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SUMMARY

Craniosynostosis results from premature fusion of the cranial suture(s), which contain mesenchymal stem
cells (MSCs) that are crucial for calvarial expansion in coordination with brain growth. Infants with craniosy-
nostosis have skull dysmorphology, increased intracranial pressure, and complications such as neurocogni-
tive impairment that compromise quality of life. Animal models recapitulating these phenotypes are lacking,
hampering development of urgently needed innovative therapies. Here, we show that Twist?*~ mice with
craniosynostosis have increased intracranial pressure and neurocognitive behavioral abnormalities, recapit-
ulating features of human Saethre-Chotzen syndrome. Using a biodegradable material combined with MSCs,
we successfully regenerated a functional cranial suture that corrects skull deformity, normalizes intracranial
pressure, and rescues neurocognitive behavior deficits. The regenerated suture creates a niche into which
endogenous MSCs migrated, sustaining calvarial bone homeostasis and repair. MSC-based cranial suture
regeneration offers a paradigm shift in treatment to reverse skull and neurocognitive abnormalities in this

devastating disease.

INTRODUCTION

Craniosynostosis is a common disorder in which one or more
calvarial sutures, the fibrous joints that separate the skull bones,
fuse prematurely in infancy. This causes abnormal skull growth,
increased intracranial pressure (ICP), delayed brain develop-
ment, and often impaired cognitive functions (Morriss-Kay and
Wilkie, 2005; Twigg and Wilkie, 2015). Calvarial suture patency
is crucial for allowing the skull to compress during childbirth
and accommodating its extensive postnatal growth in concert
with the developing brain, which continues into adulthood.
Currently, the only treatment for craniosynostosis is complex
surgery to correct the skull deformity and prevent its sequelae
(Wolfswinkel et al., 2017). In many cases, the bones resynostose,
necessitating re-operation. There is an immense need for better
treatment of craniosynostosis and prevention of resynostosis.
Individuals with craniosynostosis often exhibit neurocognitive
dysfunctions and intellectual disabilities (Gripp et al., 2000; Rear-
don et al., 1997; Speltz et al., 2015; Zechi-Ceide et al., 2012). For
example, patients with Saethre-Chotzen syndrome have muta-
tions in TWIST1 and show preferential loss of the coronal suture.

Large deletions including the TWIST1 locus have been associated
with learning disabilities and neurocognitive impairment (Gripp
et al., 2000; Zechi-Ceide et al., 2012). Gain-of-function mutations
in ZIC1 or FGFR lead to craniosynostosis and learning disabilities
(Reardonetal., 1997; Twigg and Wilkie, 2015). Although neurocog-
nitive deficits are more commonly associated with syndromic cra-
niosynostosis, some patients with nonsyndromic single-suture
craniosynostosis may develop intellectual disability and develop-
mental delays that vary in severity (Speltz et al., 2015; Wallace
etal., 2016; Collett et al., 2017). These studies highlight the hetero-
geneity of these deficits and provide evidence that craniosynosto-
sis alone may cause neurocognitive dysfunction. Overall, prema-
ture suture fusion can adversely affect neurocognition, likely
because of increased ICP and neuroanatomical changes (Mor-
riss-Kay and Wilkie, 2005). However, ICP and neurocognition
have not been investigated in animal models of craniosynostosis,
resulting in a gap in our understanding of this devastating disease.
It therefore also remains unknown whether restoring suture
patency can improve neurocognitive function.

Mesenchymal stem cells (MSCs) can self-renew and differen-
tiate into an array of different cell types for tissue regeneration
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(Chanetal., 2018; Mao et al., 2006) and have been used to regen-
erate calvarial bone (Cowan et al., 2004; Liu et al., 2011; Mar-
uyama et al., 2016). We recently reported that Gli1* cells are an
indispensable MSC source within cranial sutures (Zhao et al.,
2015). They support craniofacial bone turnover, repair, and
regeneration in adult mice (Guo et al., 2018; Park et al., 2016;
Zhao et al., 2015). Importantly, we have demonstrated that there
is premature loss of Gli1* cells prior to coronal suture fusion in
Twist1*'~ mice (Zhao et al., 2015). These studies suggest that
restoring MSCs is a potential therapeutic approach for cranial su-
ture regeneration in craniosynostosis. However, this approach
presents substantial technical challenges. Previous studies
have shown that the method of MSC delivery and the biomate-
rial(s) used in the defect area are crucial (Zhao and Chai, 2015).
It is not well understood how MSCs may participate in the cranial
suture regeneration process or what the ideal biomaterials are to
support them.

In this study, we show that premature fusion of the coronal
suture led to increased ICP and neurocognitive abnormalities
in Twist1*’~ mice, recapitulating symptoms of Saethre-Chot-
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D Figure 1. Twist1*~ Mice with Craniosynos-
tosis Exhibit Increased ICP and Cognitive
Behavioral Abnormalities
(A) Diagram depicting the ICP measurement setup.

E 440 rpm (B and C) Representative intracranial pressure
150 sk (ICP) traces (B) and quantification (C) of ICP values
@ (WT, n = 8; MUT, n = 6 mice).
3100 (D, F, and I) Schematics of the rotarod test (D),
o novel object test (F), and three-chamber test (I).
oy (E) Rotarod performance scored as time (seconds)
c 50
8 - WT on the rotarod.
o < MUT (G and J) Representative animal tracks in the novel
012 3 4 object test (G) and three-chamber test (J).
Day (H and K) Preference indices in the novel object

test (H) and sociability and social novelty tests (K).
WT, wild-type mice, n = 20; MUT, Twist1*'~ mice
with bilateral suture fusion, n = 20.

Data are mean + SEM (C, E, H, and K). “p < 0.05,
**p < 0.01, **p < 0.001, ***p < 0.0001; NS, not
significant; calculated by two-tailed unpaired
t test.

zen syndrome in humans. Using this
clinically highly relevant mouse model,
we demonstrated that Gli1* MSCs com-
bined with modified methacrylated
gelatin (GelMA) can support coronal su-
ture regeneration. Endogenous MSCs
migrated to the regenerated suture
area to sustain its function in calvarial
tissue homeostasis and repair. Signifi-
cantly, suture regeneration reduced
ICP, partially alleviated calvarial defor-
mity, and improved neurocognitive
function. Because TWIST1 haploinsuffi-
ciency is associated with craniosynos-
tosis in patients with Saethre-Chotzen
syndrome, our discovery is highly rele-
vant for clinical translation and offers a
unique approach for improving the quality of life for individuals
with craniosynostosis.
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RESULTS

Twist1*~ Mice with Craniosynostosis Exhibit Increased
ICP and Neurocognitive Abnormalities

To investigate whether craniosynostosis can lead to intracranial
hypertension and neurocognitive behavioral abnormalities in
Twist1*~ mice, as reported in humans (Millichap, 2015), we first
measured the ICP in Twist?*’~ mice with craniosynostosis
(referred to as MUT) and wild-type (WT) littermate controls (Fig-
ure 1A) at 2 months of age. Twist?1”~ mice had significantly
increased ICP compared with the WT (Figures 1B and 1C).
Then we conducted a battery of cognitive behavioral tests.
Data from male and female mice were combined for the statisti-
cal analyses because no sex-biased preference was observed
(Figures S1B-S1G). In open field and elevated plus maze tests,
Twist1*~ mice spent comparable times in the center area of
the open field arena (Figure S1l) and similar times and entries
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in the open arms of the elevated plus maze as their WT litter-
mates (Figures S5E-S5G), which indicated that Twist1*~ mice
did not have unusual levels of anxiety.

In the novel object test (Figure 1F), the preference for a novel
object was impaired significantly in Twist7*'~ mice with cranio-
synostosis compared with WT controls (Figures 1G and 1H),
suggesting a hippocampus-dependent spatial memory deficit.
To assess social cognition, a three-chamber test was performed
(Figure 11). The preferences for investigating the mouse versus
empty cage and novel versus familiar mouse were decreased
significantly in Twist?*~ mice with craniosynostosis (Figures
1J and 1K), indicating impaired sociability and social novelty.
To exclude the possibility that the impaired cognitive functions
in Twist1*~ mice with craniosynostosis may be caused by
olfactory dysfunction, we performed an odor discrimination/
habituation test (Figure S5H) and found that Twist?*'~ mice
with craniosynostosis could distinguish among and habituate
to nonsocial and social odors to the same degree as their WT lit-
termates, which suggested that they had normal olfaction (Fig-
ure S5lI). We examined motor learning ability using a rotarod
test (Figure 1D). WT control mice exhibited an increased latency
to falling off the accelerating rotarod (4—40 rpm in 5 min) over four
consecutive days, indicating active learning (Figure 1E). In
contrast, Twist1*~ mice with craniosynostosis did not exhibit
obvious improvement, suggesting a significant motor learning
deficit. We next measured motor functions and did not find an
obvious difference in grip strength (Figure S5D) or total distance
traveled in the open field arena (Figure S1H), which suggested
normal motor strength of Twist?*~ mice with suture fusion.
These results suggest that Twist?*'~ mice have neurocognitive
dysfunction. We suspected that these deficits were mediated
by their elevated ICP because Twist1 expression is not detected
in the brain in adult mice, so its haploinsufficiency is unlikely to
have a direct effect on neurocognition (Figure S1A).

Modified GelMA Provides a Favorable Environment for
Suture MSCs

To optimize formulation of a scaffold for Gli1* cells to support
regeneration of a new coronal suture in Twist?*~ mice with cra-
niosynostosis, we compared several different biomaterials. We
tested different formulations of GelMA modified with Matrigel
and collagen | (COL-l). GelMA has excellent biocompatibility
and is easy to use in a surgical setting because it conforms to de-
fects and can be light-cured in seconds (Noshadi et al., 2017).
Addition of Matrigel promotes the spread of cells in the scaffold,
whereas COL-I helps form a suitable suture space, as shown
below. Before settling on the final formulation, we tested some
variations: (1) pure GelMA, (2) GelMA:Matrigel at a ratio of 5:1,
(3) GelMA:Matrigel at 2:1, (4) GelMA:Matrigel at 1:1, (5) GelMA:-
Matrigel at 1:2, and (6) pure Matrigel. Pure GelMA and GelMA:-
Matrigel (5:1) had a higher compressive modulus than the other
materials (Figure S2A), which would better maintain the space
between bones after surgery for suture regeneration. The tensile
strength was also tested, and there was no significant difference
between pure GelMA and GelMA:Matrigel (5:1), whereas the re-
maining four groups were too soft to be measured. After being
soaked/rinsed for 3 weeks, the remaining mass of pure GelMA
and GelMA:Matrigel (5:1) remained higher than that of other
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groups (i.e., they had the lowest degradation rate), which would
also help prevent suture refusion after surgery (Figure S2B).
Diffusional permeability testing showed that pure GelMA and
GelMA:Matrigel (5:1) had the lowest diffusional ability, which
may help to block intrusion of cytokines, such as angiogenesis
factors that could promote bone formation and suture refusion
(Figure S2C). Using pure Matrigel, which had the highest diffu-
sional permeability, suture refusion occurred in as soon as
1 month (Figure S3J). The swelling ratio showed results similar
to the diffusional permeability testing, which suggested that a
solution like blood could more easily get into the pure Matrigel
and promote bone formation, whereas there was no significant
difference between the other five groups (Figure S2D). Taking
all these properties into account, we concluded that pure GelMA
and GelMA:Matrigel at a 5:1 ratio have the most favorable prop-
erties for suture regeneration. It is important to note that Matrigel,
a mouse tumor matrix preparation, may be limited in its applica-
tion for human use.

We compared GelMA:Matrigel:COL-I at a ratio of 10:2:1
(M-GM) to pure GelMA (GM) and GelMA:Matrigel at a ratio of
5:1 (GM-Ma). Scanning electron microscopy (SEM) (Figure S2F)
and cellular viability staining (Figure S2G) showed that cells
could spread more easily in GM-Ma and M-GM in three-dimen-
sional culture. After six months, M-GM with MSCs formed a
regenerated suture more similar to a natural one (Figures S2H-
S2L), which suggested that COL-I could attract osteo-related
cells in later stages to form a suitable space (Figures S2J and
S2L). None of the crucial material properties were changed
significantly by adding COL-I to GM-Ma (Figures S2M-S2P). UI-
timately, these results suggest that M-GM provides a suitable
environment for MSC-mediated suture regeneration.

To investigate whether Gli1* MSCs retained their stemness af-
ter 10 days of culture in vitro, a colony-forming assay was per-
formed. Gli1* MSCs formed colonies (Figure S2E) and could
differentiate toward osteogenic, chondrogenic, and adipogenic
lineages (Zhao et al., 2015), confirming their stemness.

Suture MSCs in M-GM Support Regeneration of Cranial
Sutures in Twist1*/~ Mice
To test whether Gli1* MSCs combined with M-GM can support
coronal suture regeneration in Twist?*~ mice with bilateral cor-
onal suture fusion (Figures 2A and 2C), we generated a rectan-
gular defect 0.3-0.4 mm wide over each of the fused coronal
sutures (Figures 2B and 2D). Gli1* cells with M-GM (M-GM+stem
cells (SCs) were implanted into the defect on the right side (Fig-
ures 2E and 2F). The defect on the opposite side was (1) left
empty or filled with (2) pure M-GM, (3) suture mesenchymal cells
from Gli1-Cre®"2,ROSA26-0XF-STOP-LoxP-DTA GFP mice mixed
with M-GM (M-GM-+diphtheria toxin fragment A (DTA) cells), (4)
heat-inactivated Gli1* cells (H-SCs) mixed with M-GM (M-
GM+H-SCs), or (5) Gli1* cells mixed with Matrigel (Ma+SCs).
One month after surgery, there was already new bone forma-
tion in the blank controls (Figures 2G and 2G1), whereas spaces
were found between the two bones filled with M-GM alone or
with M-GM+SCs (Figures 2H, 2H1, and 2H2). The bone matured
in the blank controls 3 months post-surgery (Figures 2l and 211),
and the lateral bony edges of defects began to meet in the M-GM
group (Figures 2J and 2J1). In contrast, the bone edges
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Figure 2. Suture MSCs and M-GM Can Support Regeneration of a Cranial Suture
(A-F) Overview of the calvarial surgery, showing the calvaria before surgery (A and C) and after surgery (B and D) and micro-computed tomography (microCT) of
calvaria (C and D). White arrowheads indicate the residual hallmark of the fused suture (A, C, and D). The defect on one side of the calvaria was filled with pure
M-GM or left empty as a control, and the defect on the other side was filled with M-GM plus Gli1* cells (E and F). Scale bar, 2 mm.
(G-L) MicroCT images (3D reconstruction and slice) for controls (G1, 11, and K1 for blank and H1, J1, and L1 for pure M-GM) and M-GM plus suture MSCs
(M-GM+SCs; H2, J2, and L2) 1, 3, and 6 months post-surgery. Dotted lines (white) outline the original surgical defects. Scale bar, 2 mm.
(M) H&E staining of blank control (left), M-GM (center), and M-GM+SC (right) groups 1, 3, and 6 months post-surgery. The outlined areas in the M-GM+SC group
are shown separately in the right panels. Black arrowheads indicate the positions of initial defects, and an asterisk shows suture-like structure in M-GM+SCs

6 months post-surgery. Scale bar, 200 pm.

Cell

(N) Immunofluorescence staining for M-GM+SCs 1 month (left), 3 months (center), and 6 months post-surgery (right). Red fluorescently labeled cells were
harvested from 1-month-old Gli1-Cref"%;tdT™* mice. White arrowheads indicate donor cells (red) in surrounding tissues; white dotted lines show boundaries of

bones. Scale bars, 200 pm in the top panel and 25 pm in the bottom panel.
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e I Figure 3. Dura Mater Cells Contribute to Re-

M-GM+SCs, Day 0 M-GM+SCs, 4 weeks

generated Sutures in Twist1*/~ Mice

(A-D) Qtracker FITC-labeled (green) dura mater
cells migrate from the dura on day 0 (A) to the re-
generated suture 4 weeks post-surgery (B-D).
Donor cells fluorescently labeled in red were har-
vested from 1-month-old Gli7-CrefF™:tdT"* mice.
Gli1* cells were labeled with Alexa 647, and ar-
rowheads indicate co-labeled signals (C and D).
Scale bars, 50 um in the inset in (A), 200 pm in (A),
100 pm in (B), and 50 um in (D).

Dura Mater Parafilm Membrane

(E) Schematic of dura mater blockage surgery.

(F) MicroCT images (3D reconstruction and slice)
and H&E and immunofluorescence staining of the
defects 6 weeks post-dura mater blocking. Black
dotted lines outline the original surgical defects. In
(F2) and (F3), Asterisks indicate the Parafilm
membrane (yellow dotted lines in F3); arrowheads
indicate the dura mater. Scale bars, 500 um in (F)

TdayPS ||
[ |

6 weeks PS [Gli1-CrefR™2:tdT*/DAPI_| |,

<=
Dura cell

=
tdT* donor cell Osteogenic cell Osteocyte

and (F1) and 100 um in (F2) and (F3).

(G and H) 3D-reconstructed microCT images of
bone defects filled with M-GM+MSCs for kidney
capsule transplantation 1 day (G) or 6 weeks post-
surgery (H). H&E and immunofluorescence stain-
ing of the explant is shown in the right panel. Scale
bars, 1 mm in (H) and 200 um in (H1) and (H2).

() Schematic drawing showing that M-GM+SCs
might provide a niche that recruits endogenous
dura mater cells into the regenerated suture,
whereas donor cells also contribute to self-renewal

remained separated in the M-GM+SC group (Figures 2J and
2J2). Six months post-surgery, when the defect was left empty
or filled only with M-GM, the suture sites had re-fused (Figures
2K1 and 2L1). At the same time point, the bones were still sepa-
rated in defects filled with M-GM+SCs (Figures 2K and 2L). Even
after 1 year, this regenerated suture remained patent (Fig-
ure S3G). All of the other groups experienced resynostosis,
including those filled with M-GM+DTA cells (Figure S3H), heat-
inactivated M-GM+H-SCs (Figure S3I), and Ma+SCs (Fig-
ure S3J), clearly indicating the crucial roles played by live Gli1*
MSCs and M-GM in successful suture regeneration.

Histological analysis (Figure 2M) confirmed disappearance of
the coronal suture as well as the presence of thicker bone in
the empty defects 1 month post-surgery. In defects filled with
M-GM alone, fibrous tissue with some bony islands formed,
whereas suture-like tissue could be seen between bone edges
in the MGM+SC group. Three months post-surgery, the porous
bone structure of the empty defects was replaced by lamellar
bone. The bony margins began to connect in the M-GM group
and became thicker 6 months post-surgery. In the M-GM+SC
group, the gap between the bones remained and new fibrous su-
ture formed within 6 months post-surgery (Figure 2M).

Next we investigated how implanted Gli1* MSCs may
contribute to suture regeneration in Twist1*'~ mice (Figure 2N).
One month post-surgery, the majority of implanted Gli1* MSCs
were present in the center of the defect, whereas a few appeared
in the osteogenic fronts, periosteum, and dura (Figure 2N, left).
Interestingly, in defects filled with M-GM+SCs 3 months post-
surgery, large numbers of tdTomato-labeled cells were detect-

of surrounding tissues. Bone boundaries are out-
lined by brown lines.

able in the osteogenic fronts, periosteum, and dura mater near
the suture (Figure 2N, center). A few labeled osteocytes were de-
tected near the osteogenic fronts, whereas some remained in the
center of the regenerated suture. Six months post-surgery (Fig-
ure 2N, right), progeny of implanted Gli1* MSCs were detectable
in the periosteum, dura, and osteocytes of calvaria further away
from the defect (white arrowhead), and there were some endog-
enous Gli1* MSCs (in green) in the middle of the regenerated su-
ture. Nearly 1 year post-surgery, the majority of the implanted
Gli1* MSCs took part in formation of the nearby tissues, with
only a few Gli1* cells remaining in the center of the suture (Fig-
ure S3G). In the defects left empty or filled with M-GM alone,
the suture had nearly or totally re-fused, and Runx2™* cells were
numerous at all stages (Figures S3E and S3F). These results sug-
gest that the implanted Gli1™ MSCs in the regenerated suture
may contribute to turnover of the osteogenic fronts, periosteum,
and dura to support calvarial tissue homeostasis.

Dura Mater Cells Contribute to Suture Regeneration in
Twist1*~ Mice

As shown in Figures 2N and S3G, some Gli1* cells (in green) were
present in addition to the implanted Gli1* MSCs (tdTomato™) in
the regenerated suture. The ratio of endogenous to implanted
labeled cells increased over time, which suggests that endoge-
nous stem/progenitor cells also played roles in sustaining suture
regeneration and function. To investigate the source of these
cells, the dura mater under the defect was labeled with fluores-
cein isothiocyanate (FITC) prior to implantation of Gli1* MSCs
and M-GM in Twist?*'~ mice with craniosynostosis (Figure 3A).
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Exogenous and endogenous Gli1* cells were present in the su-
ture region 4 weeks post-surgery (Figures 3B-3D). To confirm
whether MSCs from the dura contributed to the newly regener-
ated suture, a Parafilm membrane with 10-nm pores was placed
between the dura and the calvarial bone to block migration of
endogenous MSCs into the suture (Figure 3E). Six weeks post-
surgery, the suture area was almost re-fused in the group with
the Parafilm membrane (asterisks in Figures 3F-3F3), in contrast
to the group without the Parafilm membrane, in which the suture
space was maintained (Figure 2). Kidney capsule transplantation
of calvarial explants also indicated that M-GM+MSCs cannot
regenerate a suture following removal of the dura. The defect
in the explanted bone was filled with bone 6 weeks post-trans-
plantation (Figures 3G and 3H-3H2). These data clearly suggest
that endogenous Gli1* MSCs, in conjunction with implanted
Gli1* MSCs, help sustain the regenerated suture in Twist?*/~
mice (Figure 3l).

Although Twist1 is known to maintain cranial suture MSCs and
suture patency during embryonic development, its role in regu-
lating postnatal MSCs in the cranial suture remains unclear. To
test the functional requirement of Twist? in regulating suture
MSC fate in adults, we generated Gli1CreER;Twist1™" mice.
Loss of Twist1 in Gli1* cells did not lead to craniosynostosis in
adult Gli1CreER; Twist1™ mice (Figures S30 and S3P). This sug-
gests that Twist1’s postnatal functions are not essential, which
may partially explain why implanted Gli1* MSCs, together with
endogenous dura-derived Twist1*~ MSCs, can regenerate a
sustainable cranial suture and prevent resynostosis in adult
Twist1*'~ mice.

A Regenerated Suture Functions Similarly as a Natural
Cranial Suture

To evaluate how functionally similar coronal sutures regenerated
by implanted MSCs and M-GM are to natural sutures, we per-
formed RNA sequencing to compare the gene expression
profiles of coronal sutures from WT mice, MUT mice, and endog-
enous cells from Twist1*~ mice with regenerated sutures (REG).
The WT and MUT groups had distinct gene expression profiles,
whereas endogenous cells from the REG group had a gene
expression profile more similar to that of a WT coronal suture
(Figure 4A). t-distributed stochastic neighbor embedding (t-
SNE) analysis confirmed that the gene distributions of WT and
endogenous cells from the REG group were closer to each other
than to the MUT group (Figure 4B). The WT group and endoge-
nous cells in the REG group had ~3,000 upregulated genes
and ~6,000 (WT)/~11,000 (REG) downregulated genes relative
to the MUT group, whereas there were only 800-900 differen-
tially expressed genes between the WT group and endogenous
cells in the REG group (Figure 4C). Putative marker genes of su-
ture mesenchymal stem/progenitor cells such as Gli1, Prrx1, and
Axin2 showed increased expression in endogenous cells of the
REG group in comparison with the MUT group (Figure 4D).
Msx2, a gene implicated in osteogenesis (Liu et al., 2019), and
Ostn, which is specifically expressed in osteoblasts and osteo-
cytes in adult bone (Bord et al., 2005), were upregulated in the
MUT group and restored in endogenous cells of the REG group
compared with the WT group (Figure 4D). These results sug-
gested that suture regeneration partially restored the normal su-
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ture gene expression profile and that exogenous MSCs induced
endogenous cells from the dura to play an important role in
restoring a normal gene expression profile.

To investigate molecular mechanisms underlying suture regen-
eration, we examined Wnt signaling, which plays an important role
in craniosynostosis (Yu et al., 2005). Most genes in the Wnt family
were upregulated in the MUT group compared with the endoge-
nous part of the REG group and the WT group (Figure S4C),
including Wnt1, Wnt2, Wnt3, Wnt3a, Wnt5a, and Wnt9b, whereas
a few were downregulated in the MUT group, such as Wntbb,
Whnt7b, and Wnt10b. Axin2, a negative regulator of Wnt signaling,
was downregulated in Twist?*'~ mice, and its expression was
reversed by MSC implantation. These results suggest that
Twist1*'~ cranial sutures exhibited upregulation of Wnt signaling
that was reversed by MSC implantation. To examine cellular ef-
fects of Wnt signaling upregulation, we assessed the osteogenic
differentiation ability of suture mesenchymal cells after treating
them with a Wnt activator (Wnt agonist 1) or GSK3 inhibitor (acti-
vator of Wnt signaling, LY2090314). Runx2 and osteopontin
(OPN) expression levels were significantly increased after Wnt
signaling was enhanced (Figures S4A and S4B). The expression
levels of Wnt-related genes could be restored by suture regenera-
tion (Figure S4C). These results suggest that Wnt signaling upregu-
lation promotes osteogenic differentiation of suture mesenchymal
cells and contributes to craniosynostosis, all of which were
reversed by MSC implantation.

To test the stemness of MSCs in the regenerated cranial su-
ture, we harvested suture mesenchymal cells from coronal su-
tures months post-surgery and demonstrated that these cells
were capable of osteogenic, chondrogenic, and adipogenic dif-
ferentiation (Figure 4E). Interestingly, the tdTomato-labeled
donor cells performed poorly in adipogenic differentiation, which
implied that these cells were more committed toward osteo-
chondrogenic lineages.

To evaluate the ability of the regenerated suture to repair bone
after injury, we created a defect in the parietal bone next to the re-
generated coronal suture 6 months after the first surgery
(M-GM+SCs group), whereas on the other side of the calvaria,
an identical defect was generated in the parietal bone next to
the refused coronal suture (where the defect was left empty) (Fig-
ures 4F-4H). Three months later, implanted Gli1* MSCs and
endogenous MSCs contributed to bone regeneration (Figures
4K1 and 4K2). The defects initially treated with M-GM+SCs
were healed completely (Figure 41 and white asterisk in Figure 4K),
whereas the blank controls did not heal fully (white asterisks in Fig-
ures 4J and 4J2). These results suggest that regenerating a suture
restores its important ability to support tissue regeneration.

To confirm the regeneration and turnover ability of the regener-
ated suture, we also transplanted calvarial bone containing a
newly regenerated suture into another Twist?”~ mouse after
6 months (Figures 4L and 4N). Calvarial bone with refused sutures
taken from the blank control side of Twist7*'~ mice with bilateral
craniosynostosis was also transplanted as a control (Figures 4L
and 4M). Three months later, transplants containing the regener-
ated suture connected with the host bone (Figures 40 and 4Q).
The newly regenerated tissue grew rapidly and doubled in surface
area (Figures 4Q1, 4R, and 4S). In contrast, transplants without su-
tures failed to grow and did not connect with the host bone after
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Figure 4. Regenerated Sutures Show a Similar Gene Expression Profile and Function as Natural Cranial Sutures

(A-D) RNA sequencing (ENA-seq) analysis of normal sutures (WT), fused sutures (MUT), and endogenous cells from regenerated sutures (REG). Gene expression
profiles are shown with a heatmap (A); t-SNE visualization of color-coded regions for the three groups (B); volcano plots indicating the number of differentially
expressed genes (C); and gene signatures of Gli1, Prrx1, Axin2, Msx2, and Ostn based on the relative expression levels of WT, MUT, and REG (D).

(E) The osteogenic (top panel, alizarin red staining in the inset), chondrogenic (center panel, whole-mount immunostaining and section staining in the inset), and
adipogenic (bottom panel) differentiation ability of cells in the regenerated suture.

(F-K) The ability of the regenerated suture to repair bone 1 day (F-H) or 3 months post-injury (I-K). MicroCT slices of blank (G and J) and M-GM+SCs (H and K)
sides. Red fluorescently labeled cells were from donor mice (K1 and K2). Asterisks indicate injuries in parietal bones (G, H, J, and K); arrowheads in (H) and (K)
indicate the regenerated sutures. Scale bars, 2 mm in (F) and (I); 1 mmin (G), (H), (J), and (K); and 100 um in (J1), (J2), (K1) and (K2).

(L=S) Visualization 1 day (L-N) and 3 months (O-Q) after transplantation of regenerated sutures or parietal bones without sutures (non-suture transplant) dissected
from CAG-EGFP mice. Shown are microCT slices of the non-suture transplant group (M and P) and transplants with sutures (N and Q). In (Q1), green fluorescently
labeled tissues were from CAG-EGFP mice, whereas red cells were from donor Gli1-Cref%;tdT™"* mice. Arrowheads indicate the regenerated sutures (L, N, O,
and Q). In (R), white dotted lines outline the original size of the transplants, and yellow dotted lines indicate the boundary of the regenerated tissue (R). (S) shows
quantification of the fold change of the transplant surface area from (R).

Scale bars, 2 mmin (L), (O), and (R); 1 mm in (M), (N), (P), and (Q); and 200 um in (Q1). Data are mean + SEM (S). “*p < 0.01, calculated by independent two-tailed
Student’s t test.
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Figure 5. Regenerated Sutures Rescue

T_Calvarium shape Skull Deformity in Twist1*/~ Mice with Cra-

niosynostosis

(A and C) Colored dots indicate landmarks (shown
in Figures S7A-S7C) of the top calvarium
(T-calvarium) and lateral calvarium (L-calvarium)
shape in all three groups; shown are multiple skull
views of normal mice (WT, n = 7, blue), MUT mice
(n = 6, red), and REG mice (n = 5, green).

(B and D) Wireframe deformations representing the
shape differences between the WT, MUT, and REG
groups for each region.

(E and F) Total variation between the WT, MUT, and

D REG groups was determined by principal-
L-Calvarium shape component analysis (PCA) for both shape regions.
Results of discriminant function analysis (DFA) of
three groups for each shape region: top calvarium
m (E1-E3) and lateral calvarium (F1-F3). Procrustes
distance (PD) and p value (*p < 0.05, **p < 0.01)
were analyzed for every comparison.
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3 months (Figures 40 and 4P). These results indicate that the re-
generated suture possesses the important ability to support cal-
varial bone turnover and homeostasis.

Suture Regeneration Rescues Skull Deformity in
Twist1*~ Mice

To investigate whether regenerating the suture can correct the
skull malformations in Twist?*’~ mice, we compared the skull
shapes of controls (WT), MUT mice, and REG mice. Established
anatomical landmarks (Ho et al., 2015; Figures S4D-S4F) were
used to analyze the shape of the top of the calvarium
(T-calvarium shape; Figure 5B) and the lateral portion of the
calvarium (L-calvarium shape; Figure 5D) of each group. Skulls
of WT control and REG mice were significantly longer in the ante-
rior-posterior direction than those of MUT mice (Figures 5A and
5C). Principal-component analysis (PCA) revealed that the WT
and REG groups were more similar to each other than to the
MUT group in T- and L-calvarial shape (Figures 5E and 5F).
Although the REG group had a different T-calvarium shape
than the WT (Figure 5E2; Procrustes distance = 0.0501, p <
0.05), the differences between the MUT and WT/REG groups
were greater (Figure 5E1; Procrustes distance = 0.1138, p <
0.01 and Figure 5E3; Procrustes distance = 0.0853, p < 0.01).
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PD=0.0656, P<0.01 . a . -
Twist1*~ Mice with

Craniosynostosis

To test whether suture regeneration res-
cues neurocognitive dysfunctions in Twist1*~ mice with cranio-
synostosis, we first created a comparison group by performing
bilateral suture regeneration surgery on WT mice on post-natal
day 14. The suture structure was recovered 6 weeks post-sur-
gery (Figure S7A) in these mice. We then measured ICP and per-
formed behavioral tests. We did not detect significant changes in
ICP (Figure S7B), social recognition (Figures S7C-S7E), motor
learning (Figure S7F), or anxiety-related behaviors (Figures
S7G and S7H) in recovered WT mice. These results confirmed
that the surgical procedure per se does not introduce behavioral
changes.

We next confirmed that elevated ICP in Twist mice was
restored after suture regeneration (Figures 6A and 6B). We sub-
jected WT and Twist7*'~ mice with or without suture regenera-
tion to a battery of behavioral tests. The novel object test
revealed that the impaired preference for novel objects in
Twist1*'~ mice was restored after suture regeneration (Figures
6D and 6E). The three-chamber test showed that suture regen-
eration also significantly rescued the sociability and social nov-
elty deficits in Twist1*/~ mice (Figures 6F-6H). Despite a trend
toward improvement, motor learning was not significantly
rescued after suture regeneration (Figure 6C). We did not
detect changes in general locomotion (Figures S5A and S5B),

1+/7
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Figure 6. Suture Regeneration Normalizes ICP and Partially Restores Neurocognitive Function in Twist1*/~ Mice with Craniosynostosis
(A and B) Representative ICP traces (A) and quantification (B) of ICP values (WT, n = 7; MUT, n = 5; REG, n = 5 mice).

(C) Rotarod performance scored as time (seconds) on the rotarod (WT, n = 10; MUT, n = 12; REG, n = 10 mice).

(D and E) Representative animal tracks (D) and preference index (E) of the novel object test (WT, n = 11; MUT, n = 12; REG, n = 17 mice).

(F-H) Representative animal tracks (F) and preference indices of sociability (G) and social novelty (H) in the three-chamber test (WT, n = 10; MUT, n = 12; REG,

n =12 mice).

(I-K) ICP values plotted against preference indices in the novel object test (l) and sociability (J) and social novelty (K) in the three-chamber test (WT, n = 7; MUT,

n = 6; REG, n = 6 mice).

Data are mean + SEM (B, C, E, G, and H). *p < 0.05, **p < 0.01, ***p < 0.001, calculated by one-way ANOVA (B, E, and G) with Tukey post hoc tests and two-tailed

unpaired t test (C).

grip strength (Figure S5D), or olfaction (Figures S5H and S5I) or
obvious anxiety-related behaviors (Figures S5C and S5E-S5G).

We performed correlation analyses between ICP and cognitive
behaviors, including novel object preference, sociability, and so-
cial novelty, which were impaired in Twist1*'~ mice. There was a
positive correlation between ICP elevation and behavioral defi-

cits, which was reversed by MSC-mediated suture regeneration
(Figures 61-6K). These results suggested that suture regenera-
tion rescued neurocognitive dysfunctions in Twist1*/~
likely through reduction of ICP.

To evaluate the importance of surgery timing, we performed
suture regeneration surgery on Twist?*~ mice at post-natal

mice,
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Figure 7. Suture Regeneration Surgery Per-
formed on Post-natal Day 14 Restores Brain
Morphology in Twist1*~ Mice with Cranio-
synostosis
(A) Representative magnetic resonance images of
WT, MUT, and REG mouse brains. The hippo-
campus (Hipp), cortex (Ctx), corpus callosum (Cc),
and thalamus (Th) are outlined by yellow or cyan
dotted lines. Scale bar, 2 mm.
(B-F) Quantifications of volume of whole brain (B),
Ctx (C), Hipp (D), Cc (E), and thalamus (F) (WT,
n =5; MUT, n = 5; REG, n = 5 mice).
(G-1) Representative images of Cux1* (G), Ctip2*
(H), and Tbr1* (l) cells in the somatosensory cortex.
Scale bar, 50 pm.
(J-L) Quantification of Cux1* (J), Ctip2* (K), and
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week 8, which corresponds to an adult human ~20 years old
(Semple et al., 2013). Behavioral studies did not detect signifi-
cant rescue of neurocognitive deficits when surgery was per-
formed at this later age (Figures S6A-S6F), suggesting that the
timing of suture regeneration surgery is crucial.

Suture Regeneration Restores Brain Volume and Neural
Numbers in Twist1*~ Mice with Craniosynostosis

In humans, untreated craniosynostosis can lead to microcephaly
(Blount et al., 2007; Kabbani and Raghuveer, 2004; Lane, 1892),
correlating with high risk of impaired intelligence, speech, and
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cognitive functions by suture regenera-
tion, we measured brain volume using
magnetic resonance imaging (MRI).
Consistent with microcephaly in craniosy-
nostosis patients, whole-brain volume
was reduced in Twist1*'~ mice with cra-
niosynostosis, but this was reversed by
suture regeneration (Figures 7A and 7B).
We then examined specific brain regions
involved in behaviors altered in Twist1*~
mice with craniosynostosis. The cortical
mantle, hippocampus, and corpus cal-
losum volumes were reduced significantly
reduced in Twist?*~ mice and restored
after suture regeneration (Figures 7A and
7C-7E), whereas the thalamic volume
was not changed significantly in Twist1*/~
mice (Figures 7A and 7F).

To investigate the cellular basis of brain
volume changes, we examined neural
numbers in different cortical layers,
including Cux1-labeled layer II-IV neu-
rons and Ctip2- and Tbr1- labeled layer
V-VI neurons (Leone et al., 2008; Molyneaux et al., 2007). Immu-
nohistochemistry (IHC) staining showed that Cux1*, Ctip2*, and
Tbri* neurons were all reduced in Twist1*'~ mice (Figures 7G—-
7L) and restored after suture regeneration (Figures 7G-7L).
This may indicate restored neurogenesis following suture regen-
eration in Twist?*~ mice with craniosynostosis but could also
result from reduced cell death. Focusing on the neuronal activa-
tion maker c-Fos, we examined prelimbic and perirhinal cortical
regions, which are implicated in social and object recognition,
respectively (Rinaldi et al., 2008; Krueger et al., 2009; Buckley
and Gaffan, 2006). IHC staining showed that the numbers of c-
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Fos* cells were increased in Twist?*~ mice and restored to
normal levels after suture regeneration (Figure S6G). These re-
sults suggest that suture regeneration restored neural numbers
and brain volume reduced in Twist1*'~ mice, providing crucial in-
sights into the mechanisms underlying impairment and restora-
tion of neurocognitive functions.

DISCUSSION

By combining MSCs with biomaterials and establishing a mouse
model of neurocognitive defects associated with craniosynosto-
sis, we have discovered that Gli1* MSC-based cranial suture
regeneration restores not only skull dysmorphology but also
neurocognitive dysfunctions in the Twist?7*~ mouse model of
craniosynostosis. These findings represent a research paradigm
shift and provide a MSC-based therapeutic strategy for treating
craniosynostosis with potential beneficial effects on clinical
practice.

Mutant animal models have been instrumental in elucidating
the molecular and cellular etiology of craniosynostosis. Many
of these models phenocopy the synostoses seen in individuals
with the same genetic mutation, making them highly valuable
(Twigg and Wilkie, 2015). However, nearly all studies have
focused exclusively on cranial suture defects; analysis of the
ICP and neurocognitive functions of these models has been
lacking. Here we established Twist?*'~ mice to model neuroan-
atomic and cognitive dysfunction in individuals with craniosy-
nostosis. These findings will promote future research of neuro-
cognitive dysfunction in other craniosynostosis mouse models
and lay the foundation for investigating the molecular, cellular,
and circuit mechanisms that underlie them. Our discoveries
also facilitate design and evaluation of future therapeutic inter-
ventions because syndromic and non-syndromic craniosynosto-
sis lead to increased ICP and altered brain morphology, which, in
turn, may cause significant changes in neurocognitive function
(Bellew et al., 2005; Brooks et al., 2018; Renier et al., 1982; Sidoti
et al., 1996). We developed an effective treatment where Gli1*
MSCs and modified GelMA support cranial suture regeneration
and correct skull dysmorphology in Twist1*~ mice with cranio-
synostosis. These findings have significant potential clin-
ical value.

Surgical correction of craniosynostosis is performed routinely
within the first year of life. Whole-vault cranioplasty and endo-
scopic synostectomy followed by skull-molding helmet therapy
are currently the most common treatments (Brooks et al,
2018). However, these procedures are invasive and associated
with resynostosis and other complications. An improved treat-
ment option is needed to ensure long-term quality of life for
these young individuals. Our successful MSC-based suture
regeneration depends on a uniquely modified GelMA (M-GM)
scaffold that is biocompatible with Gli1* MSCs, biodegradable,
and provides excellent support for suture regeneration. Our
therapeutic strategy regenerates cranial sutures that remain
patent for at least 1 year and continue to function similarly as
a natural cranial suture in injury repair and maintaining tissue
homeostasis. Our results suggest that MSCs implanted with
M-GM are a less invasive and sustainable biological solution
for individuals with craniosynostosis.

¢ CellP’ress

Our studies provide cellular and molecular insights into the
cranial suture regeneration and maintenance processes. We es-
tablished the importance and inter-dependence of exogenously
implanted Gli1* MSCs and endogenous MSCs derived from the
dura mater in cranial suture regeneration in Twist?*'~ mice. This
is consistent with the crucial role of multipotent progenitors in the
dura mater in calvarial tissue homeostasis (Gagan et al., 2007;
Kwan et al., 2008; Ogle et al., 2004). MSC grafts can recruit
endogenous stem cells to regeneration sites (Xing et al., 2014),
likely facilitated by Wnt3a, platelet-derived growth factor
(PDGF), and vascular endothelial growth factor (VEGF) (Shin
and Peterson, 2013). At the molecular level, haploinsufficiency
of Twist! leads to compromised Axin2 and elevated Wnt
signaling (Yu et al., 2005). Implantation of exogenous MSCs
restored Wnt signaling to a level comparable with control sam-
ples, preventing resynostosis. Furthermore, our data show that
Twist1’s postnatal functions are not essential because loss of
Twist1 in Gli1* MSCs does not lead to craniosynostosis in adult
mice. This result also partially explains how implanted MSCs,
along with recruited endogenous Gli1* MSCs, can regenerate
a patent cranial suture despite haploinsufficiency of Twist7.
Our findings suggest that implanted MSCs establish a conducive
niche into which there is dynamic recruitment and integration of
endogenous MSCs to support regeneration of a functional and
sustainable cranial suture.

One major discovery is that restoration of suture patency not
only rescues skull deformity but also normalizes ICP and re-
stores neurocognitive function. Individuals with craniosynostosis
often have learning disabilities (Kilcoyne et al., 2019; Twigg and
Wilkie, 2015; Zechi-Ceide et al., 2012). Non-syndromic craniosy-
nostosis affecting different cranial sutures may have differential
effects on neurocognitive function (Sun et al., 2019). Our suture
regeneration approach rescued several behavioral abnormalities
in Twist1*~ mice, including deficits in novel object recognition,
sociability, and social novelty. Our studies suggest that elevated
ICP causes, at least in part, neurocognitive dysfunction that is
rescued by suture regeneration in Twist1*'~ mice with craniosy-
nostosis. Our MRI and histological studies indicate that changes
in neural numbers and brain volume contribute to neurocognitive
dysfunction in Twist?*~ mice and that these changes are
restored following suture regeneration. Our studies provide
important insights into the mechanisms underlying improvement
of neurocognitive function by suture regeneration. Twist1 is not
expressed in the adult mouse brain, and Twist1*~ mice without
craniosynostosis have normal ICP and neurocognitive function,
suggesting that Twist1 does not have a direct role in regulating
development and function of brain structures. In humans, how-
ever, TWIST1 is expressed in the cerebral cortex during fetal
development and upper layer excitatory neurons in adults
(Sousa et al., 2017; Zhu et al., 2018). Future studies will elucidate
the molecular mediators or neural circuits leading to selective
cognitive dysfunction and restoration in different synostosis
models.

Our study demonstrates that MSCs combined with M-GM can
regenerate a cranial suture, restore normal ICP, and rescue neu-
rocognitive function in a highly clinically relevant craniosynosto-
sis model. There are still challenges for clinical implementation of
this approach, such as identifying the optimal timing of surgery
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and the ideal source and dosage of MSCs; these will need to be
investigated further to maximize therapeutic efficacy. Neverthe-
less, our cranial suture regeneration approach offers an effective
and less invasive treatment option for craniosynostosis, bringing
new hope for individuals who suffer from this devastating
disease.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit polyclonal anti-Gli1

Rabbit monoclonal anti-Runx2 (D1L7F)
Rabbit polyclonal anti-Sp7

Mouse monoclonal anti-Cux1 (B10)
Rat monoclonal anti-Ctip2 (25B6)
Rabbit polyclonal anti-Tbr1

Rabbit monoclonal anti-c-Fos (9F6)

Novus Biological

Cell Signaling Technology
Abcam

Santa Cruz Biotechnology
Abcam

Abcam

Cell Signaling Technology

Cat#NBP1-78259; RRID: AB_11030198
Cat#12556; RRID: AB_2732805
Cat#ab22552; RRID: AB_2194492
Cat#SC514008; RRID: AB_2715519
Cat#ab18465; RRID: AB_2064130
Cat#ab31940; RRID: AB_2200219
Cat#2250; RRID: AB_2247211

Rabbit polyclonal anti-Osteopontin Abcam Cat#ab63856; RRID: AB_1524127
Mouse monoclonal anti-beta Actin Abcam Cat#ab20272; RRID: AB_445482
Goat anti-rabbit IgG (H+L) Invitrogen Cat#A-11008; RRID: AB_143165
Donkey anti-goat IgG (H+L) Invitrogen Cat#A-32814; RRID: AB_2762838
Donkey anti-sheep IgG (H+L) Invitrogen Cat#A-11015; RRID: AB_141362
Donkey anti-rabbit IgG (H+L) Invitrogen Cat#A32795; RRID: AB_2762835
Goat anti-chicken IgG (H+L) Invitrogen Cat#A-11039; RRID: AB_142924
Chemicals, Peptides, and Recombinant Proteins

Matrigel Corning Cat#8015323

Collagen | GIBCO Cat#A10483-01

Whnt agonist 1
LY2090314

Selleck Chemicals
Selleck Chemicals

Cat#S8178; CAS: 2095432-75-8
Cat#S7063; CAS: 603288-22-8

Loading buffer Cell Signaling Technology Cat#7723S
Protease inhibitor Thermo Fisher Scientific Cat#1861278
DTT Cell Signaling Technology Cat#7723S
Collagenase type | Worthington Cat#LS004194
Dispasell Roche Cat#04942078001
Heparin Sigma Cat#H3149
Critical Commercial Assays

Mouse Mesenchymal Stem Cell Functional R&D systems Cat#SC010
Identification Kit

Qtracker 525 Cell Labeling Kit Thermo Fisher Scientific Cat#Q25041MP
RNAscope 2.5 HD Chromogenic Assay ACD Cat#322360
RNeasy Micro Kit QIAGEN Cat#74004
Deposited Data

Raw and analyzed data This paper GEO: GSE155562

Experimental Models: Organisms/Strains

Mouse: Twist1*~

Mouse: Twist?™"

Mouse: Gli1-Creffi™?

Mouse: ROSA26LOXP—STOP—L0>(P—!dTomato
Mouse: CAG-EGFP

MOUSGZ ROSA26LOXP—STOP—LDXP—EGFP—DTA

Mouse: C57BL/6J

Chen and Behringer, 1995
Bildsoe et al., 2009

The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory

N/A

N/A

JAX: 007913
JAX: 007905
JAX: 006567
JAX: 006331
JAX: 000664

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and Algorithms

Evolution FISO Technologies N/A

Smart v3.0 Panlab https://www.panlab.com/en/products/
smart-video-tracking-software-panlab

MATLAB Kaemmerer et al., 2014 https://www.mathworks.com/products/
matlab.html

Leica LAS AF Leica N/A

AVIZO 9.4.0 ThermalFisher N/A

Imaged Imagej.net N/A

Partek flow Partek N/A

MorphodJ Parsons et al., 2014 N/A

RESOURCE AVAILABILITY

Lead Contact
Additional information and requests for resources and reagents should be directed to and will be fulfilled in a timely fashion by the
Lead Contact, Yang Chai (ychai@usc.edu).

Materials Availability
Twist1*~ and Twist1™" mice are available upon request, subject to approval from the laboratory where these mice were originally
generated, and may require a Materials Transfer Agreement. This study did not generate new unique reagents.

Data and Code Availability
RNA sequencing data from seven-month-old control (WT), Twist1*~ mice (MUT), and Twist1*~ mice at six months post-surgery (su-
ture regeneration group, REG) have been deposited at GEO: GSE155562 [NCBI tracking system #21160175].

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Twist1*~ and Twist mice were obtained from Dr. Robert Maxson (University of Southern California; Chen and Behringer, 1995;
Bildsoe et al., 2009). The following strains were purchased from the Jackson Laboratory: Gli1-Creff™ (JAX no. 007913),
ROSA26L-0xP-STOP-LoxP-tdTomato (JAX no. 007905), CAG-EGFP (JAX no. 006567), ROSA26L-0xF-STOP-LoxP-eGFP-DTA (JAX no. 006331),
and C57BL/6J (JAX no. 000664). For the aged group, mice of both sexes were purchased at about six months of age, and the younger
group were two months of age. Mouse experiments were approved by the University of Southern California Institutional Animal Care
and Use Committee and performed following the regulations for animal experiments. All mice were housed under a 12 h light/dark
cycle in pathogen-free conditions with free access to food and water, in accordance with the Guide for Care and Use of Laboratory
Animals of the National Institutes of Health. All mice used in our study were healthy and were not involved in previous procedures. All
the mice were identified by ear tags. Ear biopsies were lysed at 55°C overnight in DirectPCR solution (Viagen, 102-T) followed by 85°C
heat inactivation for 1 hour and PCR-based genotyping (GoTaq Green Master Mix, Promega, and C1000 Touch Cycler, Bio-rad).
Mice were euthanized by carbon dioxide overdose and then decapitation.

For all experiments, mice of both sexes were used. For the experiments in Figures 1 and S1, two-month-old C57BL/6J mice and
Twist1*'~ mice were used for ICP and behavioral assays, and one-month-old C57BL/6J mice were used for in situ hybridization of
Twist1. For the experiments in Figures 2, 3, 4, S2H-S2L, and S3E-S3J, surgeries were performed on Twist1*~ mice with bilateral
coronal suture fusion at one month of age. Fusion was assessed prior to surgery by live micro-CT (Figures S3K-S3N). For experi-
ments in Figures 4F-4K, a second calvarial defect was made on both sides of the parietal bones six months after suture regeneration
in the same Twist1*'~ mice. For experiments in Figures 4L-4S, suture and bone transplants were obtained from CAG-GFP; Twist1*/~
mice six months after suture regeneration and transplanted into one-month-old Twist1*~ mice with bilateral coronal suture fusion.
For the experiments in Figures 5, 6, 7, S5, and S6G, the suture regeneration surgeries were performed on Twist1*~ mice at about two
weeks of age after scanning with micro-CT to confirm bilateral coronal suture fusion. For the experiments in Figures S6A-S6F, the
suture regeneration surgeries were performed on Twist?*/~ mice with bilateral coronal suture fusion at about two months of age. For
the experiments in Figure S7, two-month-old C57BL/6J mice with defect-producing surgeries at two weeks of age were used as the
sham-operated group. Cells from one-month-old C57BL/6J mice were used for 2, 3-D culturing (Figures S2E-S2G) and western blot
(Figures S4A and S4B). One-month-old Gli1-CrefF"2;ROSA261XF-STOP-LoxP-tdTomato o Gji1_CreFRT2:ROSA26L0XP-STOP-LoxP-DTA GFP

1 fi/fl
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mice were used for cell acquisition and surgery one day post-tamoxifen induction (Figures S3A-S3D). For experiments in Figure S3P,
one-month-old Gli1-Cret 72, Twist1"" mice were induced with tamoxifen and the coronal suture was collected one month post-in-
duction. Tamoxifen (Sigma, T5648) was suspended in corn oil (Sigma, C8267) at 20 mg/ml and 1.5 mg/10 g body weight was injected
intraperitoneally (i.p.) daily for 2 days.

Cell culture, sorting and colony-forming assay

The suture mesenchymal cells were harvested as shown in previous studies (James et al., 2008). Briefly, sagittal and coronal sutures
of one-month-old wild-type, Gli1-CrefF72;ROSA261-0xF-STOP-LoxP-tdTomato o Gji1-CreffT2,ROSA26-0XF-STOP-LoxP-eGFP-DTA mice were
meticulously excised within 0.5 mm of abutting bones on both sides under a dissecting microscope (Leica, M60), while great care
was taken to exclude tissue from the posterofrontal and lambdoid sutures. The overlying periosteum and underlying dura mater
were removed carefully. The suture tissues were then washed with PBS and «MEM with 100 U/ml penicillin and 100 pg/ml strepto-
mycin several times and were minced into tiny pieces and transferred into a T25 dish (Nest, 705001) at 37°C in an atmosphere of 5%
carbon dioxide. Our cell culture medium was formulated following an established protocol for mouse MSCs (Liu et al., 2011) and con-
tained «aMEM (GIBCO, 2065542) supplemented with 20% FBS (GIBCO, 2100184), 2 mM L-glutamine (Contained in antibiotics),
55 uM 2-mercaptoethanol (GIBCO, 2090354), 100 U/ml penicillin and 100 ng/ml streptomycin (GIBCO, 2019321). After 5-6 days, cells
were digested with TrypLE (GIBCO, 1897328) and the tissues were removed by passing through a 70 um cell strainer (Falcon,
352350), then the cells were incubated for another 3-4 days before use.

P1 cultured suture mesenchymal cells from Gli1-Cref72;ROSA26-0XF-STOP-LoxP-tdTomato mice \ere dissociated by TrypLE and re-
suspended in 500-1000 pl medium. Cells were then filtered with a 40 um cell strainer (Falcon, 352340) to remove the remaining cell
mass and sorted for tdTomato* cells via flow cytometry in a FACS Aria system using FACS Diva software. After sorting, the tdTo-
mato* cells were centrifuged for colony-forming assay and suture regeneration. After 7 days, the 24-well culture plates (seeded
with 2500 tdTomato* cells/well) were stained overnight with a mixture solution of 0.1% toluidine blue and 2% paraformaldehyde.

METHOD DETAILS

Intracranial pressure measurement

Intracranial pressure was measured in two-month-old wild-type and Twist1*'~ mice with bilateral suture fusion and six months after
coronal suture regeneration surgery at two weeks of age or four and a half months after surgery at two months of age. The procedure
was performed as described previously (Murtha et al., 2012) with minor modifications. Briefly, mice were anaesthetized with 2% iso-
flurane and placed in a stereotaxic setup. A hole was drilled into the right parietal bone that was 2 mm lateral and 2 mm posterior from
the Bregma. A 10 pL pipette tip (cut to 5 mm in length) used as the sensor guide was inserted into the hole and fixed with dental
cement. After the dental cement dried, the sensor guide was filled with sterile PBS and the fiber-optic intracranial pressure probe
(FISO Technologies) was inserted until the tip of the probe touched the dura. Caulking material was applied around the probe and
the head of the sensor guide to form an airtight seal. Intracranial pressure was recorded with Evolution software (FISO Technologies).

Behavioral assays

Behavioral characterization of wild-type and Twist1*~ mice with bilateral suture fusion was carried out at 8-12 weeks of age. As for
suture regenerated mice, behavioral assays were performed six months after coronal suture regeneration surgery at two weeks of
age or four and a half months after surgery at two months of age; age-matched wild-type and Twist1*~ mice with bilateral suture
fusion were also tested. In all experiments, mice were acclimated to the behavior room at least 60 minutes before the first trial began.
Experimenters were blinded to animal genotypes during behavioral tests and data analyses.

Novel object test

This test was performed as described previously (Leger et al., 2013) with minor modifications. Briefly, this test consists of habituation,
familiarization, and test phases. In the habituation phase, subject mice were placed in the center of a clean, empty cage and allowed
to explore freely for 5 min. After 24 hours, the familiarization phase was performed. Two identical objects were taped to floor along the
long axis, 10 cm away from the south and north walls. The mouse was placed in the center of the cage facing the east or west wall and
allowed to explore for 10 min. The test phase was performed 3 or 24 hours after the familiarization phase. One of the identical objects
was replaced with a novel object with a different shape but similar size. The mouse was placed in the center of the cage facing the
east or west wall and allowed to explore for 10 min. The apparatus and objects were thoroughly cleaned with 75% ethanol to remove
the olfactory cues between each trial. The entire test phase was videotaped and the travel of the subject mouse was manually docu-
mented. The preference index was calculated as (Tn — Tf)/(Tn + Tf) x 100%, where Tn and Tf represent the time spent exploring novel
and familiar objects, respectively.

Three-Chamber Social Interaction Test

The test apparatus was a Plexiglas box containing three compartments connected by small openings that allow the mice free ac-
cess to each compartment. The subject mouse was first placed in the middle chamber with the side doors closed for 5 min, after
which the doors were opened to allow the mouse to explore the three empty chambers. After 10 min of habituation, the mouse was
gently guided to the middle chamber and side doors were closed. A stranger mouse was placed in an inverted wire cup in one side
chamber and an empty wire cup was placed in the other side chamber. Then the side doors were opened and the subject mouse
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was allowed to freely explore the chambers for 10 min. After this period, the subject mouse was again guided to the middle cham-
ber and the doors were closed. A second stranger mouse was placed in the previously empty wire cup. The side doors were
opened, and the subject mouse was allowed to freely explore for another 10 min. The amount of time that the subject mouse spent
sniffing each wire cup was quantified and the preference index was calculated as (Ts1 — Te)/(Ts1 + Te) X 100% and (Ts2 — Ts1)/
(Ts2 + Ts1) x 100%. Here, Te, Ts1 and Ts2 represent the time spent exploring the empty, Stranger 1 and Stranger 2 wire cups,
respectively. The apparatus and wire cups were thoroughly cleaned with 75% ethanol to remove the olfactory cues between tests
for each mouse.

Rotarod test

The rotarod test consists of training and test phases. Mice were first trained by placing them on a rotating rod (Panlab, Havard Appa-
ratus) at a constant speed of 4 rpm until they were able to stay on the rotating rod for 60 s. The test phase was performed 24 hours
after the training phase. The rotarod apparatus was set to accelerate from 4 to 40 rpm in 300 s, and mice were placed on the rod
initially rotating at 4 rpm. The latency (time) to falling off the rod was determined. Each mouse was tested three times a day at
15 min intervals for four consecutive days.

Open field

The subject mouse was placed in an empty arena (40 cm x 40 cm) and allowed to freely explore for 15 min. The total traveled distance
and time spent in the center zone were recorded and automatically measured using Smart v3.0 (Panlab, Havard Apparatus). The
arena was thoroughly cleaned with 75% ethanol between tests for each mouse.

Forelimb grip strength test

This test was performed as described previously (Cabe et al., 1978; Smith et al., 1995). A Grip Strength Meter (Bioseb, BIO-GS3) was
used to measure the forelimb grip strength. The gauge was reset and stabilized to 0 g before testing each mouse. A mouse was al-
lowed to grasp the bar mounted on the force gauge and the mouse’s tail was slowly pulled back. The peak pull force in grams was
recorded on a digital force transducer.

Elevated plus maze test

This test was performed as described previously (Holmes et al., 2002a, 2002b) with minor modifications. Briefly, the elevated plus
maze apparatus (Panlab, Havard Apparatus) consisted of two open arms and two closed arms (29.5 x 6 cm). The entire maze
was elevated 40 cm from the floor. Mice were individually placed in the center of the maze, facing toward the open arm, and allowed
to freely explore the apparatus for 10 min. The open and closed arm entries (all four paws in an arm) and the time spent in the open
arms were recorded using Smart v3.0 (Panlab, Havard Apparatus).

Odor discrimination and habituation test

This test was performed as described previously (Arbuckle et al., 2015) with minor modifications. Each mouse was habituated for one
hour to a clean new cage before test. Then the animal was presented five odors in a row delivered on cotton swabs in the following
order: water, almond flavor, banana flavor, social odor 1 and social odor 2. The almond and banana odors were prepared by diluting
almond and citrus extracts (McCormick) in distilled water (1:100). Each social odor was prepared by wiping a cotton swab for 15sina
zigzag fashion across the bottom of dirty cage which was used to keep mice of the same sex as the test subject. Each odor was
presented three times in a row for 2 min each time with approximately 1 min inter-trial interval. For every non-social odor exposure,
the cotton swab was freshly prepared by applying 50 pL of diluted odorant. The cumulative time spent sniffing the odor (the animal’s
nose was oriented toward the cotton tip at a distance less than 2 cm) was manually recorded.

Gel synthesis and testing

Methacrylated gelatin (GelMA) was synthesized as in the previously described (Van Den Bulcke et al., 2000). Briefly, methacrylic an-
hydride (MA) was added at a rate of 0.4~0.5 ml/min to a 10% gelatin/PBS (w/v) solution at pH 9 under stirring, to achieve a final MA-to-
gelatin ratio of 0.3 ml/g. After allowing the reaction to proceed at 50°C for 2.5~3 h, the reacted solution was dialyzed against distilled
water at 40°C for 7 days to remove the excessive methacrylic acid and anhydride, then filtered through a 0.22 um membrane, freeze-
dried and stored at —80°C for later use. The substitution degree of GelMA was measured as described previously (Habeeb, 1966),
and was found to be approximately 48%. The freeze-dried GelMA was dissolved in «MEM at 5% (w/v) containing 0.5% (w/v) lithium
phenyl-2, 4, 6-trimethylbenzoylphosphinate (LAP) to obtain a solution. The GelMA was modified (creating what we refer to here as
modified GelMA, or M-GM) by mixing 5% GelMA solution with Matrigel (Corning, 8015323) and 3 mg/mL collagen | (GIBCO,
A10483-01) at 4°C with a volume ratio of 10: 2: 1. The M-GM solution was cured with a 365 nm UV light source for few seconds
to completely crosslink the hydrogels. Concentration-matched (1) pure GelMA, (2) GelMA:Matrigel at a ratio of 5:1 (creating what
we refer to here as GM-Ma), (3) GelMA:Matrigel at 2:1, (4) GelMA: Matrigel at 1:1, (5) GelMA:Matrigel at 1:2, and (6) pure Matrigel
were also tested.

Mechanical properties

The mechanical properties of gels were characterized by compression and uniaxial tensile tests using a dynamic mechanical analysis
instrument (Instron 5542, Instron, Norwood, MA). For unconfined compression tests, the hydrogels were cured in disks (3 mm thick,
diameter as 12 mm) by being exposed to 365 nm UV light (1 W/cm?) for 2 min. Each sample was placed between two compression
plates and compressed at a displacement rate of 1 mm/min. The samples were cut into 2 x 4 x 5 mm?® strips after photo-cross-linking
and stretched at a rate of 1 mm/min to explore the tensile properties. The compression modulus and Young’s modulus were calcu-
lated as the slope of the linear region in the 0%-10% strain range of the stress-strain curves.
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Degradation

The natural degradation properties of the hydrogels were determined in PBS at 37°C for 1, 2, 3, and 4 weeks. At each time point,
remaining hydrogel was washed with distilled water, all liquid was removed and gels were lyophilized. The original dry weight was
denoted W, and the dry weight after incubation was Wq. The extent of degradation was determined gravimetrically as the percent
weight loss according to following equation: Remaining weight (%) = (W, - Wg)/Wq X 100.

Diffusion properties

FRAP measurements were performed using confocal laser scanning microscopy (Leica SP8, Germany) to analyze diffusion proper-
ties of solutes within the gels as previously reported (Kang et al., 2012; Kaemmerer et al., 2014). Briefly, the gels were loaded with
1 mg/ml FITC-BSA (Invitrogen, A23015). The half time of recovery (r4,0) and diffusion coefficient were calculated from the experi-
mental recovery curve by fitting of the appropriate FRAP model. All FRAP analyses were performed with MatlabR2019b (Mathworks,
Natick, MA, USA). A circular bleach area with a diameter of 50 pm was used throughout all FRAP recordings.

Swelling test

All the gels were photo-cross-linked into a disk shape (thickness = 1 mm, diameter = 12 mm). Then, the gel disks with different com-
positions were immersed into 2 mL of PBS at 37°C for 24 h to reach equilibrium swelling. After being removed from PBS, the gel disks
were gently blotted with a Kimwipe to remove the residual liquid, and the swollen weight of each disk was recorded (Ws). The samples
were subsequently lyophilized and weighed again to determine the dry weight of each disk (Wg). The swelling ratio was then calcu-
lated as Q = (Ws - Wg)/Wg.

Morphology and viability of cells in hydrogels

To characterize the cell morphology in hydrogels, the P1 cultured suture mesenchymal cells were gently mixed with the hydrogel
(5 x 10° cells/ml) until uniform and cured with UV light. After 1 or 5 days, samples were fixed with 2.5% glutaraldehyde overnight,
washed with PBS three times and fixed with 1% OsO, for 1 h. After three more washes, they were dehydrated by a graded series
of ethanol (30%, 50%, 70%, 80%, 90%, 95%) for 15 min each and 100% ethanol twice for 20 min each, then transferred to isoamyl
acetate twice for 15 min each time. Finally, the samples were carefully moved to a critical point dryer (Leica EM CPD300, Germany) for
dehydration. The cross-sections of the samples were exposed and coated with Au/Pd using a sputter coater (Leica EM ACEG0O,
Germany), while the morphology of cells inside the hydrogels was observed using scanning electron microscopy (Nova Nano
SEM450, FEI, America).

Cellular viability was detected with a live/dead staining kit (Invitrogen, MP 34958). Briefly, suture mesenchymal cells from sagittal
and coronal sutures of one-month-old wild-type mice were mixed with hydrogel at a density of 5 x 10° cells/ml, cured as above, and
cultured in ktMEM-based medium as described above for 1 or 5 days. Then, the samples were stained with calcein-AM and ethidium
homodimer-1 for 30 min. Images were obtained on a Zeiss LSM 710 inverted confocal microscope with a scanning thickness of 3 um
for each layer. The overlaid 2D pictures were analyzed using Leica LAS AF software.

Calvarial defect generation

One-month-old, two-month-old, or two-week-old Twist mice with bilateral coronal suture fusion were chosen for surgery after
confirming the fusion via CT scanning. A midline sagittal incision was made on the calvaria under general anesthesia, and the bilateral
coronal sutures and the surrounding bones were exposed by elevating the scalp. The overlying periosteum was removed carefully
from the exposed area by curette. Then a dental round burr (Brasseler, H52. 11. 003) was used to create a rectangular defect with
0.3-0.4 mm width by referencing the residual hallmark of the fused suture (white arrowheads in Figures 2A, 2C, and 2D) and the land-
mark for a normal coronal suture (BRG and SQU in Figures S4D-S4F), while carefully avoiding damage to the underlying dura mater. A
strip of bone 0.3-0.4 mm wide was preserved between the defect and the sagittal suture. Three types of cells (tdTomato™ cells, heat-
inactivated tdTomato™ cells, and cells from Gli1-CrefF™2;ROSA26-0xXF-STOP-LoxP-eGFP-DTA mice) were uniformly mixed with M-GM at a
density of 5 x 107 cells/ml and 2 pl of the solution was added to the defect. As controls, tdTomato* cells were mixed with pure GelMA,
GM-Ma or Matrigel on ice and then transferred to the defect, or defects were filled with pure M-GM or left empty. All the groups with
M-GM were then cured with UV light with a wavelength of 365 nm for a few seconds. The scalp was then sutured closed with 5.0
polyglactin stitches (Figures S3A-S3D).

Suture width

Each calvarial defect was measured six months after surgery to determine the width of the regenerated sutures, and age-matched
wild-type mice were used as a control. The distance between the two bones was calculated as the width of the suture, and three
points along each suture were selected (the most medial, the most lateral and the middle points of each coronal suture). All measure-
ments were included in the analysis.

1+/7

Dura mater blocking

After a defect of 0.3-0.4 mm width was generated as above, a Parafilm membrane with 10 nm diameter pores (Thermo Fisher Sci-
entific) was carefully placed between the internal surface of calvaria and the dura mater, while carefully avoiding damage to the dura.
Then the defects were filled with M-GM+cells and cured by UV light as outlined above. The calvarial bone together with Parafilm
membrane was harvested six weeks later.
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Kidney capsule transplantation

We implanted M-GM plus MSCs into the calvarial bone of Twist1*~ mice following the removal of the fused coronal suture. One day
after this suture regeneration procedure, we removed a 2 mm x 2 mm square area of bone containing M-GM and MSCs. Then we
carefully removed the periosteum and dura mater while protecting the M-GM and donor MSCs under a microscope. The explant was
then grafted under the kidney capsule of a host mouse as previously described (Xu et al., 2005). The explant was harvested after
six weeks.

MicroCT imaging

The calvarial bones and kidney capsules containing calvarial explants were radiographed in live mice using a micro-CT (Ct Lab In-vivo
90) device. Images were collected using a 70 KVp and 114 pA X-ray source. All the 3D reconstructions and sections were analyzed
using AVIZO 9.4.0 (Thermo Fisher Scientific).

Immunofluorescence staining and in situ hybridization (ISH)

Suture samples were fixed with 4% paraformaldehyde (PFA) in PBS overnight at 4°C, followed by decalcification in EDTA for about
2 weeks, dehydration with a graded sucrose solutions (15% and 30% sucrose for 2 hours each at room temperature, and 30% su-
crose with 50% OCT overnight at 4°C) and immediately embedded in OCT (Sakura Finetek, 4583). Frozen tissue blocks were
sectioned at 8 um on a cryostat (Leica) and mounted on SuperFrost Plus slides (Fisher) for staining.

For brain sample sectioning, animals were intracranially perfused with PBS and 4% PFA, and the brain was dissected out, post-
fixed with 4% PFA overnight at 4°C, and dehydrated in 30% sucrose solution for 2 days. The dehydrated samples were embedded in
OCT and sectioned at 40 um on a cryostat (Leica).

Sections were permeabilized with blocking buffer containing 1% BSA, 2% goat serum and 0.3% Triton X-100 in PBS for 1 h at room
temperature and then incubated with the following primary antibodies: anti-Gli1 (Novus Biological NBP1-78259, 1:20), anti-Runx2
(Cell signaling technology 12556, 1:100), anti-Sp7 (Abcam ab22552, 1:100), anti-FABP4, anti-Collagen Il, anti-Osteopontin (R&D sys-
tems SC010, 10pg/ml), anti-Cux1 (Santa Cruz Biotechnology SC514008, 1:200), anti-Ctip2 (Abcam ab18465, 1:200), anti-Tbr1
(Abcam ab31940, 1:200), or anti-c-Fos (Cell Signaling Technology 2250, 1:400) overnight at 4°C. The following day, sections were
incubated with fluorescently conjugated secondary antibodies: Alexa Fluor 488 goat anti-rabbit IgG (Invitrogen A11008, 1:150), Alexa
Fluor 488 donkey anti-goat IgG (Invitrogen A32814, 1:150), Alexa Fluor 488 donkey anti-sheep IgG (Invitrogen A11015, 1:150), Alexa
Fluor 647 donkey anti-rabbit IgG (Invitrogen A32795, 1:150) or Alexa Fluor 488 goat anti-chicken IgG (Invitrogen A11039, 1:150)
together with DAPI (Thermo Fisher Scientific 62248, 1:1000) for 1 h at room temperature and mounted with Vectashield mounting
medium (H-1000, Vector Laboratories). Images were captured by a Leica DMI3000 B fluorescence microscope and a Leica
DMI6000 CS confocal microscope using Leica LAS AF software.

To observe the source of Gli1* cells in regenerated sutures, the dura mater right under the coronal suture defect region was labeled
very carefully using a Qtracker Cell Labeling kit (Thermo Fisher Scientific, Q25041 MP), avoiding surrounding tissues. After staining for
30 min, excess was washed off with PBS, and then the defects were filled with M-GM+MSCs or left empty as mentioned above.

The expression of Twist1 in the brain and coronal suture of one-month-old wild-type mice was assayed using an RNAscope 2.5 HD
Chromogenic Assay (Single-plex, Advanced Cell Diagnostics). Sections were acquired as mentioned above, after which ISH was per-
formed according to the manufacturer’s instructions.

Western blot analysis

Suture mesenchymal cells from one-month-old C57BL/6J mice were cultured with 20 uM Wnt agonist 1 (Selleck, S8178) or 100 nM
LY2090314 (Selleck, S7063) for one or two weeks in MEM. Medium was changed every other day. Total protein was extracted using
a solution of loading buffer (Cell Signaling Technology, 7723S), protease inhibitor (Thermo Fisher Scientific, 1861278) and DTT (Cell
Signaling Technology, 7723S), then separated by 10% SDS-PAGE and transferred to PVDF membranes (Millipore, ISEQ00005).
Membranes were blocked with 5% non-fat dry milk dissolved in TBST for 2 hours at room temperature with gentle shaking, and
then incubated with primary antibodies: anti-Runx2 (Cell signaling technology 12556, 1:1000), anti-OPN (Abcam ab63856, 1:500),
and anti-Bactin (Abcam ab20272, 1:1000) at 4°C overnight followed by corresponding horseradish-peroxidase (HRP)-conjugated
secondary antibodies. Protein expression was detected by Bio-Rad ChemiDoc Touch (Bio-Rad) and intensities of bands were quan-
titated by Imaged software.

RNA sequencing analysis

To determine the differentially expressed genes between seven-month-old C57BL/6J mice (wild-type group, WT), seven-month-old
Twist1*~ mice (mutant group, MUT), and seven-month-old Twist1*'~ mice at six months post-surgery (suture regeneration group,
REG), RNA sequencing analysis was performed. After removing the periosteum and dura mater, the coronal sutures of WT and REG
groups were excised along with less than 0.2 mm of abutting bone on each side under a microscope. A bone sample of the same size
was acquired from the coronal suture region of the MUT group. To acquire endogenous cells (tdTomato-negative) from the REG
group, 3 mg/ml collagenase type | (Worthington, LS004194) and 4 mg/ml dispasell (Roche, 04942078001) were used for 1 hour after
mincing the regenerated sutures into tiny pieces. Cells were then filtered with a 40 um cell strainer (Falcon, 352340) to remove the
remaining tissue mass and sorted for tdTomato™ cells via flow cytometry in a FACS Aria system using FACS Diva software. RNA
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was extracted using the RNeasy Micro Kit (QIAGEN, 74004). The quality of RNA samples was determined using an Agilent 2100 Bio-
analyzer and all groups had RNA integrity (RIN) numbers > 7.0. cDNA library preparation and sequencing were performed at the Uni-
versity of California, Los Angeles Technology Center for Genomics & Bioinformatics. The paired-end reads with 1 x 75 bp read length
were generated on NextSeq500 High Output equipment for three pairs from each group. Raw reads were trimmed, aligned using
Partek Flow with the mm10 genome, and normalized using RPKM. Differential expression was estimated by selecting transcripts
with a significance of p < 0.05. A two-way hierarchical clustering heatmap using Euclidean distance and average linkage was
used to display differentially expressed genes from the three groups.

Confirmation of suture MSC stemness

To assay the multipotential differentiation of the regenerated suture cells, cells from Twist1*~mice were acquired six months after
surgery and cultured following the method described for suture MSCs above. After amplification to sufficient density, the cells were
seeded into a 24-well culture plate (Corning, CLS3527) or 15 mL conical tube (Thermo fisher, 362695) and analyzed using a functional
identification kit for mouse mesenchymal stem cells (R&D systems, SC010) following the manufacturer’s instructions. Osteogenic,
adipogenic, and chondrogenic differentiation were performed according to the manufacturer’s protocol.

Calvarial injury model

A calvarial injury model was established by creating two circular lesions in the parietal bone using a micro-drill; the periosteum was
not removed. The lesions were created bilaterally with a size of ~0.8 mm diameter, 1 mm away from the middle of the coronal suture.
The left side was left empty to serve as a control while the right side was filled with M-GM plus donor cells six months after the first
suture regeneration surgery. Samples were acquired after three months.

Suture transplantation

The suture transplantation surgery was performed as described in our previous work (Zhao et al., 2015). Six months after suture
regeneration in CAG-EGFP;TWisH*/* mice with bilateral coronal suture fusion, donor mice were euthanized and a 2 mm X 2 mm
square area of bone containing regenerated suture (or for the control group, an equivalent sample of the coronal suture region)
was immediately removed under a microscope and kept on ice for later use. The periosteum and dura mater were carefully pre-
served. One-month-old Twist?*'~ mice with bilateral coronal suture fusion were used as the recipient mice. A midline sagittal incision
was made over the calvaria under anesthesia, and the coronal suture region and surrounding bones were exposed by elevating the
scalp. The periosteum in the fused suture area was carefully removed and a 2.2-2.5 mm defect was made in the fused coronal suture
region of both sides using a dental round burr (Brasseler, H52. 11. 003) without damaging the underlying dura mater. The suture trans-
plant was placed over the recipient calvarial defect with the dura side facing inside. The scalp was then sutured closed with 5.0 poly-
glactin suture. Samples were acquired three months later.

Craniofacial shape analysis

Discriminant function analysis (DFA) was established for 3 groups using Morphod 1.07a (Klingenberg, 2011) referencing previous
work (Parsons et al., 2014). The groups compared were WT (6.5-month-old C57BL/6J mice), MUT (6.5-month-old Twist?*'~ mice
with bilateral coronal suture fusion), and REG (6.5-month-old Twist?*'~ mice six months after bilateral suture regeneration). The co-
ordinates of each shape were subjected to Procrustes superimposition to place the landmark configurations into a common space
using a standard geometric morphometric approach. Subsets of landmarks were used to individually analyze the differences in shape
of two distinct regions of the skull (top of calvarium and lateral portion of calvarium). Principal component analysis was used to iden-
tify the variation between different groups in both these distinct regions. The landmark subsets are indicated in Figures 6A-6C, and
the analysis included a 1,000-round permutation test for Procrustes distance.

MRI analysis
To determine the global and regional brain volume differences between 6.5-month-old C57BL/6J mice (wild-type group, WT),
6.5-month-old Twist?*'~ mice (mutant group, MUT), and 6.5-month-old Twist?*/~ mice at six months post-surgery (suture regener-
ation group, REG), all mice were anesthetized with 4% isoflurane and intracardially perfused with 30 mL of 0.1 M PBS containing
10 U/ml heparin (Sigma, H3149) and 2 mM ProHance (a Gadolinium contrast agent), followed by 30 mL of 4% paraformaldehyde
(PFA) containing 2 mM ProHance. Then the mice were decapitated, and brains with skulls were incubated in 4% PFA + 2 mM
ProHance overnight at 4°C then transferred to 0.1 M PBS containing 2 mM ProHance and 0.02% sodium azide for 10 days before
MRI scanning (Gompers et al., 2017). Magnetic resonance images were acquired on a MRSolutions 7 Tesla MRI scanner (Guildford,
UK). Three-dimensional anatomical Fast Spin Echo (FSE) images were acquired to encompass the whole brain. Imaging parameters
were as follows: TEeffective/TR = 26ms/400ms, 4 averages, echo train length = 4, field of view = 16 mm X 16 mm X 25.6 mm, matrix
size = 160 x 256 x 256, and flip angle = 90°. Total acquisition time was 280 minutes.

The brain region-of-interest boundaries were manually drawn for each slice using ImageJ and a mouse brain anatomical atlas (Allen
Mouse Brain Atlas). The measured areas for the whole brain, cortical mantle, hippocampus, thalamus, corpus callosum, and cere-
bellum were multiplied by slice thickness to calculate final volumes (mm?).
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For all experiments, the number of replicates is stated in the subsection on Quantification and Statistical Analysis (see below) or in
the Results section. For sample-size determination, we performed power calculations, in which a p value less than 0.05 was consid-
ered as statistically significant difference. For behavioral analyses, based on our preliminary data we determined that the studies
required a sample size of n = 10 per genotype of each sex.

Inclusion and exclusion criteria for mouse behavioral test

Criteria for exclusion of mice were predetermined. A preliminary observation of general health and home cage behaviors was con-
ducted for each mouse. Preliminary inspections were used to exclude grossly abnormal mice including mice that lie immobile, do not
react to action challenges, do not look to be thriving, or are severely ill. In the rotarod test, mice that could not maintain on the rotarod
after the training session or jumped and escaped from the rod or testing bench area were excluded from the analysis. In the novel
object test, mice that had less than 15 s of the total sniffing time for both the familiar and novel object were removed from the analysis.
In elevated plus maze, mice that made less than three entries into both open and closed arms or fell off of the maze were removed
from the analysis. In the open field, three-chamber and odor discrimination/habituation tests, mice that did not engage in the tested
behaviors throughout the entire period of behavioral testing were excluded from the analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics and reproducibility

SPSS software version 26.0 was used for statistical analysis. Significance was assessed by using independent two-tailed Student’s t
tests or analysis of variance (ANOVA). P values equal to or lower than 0.05 were considered statistically significant. All of the statistical
details of the experiments can be found in the figure legends. Figures S2A-S2D, S2M-S2P, S4A, and S4B show three replicates with
independent gels/cells. The experiments in Figures 4E and S2E-S2G were repeated five times with independent cells. Figures S3K-
S3N show representative data from over 200 Twist1*'~ mice. Figures 2G-2R and S3E-S3G show representative data from 10-15
independent experiments. Figures 3A-3H, 4F-4S, S1A, S2H-S2L (three points for each sample), S3H-S3J, S30, and S3P, show
representative data from 5 independent experiments. Each experiment (WT, REG, MUT) in Figures 4A-4D and S4C was repeated
three times with sutures/endogenous cells from regenerated sutures/bones from five mice per group. The numbers of mice used
in Figures 1, 5, 6, 7, S1B-S1l, and S5-S7 are shown in the figure legends. No methods were used to determine whether the data
met assumptions of the statistical approach.
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Figure S1. Analyses of Twist1 Expression and Cognitive and Motor Learning-Related Behavior in Adult Mice, Related to Figure 1

Twist1 is expressed in the cranial suture mesenchyme but is absent from the brain in adult mice. Cognitive- and motor learning-related behavioral deficits of
Twist1*'~ mice are not sex-biased.

(A) In situ hybridization of Twist1 gene transcripts of WT brain (left) and coronal suture (right) of one-month-old C57BL/6J mice. Red signal indicates positive
Twist1 expression.

(B-D) Preference indices for novel object (B), sociability (C) and social novelty (D) during the three-chamber test.

(E) Rotarod performance scored as time on the rotarod.

(F, G) Total traveled distance (F) and time spent in the center area (G) during the open field test (Male, n = 7; Female, n = 11 mice).

(H, ) Total traveled distance (H) and time spent in the center area (l) during the open field test (WT, n = 20; Mut, n = 20 mice).

Data are mean + s.e.m. (A-J).*p < 0.05, ****p < 0.0001, NS, not significant calculated by two-tailed unpaired t test.
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Figure S2. GelMA:Matrigel:COL-I at a Ratio of 10:2:1 (M-GM) Provides a Suitable Material for Suture Regeneration, Related to STAR Methods
(A-D) Material properties of (1) pure GelMA (5:0), (2) GelMA:Matrigel at a ratio of 5:1, (3) GelMA:Matrigel at 2:1, (4) GeIMA:Matrigel at 1:1, (5) GeIMA:Matrigel at 1:2,
and (6) pure Matrigel, including compressive modulus (A), degradation rate (B), diffusional permeability (C), and mass swelling ratio (D). Data are expressed as
mean + s.e.m.,*p < 0.05, *p < 0.01, not significant calculated by one-way ANOVA with Tukey post hoc test.

(E) Toluidine blue staining for colony-forming assay of Gli1* cells cultured 7 days in vitro. Scale bar, 2 mm.

(F) Morphology of cells in pure GelMA (GM) (left), GelMA:Matrigelas 5:1 (GM-Ma) (middle), and M-GM (right) assessed by SEM 1 and 5 days after culturing.
Arrowheads indicate pseudopodia. Scale bar, 10 um in upper panel; 5 um in lower panel.

(G) Cellular viability detected with live/dead staining kit after 3-D culturing for 1 and 5 days in GM (left), GM-Ma (middle), and M-GM (right). Immunocytochemistry
with Calcein-AM (green) for living cells, Ethidium Homodimer-1 (red) for dead cells. Scale bar, 200 pm.

(H-K) Representative microCT images (upper panel, 3-D reconstruction; lower panel, slice) of GM plus suture MSCs (GM+SCs; H), GM-Ma plus suture MSCs
(GM-Ma+SCs; I), M-GM plus suture MSCs (M-GM+SCs; J) at six months post-surgery, and the coronal suture of seven-month-old control (K). Dotted lines (white)
outline the original surgical defects. Scale bar, 200 um.

(L) Quantification of suture width (H-K). Data are expressed as mean + s.e.m. (L). ***p < 0.0001, calculated by one-way ANOVA with Tukey post hoc tests.
(M-P) Comparison of material properties of GM-Ma (5:1) and M-GM (5:1:0.5): compressive modulus/tensile strength (M), degradation rate (N), diffusional
permeability (O), and mass swelling ratio (P). Data are expressed as mean = s.e.m., not significant calculated by two-tailed unpaired t test.
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Figure S3. Schematic of Suture Regeneration, Related to Figure 2

Gli1* cells and M-GM are required for long-term suture patency. Twist?*'~ mice show coronal suture fusion with variations. Twist1 in coronal suture of adult mice.
Schematic of suture regeneration surgery

(A) One-month-old Gli1-Cre 72;ROSA26-0xF-STOP-LoxP-tdTomato mjice after two days of injection with tamoxifen.

(B) Coronal and sagittal sutures were excised from the mice and minced into tiny pieces for cell culture.

(C) After 10 days of expansion in vitro, tdTomato* cells were acquired from suture mesenchymal cells by cell sorting.

(D) After generating defects in the region of the fused sutures, cells mixed with carrier gel biomaterial was placed in the defects and gel was cured with UV light.
The wound was then closed carefully.

Implantation of Gli1* cells and M-GM can maintain long-term suture patency

(E, F) Immunofluorescence staining for blank (A, one and three months post-surgery), and M-GM (F, one, three and six months post-surgery) groups. Scale
bar, 100 um.

(G-J) MicroCT imaging (upper panel), HE (middle panel) and immunofluorescence (lower panel) staining of M-GM+SCs one year post-surgery (G), M-GM plus
suture mesenchymal cells from one-month-old Gli1-Cre®72;ROS A26-0xF-STOP-LoxP-eGFP-DTA mjice one month post-surgery (M-GM+DTA cells; 1M PS) (H), M-GM
plus heat-activated suture MSCs at one month (M-GM+H-SCs; 1M PS) or three months (M-GM+H-SCs; 3M PS) post-surgery (l), matrigel plus Gli1* MSCs at one
month (MG+SCs; 1M PS) or three months (MG+SCs; 3M PS) post-surgery (J).

Red fluorescently labeled cells were from one-month-old donor GliT-Cre" ™%;tdT"* mice (G, J). Insets show CT slices of different regions. Dotted lines in 3-D
reconstructed images outline the initial defects. All other white dotted lines represent boundaries of bones.

Scale bars, 1 mm in insets in (G-J); 2 mm in upper panel of (G-J); 100 um elsewhere.

Twist1*~ mice show coronal suture fusion with variations

(K-N) 3-D reconstructed microCT images of calvaria of one-month-old Twist?*~ mice with different coronal suture phenotypes: non-fusion (K), partial fusion (L),
unilateral fusion (M), and bilateral fusion (N); arrows in (L, M) point to fused sutures. Scale bar, 2 mm.

Twist1 is not required to support suture patency in adult mice

(O) RNAscope of Twist1 (red) in the coronal suture of one-month-old wild-type mouse. Scale bar, 100 um.

(P) 3-D reconstruction (left), microCT slice images (middle), and HE staining (right) of two-month-old Gli1-Cref7"2;Twist1"" mice after three days of tamoxifen
injection at one month. The arrowhead indicates the coronal suture. White dotted lines indicate boundaries of bones. Scale bars, 2 mm in left, 1 mm in middle and
100 um in right panel.
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Figure S4. Wnt Signaling Analysis in Craniosynostosis and Suture Regeneration and Landmarks for Analyzing Head Shape, Related to
Figures 4 and 5

Wnt signaling is upregulated in craniosynostosis and regenerating suture restores the normal expression of Wnt-related genes

(A) western blot analyses of Runx2 and OPN expression in suture mesenchymal cells after Wnt activator (Wnt agonist 1) or GSK3 inhibitor (activator of Wnt
signaling, LY2090314) treatment for one or two weeks.

(B) Quantification of Runx2 and OPN expression after Wnt agonist 1/LY2090314 or vehicle treatment. Data are expressed as mean + s.e.m., *p < 0.05, **p < 0.01,
***p < 0.001, ***p < 0.0001, not significant calculated by two-tailed unpaired t test.

(legend continued on next page)
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(C) Signatures of Wnt-related genes based on the relative expression levels of WT, MUT, and endogenous cells from REG.
Landmarks for analyzing head shape

(D) Table of landmark descriptions for analyzing head shape.

(E, F) Superior (E) and lateral views (F) of landmark locations.
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Figure S5. Analyses of Locomotion, Grip Strength, Olfactory Function, and Anxiety-Related Behaviors, Related to Figure 6
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(A) Representative tracks of the open field test.

(B, C) Total traveled distance (B) and time spent in the center area (C) during the open field test (WT, n = 11; MUT, n = 12; REG, n = 17 mice).

(D) Comparison of grip strength (WT, n = 12; MUT, n = 11; REG, n = 13 mice).
(E-G) Rate of time spent in open arms (E), number of open entries (F) and total entries (G) during elevated plus maze test (WT, n = 12; MUT, n = 11; REG,

n = 13 mice).

(H) Schematic of odor discrimination/habituation test.

() Time spent sniffing non-social odors (upper left panel) and social odors (upper right panel) during odor discrimination and habituation test. The lower panel
shows the total sniffing time per olfactory cue (WT, n = 12; MUT, n = 11; REG, n = 13 mice).

Data are mean + s.e.m. (B, C, D, E, F, G, I). **p < 0.01, **p < 0.001, ****p < 0.0001, NS, not significant calculated by one-way ANOVA with Tukey’s test.
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Figure S6. Rescue of Cognitive and Motor Learning Defects of Twist1*~ Mice with Craniosynostosis Is Age Dependent (c-Fos Expression
Analysis), Related to Figures 6 and 7

Suture regeneration surgery performed at two months of age fails to rescue cognitive and motor learning defects of Twist7*'~ mice with craniosynostosis

(A, D) Representative animal tracks in novel object test (A) and three chamber test (D).

(B, E, F) Preferential indices in novel object test (B), sociability (E) and social novelty (F) in three-chamber test.

(C) Rotarod performance scored as time (seconds) on the rotarod.

WT, wild-type mice, n = 10; MUT, Twist1*'~ mice with bilateral suture fusion, n = 12; REG® “*®, Twist1*~ mice with suture regeneration surgery performed at two
months of age, n = 13. Data are mean + s.e.m. (B, C, E, F). *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001, NS, not significant calculated by one-way ANOVA (B,
E, F) with Tukey post hoc tests and two-tailed unpaired t test (C).

c-Fos expression analysis

(G) c-Fos is activated at an increased level in the prelimbic and perirhinal cortex in Twist1*~ mice, and could be reduced by suture regeneration.

Left panel, schematics of brain coronal sections. Prelimbic cortex (PrL), and perirhinal cortex (PRH) are highlighted with red. The number on the right bottom
corner of each panel indicates the distance (mm) from bregma.

Middle panel, representative images of c-Fos expression in PrL (top panel) and PRH (bottom panel). Dotted lines indicate the boundaries of PrL, and PRH. Scale
bar, 50 pm.

Right panel, quantification of c-Fos expression in PrL (top panel), and PRH (bottom panel) (WT, n = 4; MUT, n = 4; REG, n = 4 mice). *p < 0.05, **p < 0.01,
***p < 0.001, NS, not significant calculated by one-way ANOVA with Tukey’s post hoc test.
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Figure S7. Calvarial Injury Surgery Does Not Cause Elevated ICP or Behavioral Abnormalities, Related to Figure 6

(A) MicroCT images (3-D reconstruction and slice) for wild-type mice at two-weeks-old age before or six weeks post-surgery. Scale bars, 1 mm in inset; 2 mm
in (A).

(B) Quantification of ICP values (WT, n = 8; Sham, n = 7 mice).

(C-E) Preference indices of novel object test (C), sociability (D) and social novelty (E) during the three-chamber test.

(F) Rotarod performance scored as time (seconds) on the rotarod (WT, n = 20; Sham, n = 18 mice).

(G, H) Total traveled distance (G) and time (seconds) spent in the center area (H) during the open field test (WT, n = 20; Sham, n = 20 mice).

Data are mean + s.e.m. (B-H). NS, not significant calculated by two-tailed unpaired t test.
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