tibia bones
from mice at 6 mo (Upper) and 12 mo (Lower) of age. (Scale bar, 500 um.) (D)
Representative pictures of articular cartilages from Foxp2p.;*™* (Prx1-cKO)
mice at 6 mo of age. (E) Representative photographs of articular cartilages
at knee joints from FOxXp2ppi™™ (Prx1-cKO) 2-mo-old mice following 6-wk
recovery from DMM surgery. (Scale bar, 100 pm.) (F) Representative pictures
of intervertebral discs (IVDs) in lumbar vertebrates from Fopo.;c,,ZA’A (Col2-
cKO) mice at 2 mo of age.
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Fig. 5. Foxp2 controls bone remodeling in cooperation with Foxp1. (A)
Representative images of 3D reconstruction of uCT analysis of Foxp2pmi ™™
(Prx1-cKO) femur bones. (Upper) Cortical bone. (Lower) Trabecular bone. (B)
ALP and Alizarin red staining following 14 d of osteogenic induction of MSCs
from Foxp2p.;*® (Prx1-cKO) mice at 2 mo of age. (C) Representative images
of 3D reconstruction of pCT analysis of Foxp2ce ™™ (Ctsk-cKO) femur bones
at 2 mo of age. (Upper) Trabecular bone. (Lower) Cortical bone. (D) TRAP
staining of osteoclastogenic cultures of bone marrow from Foxp2ce ™™
(Ctsk-cKO) mice at 2 mo of age. (Scale bar, 250 um.) (E) Western blotting
detection of the expression of Notch-related proteins (Delta4, Jagged2, and
Hey1) in MSCs from Foxp2p*'® (Prx1-cKO) mice. (F) qPCR assessment for
expression of Notch-related marker genes (Delta4, Jagged2, Hey1, and Heyl)
in bone marrow MSCs from FopopmA/A (Prx1-cKO) mice at 2 mo of age. n = 3.
(G and H) Co-IP detected the in vivo interaction of Foxp1, Foxp2, and RBPjk
proteins in bone marrow MSCs, or in 293T cells transfected with the indicated
plasmids. (/) Luciferase assay in 293T cells transfected with the indicated plasmids.
Foxp2 repressed the transactivation of RBPjk-Luc (containing RBPjk DNA-binding
sites in promoter region) by NICD2, whereas a Foxp2 missense mutation (R552H)
alleviated the repressive function. n = 3. *P < 0.05; **P < 0.01; ***P < 0.001; ns,
not significant. (J) Diagrammatic summaries of the pleiotropic roles of Foxp2 in
helping to regulate anatomical features involved in vocalization and bone
strengthening. Foxp2 regulates skull shaping, vocalization, and bone remodeling
by forming complexes with Foxp1 and RBPjk proteins.
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Materials and Methods

All animal experiments were performed according to the guidelines and
approved by the ethical committee of Bio-X Institutes of Shanghai Jiao Tong
University (SYXK 2011-0112). For skeletal morphological analysis, skeletal
preparations for mice of different ages were made by Alcian blue/Alizarin red
staining as previously reported. For uCT analysis, femurs were dissected from
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