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SUMMARY

Disruption of global ribosome biogenesis selectively affects craniofacial tissues with unclear mechanisms. Craniosynostosis is a congen-
ital craniofacial disorder characterized by premature fusion of cranial suture(s) with loss of suture mesenchymal stem cells (MSCs). Here
we focused on ribosomopathy disease gene Snord118, which encodes a small nucleolar RNA (snoRNA), to genetically disturb ribosome
biogenesis in suture MSCs using mouse and human induced pluripotent stem cell (iPSC) models. Snord118 depletion exhibited p53 acti-
vation, increased cell death, reduced proliferation, and premature osteogenic differentiation of MSCs, leading to suture growth and cra-
niosynostosis defects. Mechanistically, Snord118 deficiency causes translational dysregulation of ribosomal proteins and downregulation
of complement pathway genes. Further complement pathway disruption by knockout of complement C3a receptor 1 (C3arl) exacer-
bated MSC and suture defects in mutant mice, whereas activating the complement pathway rescued MSC cell fate and suture growth de-
fects. Thus, ribosome biogenesis controls MSC fate via the complement pathway to prevent craniosynostosis.

INTRODUCTION

Craniosynostosis is a craniofacial birth defect that occurs as
a consequence of premature fusion of cranial sutures. Chil-
dren born with craniosynostosis usually have develop-
mental delay, facial abnormality, neurological dysfunction,
and psychological disturbances. Both environmental fac-
tors and genetic variants have been identified as causing
or being risk factors for this devastating disorder (Kajdic
et al., 2018; Stanton et al., 2022). Loss of mesenchymal
stem cells (MSCs) from the cranial suture and an imbalance
between bone formation and bone resorption at the osteo-
genic fronts disrupt cranial suture homeostasis, leading to
the premature suture fusion. Previous studies have identi-
fied multiple cranial suture MSCs, including Glil®,
Axin2*, and Prx1* cells (Maruyama et al., 2016; Zhao
et al., 2015). Glil* MSC loss occurs early and leads to cra-
niosynostosis in mice (Zhao et al., 2015). Adding them
back can regenerate cranial sutures, as well as mitigate skull
and neurocognitive defects in craniosynostosis mice (Yu
et al., 2021). Previous studies have mainly focused
on signaling and transcriptional factors within suture
MSCs. The function of housekeeping processes such as
ribosome biogenesis in craniofacial MSCs remains poorly
understood.

Ribosome biogenesis occurs in the nucleolus and is a
fundamental housekeeping process universally required
for mRNA translation in all cells and tissues. Emerging
evidence shows that ribosome biogenesis has tissue-spe-
cific regulation and functions (Mills and Green, 2017; Ye-
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lick and Trainor, 2015). This is supported by a group
of human genetic disorders called ribosomopathies,
which are caused by mutations in ribosomal proteins
(RPs) or ribosome biogenesis factors (Farley-Barnes
et al., 2019; Khajuria et al., 2018; Mills and Green,
2017; Yelick and Trainor, 2015). Disease phenotypes of
ribosomopathies are heterogeneous but tend to affect
specific tissue types, including craniofacial and skeletal
tissues (Hetman and Slomnicki, 2019; Mills and Green,
2017; Yelick and Trainor, 2015). Dysregulation of ribo-
some biogenesis or nucleolar activity has been associated
with craniosynostosis (Holmes et al., 2020; Neben et al.,
2014). However, the underlying cellular and molecular
mechanisms by which ribosome biogenesis disruption
drives craniosynostosis have yet to be established. Over-
all, the functional specificity of ribosome biogenesis in
individual tissues remains an active research area. MSCs
represent an important entry point to address this issue
given their importance in craniofacial biology and
diseases.

Snord118 is a small nucleolar RNA (snoRNA), a class of
small RNA molecules that primarily guide chemical mod-
ifications of ribosomal RNAs (rRNAs) (Kiss et al., 2006;
Kufel and Grzechnik, 2019; Stepanov et al.,, 2015).
Snord118 encodes the box C/D snoRNA U8 that is
required for rRNA maturation and acts as a ribosome
biogenesis factor (Jenkinson et al.,, 2016; Kiss et al.,
2006; Peculis and Steitz, 1993). Here we use Snord118 as
a genetic and molecular tool to disturb ribosome biogen-
esis by knocking out Snord118 in Glil* mouse suture
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MSCs as well as human iPSC-derived MSCs. MSCs with
impaired ribosome biogenesis exhibited p53 activation,
increased cell death, reduced proliferation, and prema-
ture osteogenic differentiation, which resulted in suture
growth and craniosynostosis defects. Ribosome profiling
and functional genetic studies showed that the comple-
ment pathway is a key mediator of ribosome biogen-
esis-mediated regulation of MSC fate.

RESULTS

Snord118 mutant mice exhibited suture growth and
craniosynostosis-like defects

To investigate the functions of ribosome biogenesis in su-
ture MSCs during calvarial growth, we used Glil-Cre®*?
mice, which specifically express Cre in Glil* suture
MSCs (Zhao et al., 2015). We crossed Glil-Cre®*T? with
Snord118”" mice—which have LoxP sites flanking the
Snord118 gene—to generate Snord118 MSC-specific het-
erozygous and homozygous conditional knockout (cKO)
mice. Tamoxifen was administered at postnatal day 20
(P20). Suture morphology and suture volume of Glil-
Cre®®2:8nord118”  and  Gli1-Cre®™8?;Snord1187* mice
were compared with littermate control wild-type (WT)
mice. Our micro-computed tomography (nCT) and histol-
ogy results showed that the volume of coronal
and sagittal sutures was significantly reduced in Glil-
Cre*®12:8nord118”" homozygous cKO mice compared
with WT controls at 1 month after tamoxifen induction
(Figures 1A-1D). Sagittal suture volume decreased in
mutant mice in a Snord118 dose reduction-dependent
manner (Figure 1D), while both heterozygous and homo-
zygous cKO mice exhibited coronal suture volume reduc-
tion (Figure 1C). Coronal suture malformation in
Snord118 mutant mice resembles the phenotype in
Twist1™~ craniosynostosis mice. Therefore, we examined
Twist] expression and found that Twist1™ cells are signifi-
cantly reduced in Snord118 mutant coronal and sagittal
sutures (Figures 1E, 1F, S1A, and 1B). To examine the rela-
tive long-term consequence of suture growth defects, we
analyzed homozygous cKO mice at 3 months post-tamox-
ifen induction. The pCT results showed that Snord118 loss
in Glil* suture MSCs disrupts suture homeostasis and sub-
sequently leads to craniosynostosis-like partial suture
fusion defects (Figures 1G and 1H). About 75% of Glil-
CreR"2:$nord118" mutant mice showed suture fusion de-
fects at 3 months after tamoxifen induction; all of the
Gli1-Cre®®"2;Snord118”" mutant mice exhibited reduced
coronal and sagittal suture volume compared with con-
trols (Figures 11 and 1J). Together, these results suggest
that Snord118-dependent ribosome biogenesis is crucial
in suture MSCs to prevent craniosynostosis defects.

Snord118 depletion leads to MSC pS53 activation, cell
death, proliferation reduction, and loss of
mesenchymal stromal cells

Since sagittal homozygous cKO mice displayed more severe
and consistent suture defects than heterozygous mice, we
focused on sagittal homozygous cKO mice for the down-
stream phenotype analyses. It has been reported that
Gli1l* MSC loss occurs early and causes craniosynostosis
in mice (Zhao et al., 2015). To investigate the causes of su-
ture growth and craniosynostosis defects, we examined
Gli1* MSCs in our Snord1 18 cKO mice. Ai14 mice expressed
robust tdTomato fluorescence following Cre-mediated
recombination and were used to label Glil* MSCs. We
generated Gli1-Cre®®2;Snord118"";Ai-14 mice and adminis-
trated tamoxifen at P20. One month later we examined
tdTomato-marked Glil* cells. Immunohistochemical
(IHC) staining showed that Glil-tdTomato* cells were
significantly reduced in Glil-Cre®"2;Snord118";Ai-14
mice compared with controls (Figures 2A and 2C). Glil-
tdTomato™ cells could contain both Glil* MSCs and differ-
entiated mesenchymal cells. To ensure Glil1* MSC changes,
we performed Glil RNAscope staining and found that the
percentage of Glil* MSCs was significantly reduced in
mutant sutures compared with controls (Figures S1C and
S1D). Previous studies have reported that p53 is activated
upon disruption of ribosomal biogenesis (Golomb et al.,
2014; Jones et al., 2008). Therefore, we examined p53
and found that tdTomato-labeled Glil* MSCs exhibited a
significant p53 upregulation in mutant sutures compared
with controls (Figures 2B and 2D). Sustained pS3 activation
inhibits the cell cycle and leads to cell death. To examine
cell survival, we performed TUNEL staining and found
that TUNEL-positive Glil* MSCs were significantly
increased after Snord118 depletion (Figures 2E and 2G).
Next, we used Ki67 to label all cycling cells and found
that Ki67-positive Glil* MSCs were decreased in mutant su-
tures compared with controls (Figures 2F and 2H), suggest-
ing reduced cell proliferation of Glil* MSCs after Snord118
depletion. Cranial suture patency is maintained by mesen-
chymal cells, which are derived from Gli1* MSCs. Suture
growth and MSC loss defects in mutant mice prompted
us to examine suture mesenchymal cells, which are labeled
by platelet-derived growth factor receptor alpha (Pdgfra).
Consistent with Glil* MSC loss, Snord118 cKO mice
displayed a decrease in Pdgfra* mesenchymal cells
(Figures 21 and 2M), including both Pdgfra*;Glil-tdTo-
mato* and Pdgfra™;Glil-tdTomato™~ cells (Figure S2). To
determine the specificity of MSC and mesenchymal cell
loss, we used CD31 and BIII-Tubulin (TUBB3) to label blood
vessel endothelial cells and neurons, respectively. There
were no significant changes in the numbers of CD31*
endothelial cells and TUBB3* neurons after Snord118 dele-
tion (Figures 2J-2L).
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Figure 1. Ribosome biogenesis disruption in MSCs reduces suture volume and leads to craniosynostosis-like defects

(A and B) Micro-CT analysis and H&E staining of coronal and sagittal sutures from WT control, Gli1-Cre®®%;Snord1187*, and Gli1-
Cre™®"2;Snord118" skulls at 1 month post-tamoxifen administration (1 mpt). Scale bars, 1 mm (A), 100 um (B).

(C and D) Quantification of coronal and sagittal suture volume.

(E) RNAscope staining of Twist1 (green) in the coronal suture with tamoxifen induction at P20. Hoechst stains nuclei (blue). Scale bar,
100 pm.

(F) Quantification of the percentage of Twist1™ cells in the coronal suture mesenchyme per section.

(G and H) Micro-CT analysis of control and Gli1-Cre®*";Snord118"7% mice 3 months post-tamoxifen administration (3 mpt). Blue arrowheads
indicate the area of partial suture fusion.

(I and J) Quantification of the volume of sagittal and coronal sutures from control and Gli1-Cre®*™;Snord 1187 mice (3 mpt). Scale bars,
1 mm (G), 50 um (H). Values represent mean + SEM with statistical significance assessed by Student’s t tests and one-way ANOVA with
Tukey post hoc tests (n = 3-8 mice). *p < 0.05, **p < 0.01, ****p < 0.0001; ns represents nonsignificant.

Glil is broadly expressed in diverse types of cells in devel-
opment and is gradually restricted to the cranial suture re-

cranial sutures exhibited p53 upregulation (Figures S3C
and S3D), increased TUNEL" cells (Figures S3E and S3F),

gion from P21 to 1-month-old mice (Zhao et al., 2015). To
investigate ribosome biogenesis specifically in Gli1* MSCs,
we administrated tamoxifen to deplete Snord118 in Glil*
MSCs in 1-month-old mutant mice. Staining results
showed that the percentage of Glil* MSCs is significantly
reduced in mutant sutures (Figures S3A and S3B). Mutant
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and decreased Ki67" cells (Figures S3G and S3H) compared
with controls. Together, these results suggest that Snord118
depletion-induced ribosome biogenesis perturbation in
Glil* MSCs activates p53, causes cell death, proliferation
reduction, and mesenchymal stromal/stem cell loss, lead-
ing to cranial suture growth and craniosynostosis defects.
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Figure 2. Snord118 depletion leads to MSC p53 activation, cell death, proliferation reduction, and loss of mesenchymal stromal
cells

Gli1-Cret®"?;Ai-14 mice were used to genetically label GLi1* suture MSCs, followed by confocal imaging of sagittal sutures after IHC staining.
Hoechst stains nuclei (blue).

(A and B) IHC staining of Glil-tdTomato suture MSCs with or without co-staining p53.

(C and D) Quantification of the percentage of Glil-tdTomato™ cells and p53*;Glil-tdTomato® cells in the suture mesenchyme per section.
(E and F) TUNEL and Ki67 IHC staining cells with or without Glil-tdTomato.

(G and H) Quantification of the percentage of TUNEL- or Ki67-positive Glil-tdTomato™ cells per section.

(I and J) IHC staining of Pdgfra,, CD31, and TUBB3.

(K-M) Quantification of the percentage of Pdgfra.*, CD31*, and TUBB3* cells per section. Scale bars, 100 um. Values represent mean + SEM
with statistical significance assessed by Student’s t tests (n = 3-4 mice). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns
represents nonsignificant.
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Snord118 depletion leads to the premature osteogenic
differentiation of MSCs and osteoclast loss

In addition to cell survival, we investigated how ribosome
biogenesis disruption affects other cell behaviors of Glil*
MSCs. Glil* MSCs can differentiate into the osteoblast line-
age (Zhao et al., 2015). Transcription factor Runx2 marks
preosteoblast cells and is indispensable for osteoblast dif-
ferentiation during both endochondral and intramembra-
nous ossification. Sp7 is a zinc finger-containing transcrip-
tion factor acting downstream of Runx2 and is essential for
osteoblast differentiation and bone formation (Nakashima
et al., 2002). Consistent with Glil*™ MSC loss, the total
osteoblast cells marked by Runx2 or Sp7 appear fewer
in mutant cranial sutures compared with controls
(Figures 3A and 3C). To monitor the differentiation of indi-
vidual MSCs into osteoblast cells, we lineage traced tdTo-
mato-positive Glil* MSCs and found that the percentage
of Runx2-and tdTomato-Glil-double-positive cells are
significantly increased in the mutant cranial sutures
compared with controls (Figure 3B). Similarly, Sp7- and
tdTomato-Glil-double-positive cells were increased in
mutant cranial sutures as well (Figure 3D). In addition,
Snord118 depletion in Glil* MSCs in 1-month-old mice re-
sulted in an increase in the percentage of Runx2* or Sp7*
Glil MSCs (Figure S4).

Cranial suture homeostasis is maintained by the interac-
tion of MSCs with their niche cells, which keeps the
balance between osteogenesis and osteoclastogenesis.
Disruption of the bone remodeling process, including oste-
oclast-mediated bone resorption in the suture, can lead to
craniosynostosis. Therefore, we examined bone turnover
at the osteogenic front, focusing on osteoclasts. Tartrate-
resistant acid phosphatase (TRAP) and Cathepsin K were
used to mark osteoclasts. IHC staining showed that the per-
centage of Cathepsin K-positive cells is significantly
reduced in mutant cranial sutures (Figures 3E and 3G). In
parallel, the TRAP-positive osteoclast cells were decreased
at the osteogenic fronts of the skull in Snord118 cKO mice
compared with controls (Figures 3F and 3H). Osteoclasts
originate from hematopoietic stem cells (HSCs) or erythro-
myeloid progenitors (EMPs) but not from Gli1* MSCs (Ya-
hara et al., 2022). The osteoclast reduction in mutant su-
tures implies a non-cell autonomous role of ribosome
biogenesis in suture MSCs. Together, these findings suggest

that Snord118 depletion in Gli1* MSCs results in the prema-
ture differentiation of MSCs into osteoblasts as well as
decreased osteoclast-driven bone resorption, which could
collectively contribute to suture growth defects and
craniosynostosis.

Human iPSC-derived mesenchymal stem cells exhibit
impaired self-renewal and differentiation

To investigate the cell autonomous roles of Snord118 in
MSCs, we established a platform to differentiate human
iPSCs into suture human iPSC-derived mesenchymal
stem cells (iMSCs). Our Snord118 cKO mice exhibited
consistent and dose-dependent growth defects in sagittal
sutures, which are derived from cranial neural crest cells
(cNCCs) in early development. Therefore, we focused on
cNCC-derived suture MSCs. We first directed iPSCs into
cNCC:s via two methods (Figure 4A), which are not signifi-
cantly different in the cNCC outcomes. In the first method,
we activated WNT signaling activities using 1 puM
CHIR99021 (a glycogen synthase kinase-38 inhibitor to
promote WNT signaling) and simultaneously inhibited
SMAD signaling using 10 uM SB431543 (an inhibitor of
transforming growth factor [TGF]p signaling) in human
iPSCs. This resulted in a highly enriched cNCC population
(Faal et al., 2019; Stebbins et al., 2019). In the second
method, human iPSCs were used to generate embryonic
bodies (EBs), which were then cultured in N2B27 medium
in the presence of insulin, epidermal growth factor (EGF),
and basic fibroblast growth factor (bFGF) on uncoated
dishes without Matrigel (Bajpai et al., 2010). Under these
culture conditions, neural progenitor cells detached from
uncoated culture dishes and were washed away, resulting
in highly purified NCCs attached to cultured dishes.
Then we used an «-MEM medium in the presence of fetal
bovine serum (FBS) to generate GLI1* MSCs (Figures 4A
and 4B). Together, human iPSC-derived MSCs allowed us
to have sufficient materials for ribosome profiling.

Using CRISPR-Cas9 approaches, we generated three inde-
pendent iPSC lines with heterozygous SNORD118 muta-
tions, since homozygous mutations led to cell death
without the production of stable iPSC lines. DNA
sequencing identified specific nucleotide deletion (Fig-
ure SSA). RT-PCR confirmed SNORD118 RNA downregula-
tion in mutant iPSCs (Figure SS5B). Single-cell clonal

Figure 3. Snord118 depletion leads to premature osteogenic differentiation of MSCs and osteoclast loss
(A and C) Confocal imaging of sagittal sutures after IHC staining of Runx2 and Sp7 from Gli1-Cre*’?;Ai-14 (control) and Gli1-

Cretf72:Snord118”%:Ai-14 mice.

(B and D) Quantification of the percentage of Runx2*- or Sp7*-Glil-tdTomato™ cells per section. Hoechst stains nuclei (blue).
(E and F) IHC staining of Cathepsin K (left panels) and TRAP staining (right panels) in the suture mesenchyme of wild-type (WT) and Gli1-

Cret*"2:Snord118” mice.

(G and H) Quantification of the percentage of Cathepsin K* cells and TRAP* cells in the suture mesenchyme per section. Scale bars, 100 um.
Values represent mean + SEM with statistical significance assessed by Student’s t tests (n = 3-4 mice). *p<0.05, **p<0.01, ***p<0.001.
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Figure 4. Mutant iPSC-MSCs exhibit impaired self-renewal, differentiation, and translational dysregulation of ribosomal protein
genes

(A) Diagram of procedures of induced MSC (iMSC) generation from human iPSCs via cranial neural crest cells (cNCCs).

(B) Immunostaining of iPSC-derived NCCs and iMSCs.

(C) Bright-field images of spheres formed from control and SNORD118*~ iPSC-derived iMSCs. Scale bar, 100 pm.

(D and E) Quantification of the number of spheres from iMSCs starting with 1 x 10“ cells and sphere diameter. N = 60 spheres analyzed for
three independent cell lines with or without SNORD118"~.

(F) Representative images of EdU incorporation in the spheres. Hoechst stains nucleus (blue). Scale bar, 100 pm.

(G) Quantification of the percentage of EdU™ cells in spheres. n = 18 spheres analyzed for each group.

(H) Representative images of RUNX2 staining under iMSC osteogenic differentiation at day 3. Hoechst stains nucleus (blue). Scale bar, 50 um.
(I and J) Quantification of the percentage of RUNX2" cells or EdU+ cells in a 2D culture of iMSCs.

(K) Representative images of Alizarin Red S staining for iMSCs at osteogenic differentiation day 21. Scale bar, 1 cm.

(L and M) Representative images of adipogenic differentiation (0Oil red O staining, top) and chondrocyte differentiation (Alcian blue
staining, bottom) for iMSCs at differentiation day 14. Scale bar, 100 um.

(N) Correlation between mutant iPSC-MSCs and controls in mRNA expression and translation efficiency.

(0) Analysis of RNA-seq data from total mRNAs and ribosome-protected RNAs reveals translational downregulation of genes encoding
ribosomal proteins (RPs) in mutant iPSC-MSCs. n = 3 different independent iPSC lines containing control and SNORD118"~ for the
generation of iMSCs. Data are mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, Student’s t test.
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analysis showed that iMSCs can effectively self-renew to
form spheres. After 14 days, the spheres were dissociated
and seeded as the single-cell suspension for the culture of
the next passage. SNORD118"~ mutant iMSCs displayed
a significant decrease in the sphere numbers out of 1 x
10* single cells as well as in the diameter of the spheres at
the primary, secondary, and tertiary passages (Figures 4C-
4E). EdU labeling showed that there was a reduced percent-
age of EQU™ cells in the mutant spheres compared with con-
trols (Figures 4F and 4G), which is consistent with
decreased self-renewal in mutant iMSCs. The 2D culture
also identified a decrease in EQU" cells in mutant iMSCs
compared with controls (Figures 4] and S5D). We examined
iMSC at osteogenic differentiation day 3 and found that
mutant iMSCs have an increased percentage of RUNX2"
cells (Figures 4H and 4I), suggesting premature osteogenic
differentiation. To examine the multipotency of iMSCs,
we performed tri-lineage differentiation. Alizarin Red S
(ARS) staining showed that SNORD118*~ mutant cells
have reduced calcium deposit in osteogenic differentiation
(Figure 4K). Oil Red staining and Alcian blue staining were
used to assay adipogenesis and chondrogenesis, respec-
tively, and failed to reveal substantial differences between
control and mutant cells (Figures 4L and 4M). Together,
these results suggest that SNORD118"~ mutant iMSCs
exhibit impaired self-renewal and osteogenic differentia-
tion in vitro.

Ribosome profiling revealed a translational
downregulation of RP genes in mutant MSCs

To investigate the molecular mechanisms underlying the
cell fate changes of mutant MSCs, we examined transla-
tional regulation using ribosome profiling (Ingolia et al.,
2019). This approach compares the levels of ribosome-pro-
tected fragments (RPFs) to the total expression levels of
mRNA in individual genes to measure translational effi-
ciency. Ribosome profiling requires a substantial number
of MSCs that is technically challenging to obtain in mice.
Therefore, we used our human iPSC-derived iMSCs.

To establish ribosome profiling, we titrated RNase con-
centrations and recovered ribosome-protected mRNA frag-
ments for sequence library construction. RiboToolkit was
used for the analysis and annotation of ribosome profiling
data to decode mRNA translation at codon resolution (Liu
et al.,, 2020). First, we examined the basic statistics of
RPFs and found there were 97.06% cleaned RPFs (Fig-
ure S6A), which excludes contamination from other
RNAs such as rRNA, tRNA, and snoRNA. About 18.17% of
cleaned RPFs could be mapped back to the human genome
(Figure S6B). We calculated 26-34 nt RPFs and found that
27-28 nt have the highest percentage (Figure S6C). These
RPFs, which are about 6.7 million reads, are mainly distrib-
uted on protein-coding genes (Figure S6D). They are en-

riched in coding sequences (CDS) in comparison with 5’
UTR, 3’ UTR, intron, and intergenic regions (Figure S6E),
which is also reflected by randomly selected GAPDH and
ACTB genes (Figure S6F). Next, we examined our Ribo-seq
quality by statistically analyzing the distribution of RPF
coding frames including frames O, 1, and 2. Frame 0 had
the highest percentage in CDS (Figure S6G) and the RPF
metagene plot around translation start sites for P-site infer-
ence (five primers to start codon: 11, 12, 12 for 26 nt, 27 nt,
28 nt size; five primers to stop codon: 15, 15, 15 for 26 nt,
27 nt, 28 nt size) (Figure S6H). Last, we examined a meta-
gene view of the start codon using P-site offsets and found
that the peaks overlap with start and stop codons (Fig-
ure S6I). These results suggest that we have successfully es-
tablished ribosome profiling methodology using human
iPSC-MSCs.

We differentiated mutant and isogenic control iPSC lines
into iMSCs, followed by ribosome profiling. Using
RiboToolkit for decoding mRNA translation (Liu et al.,
2020), we compared the levels of RPFs over total mRNA be-
tween control and mutant iPSC-MSCs (Figure 4N). Bio-
informatic analysis found that the top translational down-
regulated genes encode RPs, although the mRNA levels are
relatively normal (Figures 40 and S5C). These results sug-
gest that RPs are co-regulated at the translational level to
maintain RP stoichiometry, which is consistent with find-
ings in human hematopoiesis that ribosome levels co-
translationally regulate RPs (Khajuria et al., 2018).

Transcriptional dysregulations of genes encoding
complement pathway components after Snord118
deletion

We next analyzed transcriptional dysregulation in mutant
iMSCs and found that SNORD118 mutations lead to the
downregulation of complement pathway genes, including
C1S, CIR, and CIRL in iPSC-derived MSCs (Figure 5A).
Clinical genetics have shown that mutations in comple-
ment pathway components in humans selectively affect
craniofacial structure. Specifically, mutations in MASP1/3
and COLEC10/11 cause 3MC syndrome (Mingarelli, Mal-
peuch, Michels, and Carnevale syndrome) with craniosy-
nostosis, cleft lip/palate, or facial dysmorphism (Munye
et al., 2017; Rooryck et al., 2011). However, the molecular
and cellular mechanisms underlying craniosynostosis in
3MC syndrome remain unknown. Therefore, we carried
out in-depth studies of the complement pathway. Western
blots (WBs) confirmed that mutant iPSC-MSC cells have
reduced protein levels in MASP1 (Figures 5B and 5C), the
mutation of which leads to 3MC syndrome. Simulta-
neously, there were no significant mRNA expression level
changes in MASP1 (Figure 5D), suggesting a potential trans-
lational dysregulation of MASP1 in mutant iPSC-MSCs. In
addition, WBs and RT-PCR confirmed protein and mRNA
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Figure 5. Transcriptional and translational dysregulation of the complement pathway in mutant iPSC-MSCs

(A) Log2-fold changes in up- and downregulated genes from bulk RNA-seq reads in the control and SNORD1 18"~ iMSCs. The downregulated
C1S, C1R, and C1RL in mutant iMSCs are highlighted.

(B and E) Western blot (WB) analyses of protein levels of MASP1, C3, C1R, and C1S in control and SNORD118 mutant iPSC-MSCs. B-actin
serves as the negative control.

(Cand F) Quantification of WB results.

(D and G) RT-PCR and quantification of mRNA levels of MASP1, C3, C1R, and C1S in control and SNORD118 mutant iPSC-MSCs.

(H-J) Immunostaining of complement pathway proteins MASP1, C1S, and (3 in the sagittal suture mesenchyme of control and Gli1-
Cre72:Snord118"% mice.

(K-M) Quantification of relative fluorescence intensity of complement proteins. Scale bars, 100 um. Values represent mean + SEM with
statistical significance assessed by Student’s t tests (n = 3-9 biological replicates). *p < 0.05, **p < 0.01, ***p < 0.001; ns represents
nonsignificant.
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downregulation of complement pathway components C3,
C1R, and C1S (Figures SE-5G). To examine complement
pathway dysregulations in vivo, we examined Snord118
MSC cKO mice. IHC staining revealed that Snord118-defi-
cient sutures exhibited a decrease in the expression of com-
plement pathway components, including MASP1, C1S,
and C3 (Figures SH-5M). Together, these results indicate
that Snord118 deficiency leads to transcriptional dysregula-
tion of genes in the complement pathway.

Complement pathway disruption exacerbates suture
defects in Snord118 mutant mice

Previous studies have found that the complement pathway
plays aregulatory role in bone metabolism (Modinger et al.,
2018). MSCs, osteoblasts, and osteoclasts can generate C3
and express C3a receptor 1 (C3aR1). The C3a/C3aR axis is
a central component of the complement pathway, which
mediates the bidirectional communication between osteo-
clasts and osteoblasts for bone homeostasis (Modinger
et al., 2018). To examine the functional importance of
the complement pathway in mediating Snord118 functions
during suture homeostasis, we performed loss-of-function
perturbation using a C3aR1 KO mouse model, which by it-
self has no suture growth defect or craniosynostosis. We
generated C3aR1 genetic deletion in Snord118 MSC cKO
mice by crossing Glil-Cre®®2;Snord118”* mice with
C3aR1~/~ mice. Suture morphology and suture volume of
double KO mice were compared with WT and Glil-
Cre*®12:8nord118"”* heterozygous mice. Compared with
WT controls, heterozygous KO mice exhibited a decrease
in coronal and sagittal suture volumes, which were further
exacerbated by the deletion of C3aR1 (Figures 6A-6D).
These histological data were further validated by pCT anal-
ysis (Figure 6B). Our results suggest that there is a genetic
interaction between C3arl and Snord118 in suture growth.
To investigate the cellular basis of C3arl deletion-induced
exacerbation of suture defects in Snord118 cKO mice, we
examined Glil* MSCs. We did not detect notable defects
in Glil* MSCs in C3aR1~~ KO mice (data not shown),
which is consistent with their normal suture growth. In
contrast, complement pathway disruption by C3aR1 ™/~
deletion induced a drastic reduction of Glil* MSCs
in  Glil-Cre®™2;Snord118"*  heterozygous KO mice
(Figures 6E and 6F). To investigate the causes of this Glil*
MSC loss, we examined p53 activation and found that
there is a substantial increase in the percentage of p53-pos-
itive cells in the cranial sutures of double mutant mice
compared with single KO ones and WT controls
(Figures 6G and 6H). Lastly, cranial sutures exhibited an in-
crease of TUNEL-positive cells in double mutant mice
compared with single KO ones and WT controls
(Figures 61 and 6]), suggesting that increased cell death un-
derlies the MSC loss. Together, these results indicate that

complement pathway disruption by C3aR1~~ KO exacer-
bates MSC cellular defects and leads to more severe suture
defects in Snord118 cKO mice.

Complement pathway activation rescues suture
defects in Snord118 mutant suture explants

To further examine functions of the complement pathway,
we investigated whether activation of the complement
pathway could restore cellular behaviors and thereby
rescue suture growth in Snord118 homozygous cKO mice.
To this end, a C3aR agonist was used to promote functions
of the complement pathway. In order to exclude C3aR
agonist-induced complications in other non-suture organs,
we selected a suture explant ex vivo culture model, which
has been well-established to study suture growth in post-
natal but not adult stages (Menon et al., 2021). Coronal
and sagittal sutures explanted from postnatal day 4 (P4)
WT and Gli1-Cre®™®2;Snord118” mice were treated with
C3aR agonist for 10 days before histology analyses. WT su-
tures remained patent, while mutant cranial sutures
showed bony fusions (Figure 7A). Importantly, agonist-
treated sutures from Snord118 cKO mice remained patent,
suggesting complement pathway activation can rescue su-
ture growth defects. Statistical analysis showed that C3aR
agonist-mediated complement pathway promotion can
partially rescue the suture growth defects in Snord118
cKO mice (Figures 7B and 7C). To investigate the cellular
basis of C3aR agonist’s beneficial effects, we used tdTomato
Ail4 mice to genetically label Glil* MSCs and found that
the C3aR agonist significantly restored MSC loss in
Snord118 cKO mice (Figures 7D and 7E). When treated
with the C3aR agonist, the percentage of pS3-positive su-
ture cells was significantly reduced in mutant suture ex-
plants compared with Glil-Cre®®"?;Snord118”" mutant ex-
plants treated with DMSO controls (Figures 7F and 7G).
Both WT and C3aR agonist-treated mutant suture explants
showed minimal cell death revealed by TUNEL staining,
whereas untreated Snord118 mutant sutures had a signifi-
cant increase in cell apoptosis (Figures 7H and 7I). There-
fore, the activation of the complement pathway partially
rescued cellular and suture growth defects caused by
Snord118 deletion. Together, these results suggest that the
complement pathway is a key mediator of Snord118 func-
tion in MSC behaviors and suture homeostasis.

DISCUSSION

Ribosome biogenesis is a fundamental biological process,
which is universally required in all eukaryotic cells. How
ribosome biogenesis disruption preferentially affects
craniofacial tissues, leading to craniofacial deformities, re-
mains poorly understood. Here we found that global
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Figure 6. Complement pathway disruption exacerbates suture defects in Snord118 mutant mice
(A) H&E staining of coronal and sagittal sutures from control, C3aR1 ™=, Gli1-Cre® %;Snord118”*, and Gli1-Cre™"%;Snord1187*;C3aR1™~~ mice.
(B) Micro-CT analysis. Scale bar, 50 um.

(C and D) Quantification of sagittal and coronal suture volume.

(E, G, and I) Confocal imaging of sagittal suture mesenchymal cells after IHC staining of Glil and p53 as well as TUNEL in control, GliZ-
CreR2:Snord118”*, and Gli1-Cretr"?;Snord1187*;C3aR1~7~ mice.

(F, H, and J) Quantification of the percentage of Gli1*, p53*, and TUNEL" cells per section. Scale bars, 100 pum. Values represent mean + SEM
with statistical significance assessed by one-way ANOVA with Tukey post hoc tests (n = 3-5 mice). *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001; ns represents nonsignificant.
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Figure 7. Complement pathway activation rescues suture defects in Snord118 mutant suture explants
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treated with C3aR agonist (rescue group). Blue arrowheads indicate the area of bony fusion.

(B and C) Quantification of coronal and sagittal suture area of calvarial suture explants.

(D) IHC staining of Glil-tdTomato in sagittal suture explants from control, Gli1-Cre®*";Snord118"%;Ai-14, and Gli1-Cre®*"?;Snord118"%; Ai-
14 mice treated with C3aR agonist.

(F and H) IHC staining of p53 and TUNEL staining in sagittal suture explants from control, Gli1-Cre®®";Snord118"% and Gli1-
Cre¥72,Snord118”% mice treated with C3aR agonist.

(E, G, and I) Quantification of the percentage of Glil*, p53*, and TUNEL" cells per section. Scale bars, 100 um. Values represent mean + SEM
with statistical significance assessed by one-way ANOVA with Tukey post hoc tests (n = 3 mice). *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001; ns represents nonsignificant. Note: (B and C) Suture area was defined by the total area of suture mesenchyme in suture
sections and quantified by ImageJ. Five to six sections per mouse were analyzed and averaged to represent the mean value from one

mouse/sample. Each dot on graph quantification is one mouse (n = 3 mice per group).

ribosome biogenesis selectively regulates suture MSC fate
via the complement pathway, disruption of which leads
to suture growth and craniosynostosis defects.

Our study of ribosome biogenesis in suture MSCs is
distinct from previous signaling and transcriptional
research (Stanton et al., 2022). Protein synthesis and
mRNA translation in stem and progenitor cells during tis-
sue development are dynamic and sensitive to changes in
ribosome biogenesis. Tight regulation of protein synthesis
machinery, including ribosomes and their associated fac-

tors, is essential for stem cell self-renewal and differentia-
tion (Saba et al., 2021). Our studies provide evidence that
a global disruption of ribosome biogenesis selectively af-
fects suture MSCs, which serve as the engine of calvarial
growth, maintenance, and regeneration. Loss of suture
MSCs is one of the major causes of craniosynostosis (Me-
non et al., 2021; Zhao et al., 2015). Our data revealed a
significant decrease of Glil* MSCs in the suture mesen-
chyme of Snord118 mutant mice, which developed cranio-
synostosis. This Glil™ MSC loss is likely due to increased
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p53 activation and subsequent apoptosis, which echo
that perturbed ribosome homeostasis from unbalanced
ribosome biogenesis causes pS53 activation, leading to
cell-cycle arrest and apoptosis (Golomb et al., 2014; Jones
et al., 2008).

Ribosome biogenesis regulates MSC fate via multiple
mechanisms, disruption of which contributes to craniosy-
nostosis. Glil* MSCs can give rise to osteoblasts, bone
marrow adipocytes, and stromal cells. We found that tdTo-
mato-labeled Glil* mutant MSCs prematurely differentiate
into osteoblast lineage cells labeled by Runx2 and Sp7. It is
possible that ribosome biogenesis disruption abnormally
upregulates activators of osteogenic differentiation. Alter-
natively, ribosome biogenesis disruption inhibits suppres-
sors of osteogenic differentiation, which is illustrated by
Twistl downregulation in mutant cranial sutures. Twist1l
represses pro-osteogenic differentiation factor Runx2 to
maintain mesenchymal cells in an undifferentiated state
(Bialek et al., 2004). Twistl downregulation is expected to
relieve the repression of Runx2 and lead to premature oste-
ogenic differentiation in Snord118 mutant MSCs. Mean-
while, bone-resorbing cells named osteoclasts are reduced
in Snord118 mutant mice, which might result in more oste-
oblast cells contributing to premature suture fusion and
Craniosynostosis.

Our studies provide new insights into the regulation
and function of the complement pathway in craniofacial
biology and disease. The complement system drives
inflammation and provides innate immune protection
against infection (Hajishengallis et al., 2017). It has
emerging roles in stem cells, tissue homeostasis, and
injury repair (Rutkowski et al., 2010). Human mutations
in complement pathway components selectively affect
craniofacial structure and lead to 3MC syndrome (Mingar-
elli, Malpeuch, Michels, and Carnevale syndromes),
which is characterized by facial dysmorphism, cleft lip/
palate, and craniosynostosis (Munye et al., 2017; Rooryck
et al., 2011). Our findings showed that Snord118 KO mice
have reduced expression of complement pathway compo-
nents in cranial sutures coupled with craniosynostosis de-
fects. Importantly, functional studies suggest that the
complement pathway is a key mediator of Snord118-
controlled ribosome biogenesis functions in regulating
MSC fate, disruption of which might contribute to cranio-
synostosis in 3MC syndrome. Future research should
investigate what cellular functions the complement
pathway might have in suture growth. In this regard,
complement factor C3a has been shown to play critical
roles in neural crest cell migration (Carmona-Fontaine
et al., 2011), disruption of which might occur in 3MC
syndrome. It is also important to investigate how a global
disruption of ribosome biogenesis selectively affects the
complement pathway.
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Our human iPSC-derived MSC model provides a valuable
platform to study cranial suture development, disease
pathogenesis, and potential treatments for craniofacial dis-
orders. These iMSCs are capable of clonal self-renewal and
multiple differentiation toward osteogenic, adipogenic,
and chondrogenic cell fate. Human iPSC cells coupled
with CRISPR-Cas9 genome editing cross-validated that
SNORD118 mutations cause MSC proliferation reduction
and premature osteogenic differentiation, which is consis-
tent with mouse genetic studies. Importantly, iMSCs can
provide unlimited cell materials for cell-number
demanding research such as ribosome profiling. This is
shown by our combined ribosome profiling and bulk
RNA-seq studies of control and mutant iMSCs, which led
to the finding of complement pathway dysregulations
caused by Snord118 mutations. Future studies should
directly compare human iPSC-derived MSCs with Glil-
tdTomato™ cells from Gli1-Cre®R72; Ai-14 mice.

Overall, our study provides mechanistic insights into the
specificity of ribosome biogenesis in craniofacial tissue
development and diseases. Our human iPSC and mouse ge-
netic studies cross-validated that suture MSCs are particu-
larly sensitive to the disruption of global ribosome biogen-
esis, leading to changes in their cell fate. We reveal
ribosome biogenesis-mediated regulation as well as critical
functions of the complement pathway in suture MSC
maintenance, which has implications for the pathogenesis
of craniofacial defects in 3MC syndrome.

EXPERIMENTAL PROCEDURES

Resource availability

Corresponding author

Further information and requests for resources and reagents
should be directed to and will be fulfilled by the lead contact, Jianfu
Chen (jianfu@usc.edu).

Materials availability

All new reagents will be made available upon request for scientific
research while a completed Materials Transfer Agreement may be
required.

Data and code availability

All data reported in this paper will be shared by the lead contact
upon request. This paper does not report original code. The RNA-
seq data have been deposited to GEO under accession code
GSE223614. The Riboseq data have been deposited to GEO under
accession code GSE223615.

Experimental models and methods

Mouse models

Gli1-Cre®®T2 (JAX#007913), tdTomato (JAX#007905), and C3arl ™~
(JAX#033904) mouse lines were obtained from Jackson Laboratory.
For induction of Cre lines, tamoxifen (Sigma T5648) was sus-
pended in corn oil (Sigma C8267) at 20 mg mL~' and injected
intraperitoneally at a dose of 1 mg per 10 g body weight for 2


mailto:jianfu@usc.edu

consecutive days. Mice were injected with tamoxifen at postnatal
day 20 (P20), and their calvarial bones were collected at the indi-
cated time points. To examine the phenotype when Glil* MSCs
are more restricted to cranial sutures at a later stage, mice were in-
jected with tamoxifen at 1 month old for 3 consecutive days. All
mice were housed under a 12 h light/dark cycle with controlled
temperature and humidity. Mice were euthanized via carbon diox-
ide overdose followed by cervical dislocation. All studies were per-
formed with the approval of the Institutional Animal Care and Use
Committee of the University of Southern California.

Human MSC induction and characterization

For neural crest cell (NCC) induction, hiPSCs were cultured to get
confluence and were passaged by ReLeSR (STEMCELL Technolo-
gies) into cell clusters for suspension culture in the low attachment
dish with the N2B27 medium containing DMEM/F12, Neurobasal,
1% N2, 2% B27, NEAA, GlutaMAX, 20 ng/mL bFGEF, 20 ng/mL EGF,
and 100 pg/ml Primocin. To improve NCC induction, the 10 uM
SB431542 and 1 uM CHIR99021 (Selleckchem) were added to the
medium. At day 10, the EBs were attached to the normal culture
plate without any coating. The NCCs migrated from the EBs and
attached to the plate. The NCCs were harvested manually on day
14 and cultured in the N2B27 medium with 20 ng/mL bFGF and
20 ng/mL EGF to form the maintenance culture. The hiPSC-
derived NCCs were cultured in a-MEM containing 10% FBS to
induce MSCs. The cell media were changed every other day and
passaged every 4-5 days. At day 35 the cells became MSC-like cells
and were cultured in a-MEM containing 10% FBS for further
characterization.

The self-renewal of human iPSC-derived MSCs (iMSCs) was
examined according to the published method. Briefly, iMSCs disso-
ciated by Accutase were filtered, and about 1 x 10* single cells were
seeded in an ultra-low attachment surface plate with a-MEM con-
taining 25 pg/mL insulin, 20 ng/mL EGF, 20 ng/mL bFGF, 10 ng/ml
TGF-b1, 1% N2 supplement, and 100 pg/mL Primocin for sphere
formation. After 14 days, the spheres were dissociated by Accutase
and seeded with the same number of cells as the single-cell suspen-
sion for the next passage. An EAU assay was performed by using the
EdU Cell Proliferation Kit (Click Chemistry Tools); 10 pM EdU was
used to treat cells for 2 h before fixing the samples. For osteogene-
sis, the StemPro Osteogenesis Differentiation medium (Thermo)
was used to culture iMSCs. The medium was changed every
2 days. The cells were fixed by 4% PFA at day 21 and then stained
by 2% Alizarin Red S solution. For adipogenesis, the StemPro Adi-
pogenesis Differentiation Kit (Thermo) was used according to the
manufacturer, and 0.5% Oil Red O solution was stained on the
differentiated cells at day 14. For chondrogenesis, the cells were
dissociated to generate micromass cultures, followed by seeding
5-uL droplets of cell solution (2 x 107 cells/mL) in the center of
24-well plate wells. After cultivating micromass cultures for 2 h,
the StemPro Chondrogenesis Differentiation Medium (Thermo)
was added to the plate and was changed every 2 days. The cells
were fixed by 4% PFA at day 14 and stained by 1% Alcian blue
solution.
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