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Protogenin facilitates trunk-to-tail HOX
code transition via modulating GDF11/
SMAD2 signaling in mammalian embryos

M| Check for updates
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During embryogenesis, vertebral axial patterning is intricately regulated by multiple signaling
networks. This study elucidates the role of protogenin (Prtg), an immunoglobulin superfamily member,
in vertebral patterning control. Prtg knockout (Prtg ") mice manifest anterior homeotic
transformations in their vertebral columns and significant alterations in homeobox (Hox) gene

expression. Transcriptomic profiling of Prtg~"~

mouse embryos highlights Prtg-regulated genes

involved in axial development, particularly within the transforming growth factor beta (TGF) signaling
pathway. Reduced TGF signaling in Prtg~'~ mouse embryos is evidenced by decreased
phosphorylated Smad2 (pSmad?2) levels and its downstream target genes in the developing tail. We
further show that Prtg interacts with growth differentiation factor 11 (GDF11) to enhance GDF11/
pSmad?2 signaling activity. Using human-induced pluripotent stem cell-derived presomitic
mesoderm-like (hiPSC-PSM) cells, we demonstrate delayed posterior HOX gene expression upon
PRTG knockout, which is rescued by GDF11 supplementation. These findings provide compelling
evidence that PRTG regulates HOX genes through the GDF11/SMAD2 signaling pathway.

The vertebral column is one of the most distinctive features of vertebrate
animals. It comprises a series of spinal elements with specific morphological
characteristics. Based on their morphology, these elements are categorized
into cervical, thoracic, lumbar, sacral, and caudal sections'. In humans, the
vertebral column consists of 33 bones, including 7 cervical, 12 thoracic, 5
lumbar, and 5 sacral vertebrae, as well as 4 caudal bones that fuse to form the
coccyx. Mice possess 7 cervical, 13 thoracic, 6 lumbar, 4 sacral, and more
than 10 caudal vertebrae. These bony elements arranged along the anterior-
posterior axis constitute the axial patterning of the vertebral column.
Vertebral axial patterning is established during embryogenesis. After the
formation of three germ layers, a group of cells located at the caudal end of the
embryo, namely, neuromesodermal progenitors (NMPs), continues to generate
daughter cells that contribute to both ectodermal and mesodermal lineages™™.
The mesodermal lineage includes presomitic mesodermal (PSM) cells that
further proliferate and differentiate to form somites. This process is called
somitogenesis’. Since vertebral bones are derived from somites’, the positional
identity of each somite, which is determined based on homeobox (Hox) gene
expression, contributes to the morphological characteristics of each vertebra’.

Hox proteins belong to a large family of transcriptional factors con-
taining the homeobox DNA binding domain®. Both human and mouse
genomes contain 39 Hox genes divided into four clusters: Hoxa, Hoxb, Hoxc,
and Hoxd. Within each cluster, Hox genes are further divided into 13
paralogs, designated Hox1 to Hox13’. During somitogenesis, Hox genes are
activated in a temporally collinear sequence, where low-numbered Hox
genes are activated first to specify future anterior vertebrae, while their high-
numbered counterparts are activated later to establish future posterior
vertebrae. For example, Hox4 and Hox5 define the cervical vertebrae, Hox6
defines the anterior thoracic containing ribs attached to the sternum, and
Hox9 defines the posterior thoracic containing ribs not attached to the
sternum’™"". The transition from thoracic to lumbar identity is defined by
Hox10 expression, while Hox11 expression corresponds to the sacral and
caudal vertebrae'.

The expression of Hox genes is regulated by multiple signaling
pathways. During gastrulation, activation of the Wnt signaling in NMPs
induces the expression of anterior Hox genes HoxI to Hox5", which
define the cervical and anterior thoracic vertebrae. The Wnt signaling
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further activates its downstream target gene caudal type homeobox 2
(Cdx2), which encodes a homeobox transcription factor inducing the
expression of trunk Hox genes (Hox6 to Hox9)'*" corresponding to the
identities of posterior thoracic vertebrae. Thereafter, growth differ-
entiation factor 11 (Gdf11), a member of the transforming growth
factor-beta (TGF) family, induces the activation of posterior Hox genes
(HoxI0 to Hox13) to specify lumbar, sacral, and caudal vertebrae
identities'*"". This sequential activation of Hox genes establishes the
axial patterning of vertebrae.

The TGFp signaling has been reported to play important roles in
embryogenesis and tissue homeostasis. Both human and mouse genomes
encode 33 TGF-p family ligands, including GDF11. The TGF-p ligand is
first translated as a propolypeptide, which is processed into a mature
polypeptide”. Activation of the TGFf signaling involves the binding of
TGEFp ligands to form a heteromeric complex comprising the mature ligand
dimer and two pairs of TGFp type I and type II receptors™. This ligand-
receptor complex triggers the phosphorylation of receptor-related Smads,
Smad2 and Smad3. Phosphorylated Smad2/3 forms a heterotrimer with the
co-Smad, Smad4, and translocates into the nucleus to regulate the expres-
sion of target genes. Several studies have demonstrated the role of Gdf11 in
the development of posterior vertebrae. In Gdf11 signaling-deficient mice,
abnormal tail development and homeotic transformation are associated
with impaired activation of caudal Hox genes'®”*"*’. The cis-regulatory
elements within the Hox loci contain Smad-binding motifs that respond to
Gdf11”*. In addition, GDF11 administration efficiently activates the
expression of HOXI0 and more posterior HOX genes in neurons or
mesodermal cells derived from human embryonic stem cells or induced
pluripotent stem cells (hiPSCs)***. Thus, the GDF11/SMAD?2 signaling
pathway plays a key role in activating posterior HOX genes to induce the
trunk-to-tail HOX code transition and promote caudal development.
However, regulators mediating the GDF11 signaling activity remain largely
unexplored.

Protogenin (Prtg), also known as Igdcc5, encodes a single-pass
transmembrane protein belonging to the immunoglobulin superfamily
(IgSF). Prtg is the fifth member of the deleted colorectal carcinoma (DCC)
subclass containing four immunoglobulin domains and five fibronectin
type III domains in its extracellular portion”’. During mouse embry-
ogenesis, Prtg is abundantly expressed in the neural tube and mesodermal
cells between embryonic days 8 (E8) and 10 (E10) and down-regulated
after E10.5°®”. Prtg signaling has been shown to suppress premature
neuronal differentiation during the early stages of neural development™.
Prtg also participates in tooth germ development and differentiation of
inner enamel epithelial cells”. In addition, it modulates apoptosis and
migration of rostral cephalic neural crest cells”. Recent studies have
identified early rhombic lip PRTG-positive stem cells within a human-
specific neurovascular niche as critical initiators and maintainers of group
3 medulloblastoma, further highlighting the significance of PRTG in both
normal development and pathological conditions™. Despite its prolific
expression in the developing mesoderm, the function of Prtg in somito-
genesis is yet to be elucidated.

In this study, we demonstrated the roles of Prtg using mice harboring
a conventional knockout allele of Prtg (Prtg '~)*'. Prtg '~ mice exhibited a
robust phenotype of anterior homeotic transformation in the thoracic
vertebrae accompanied by altered expression patterns of thoracic- and
lumbar-associated Hox genes. Based on transcriptional profiles and
whole-mount staining, we revealed that the TGFp signaling is significantly
down-regulated in the posterior region of E9.5 Prtg”'~ embryos. In
addition, we demonstrated that Prtg interacts with Gdf11 and enhances
the Gdf11/pSmad2 signaling activity. To verify our findings, we developed
a novel hiPSC-derived PSM-like (hiPSC-PSM) model that enabled us to
accurately reconstitute the delayed expression of posterior Hox genes
observed in Prtg”'~ mice. Importantly, this delayed expression of posterior
HOX genes could be effectively reversed by GDF11 administration, sug-
gesting that PRTG regulates HOX gene expression via the GDF11/
SMAD2 signaling.

Results

Anterior homeotic transformation of thoracic vertebrae in Prig-
deficient mice

Prtg exhibits unique spatiotemporal changes in expression during early
embryonic development in mice’”. At embryonic day 9.5 (E9.5), Prtg is
ubiquitously expressed throughout the body axis. Subsequently, its expression
diminishes from head to tail from E10.5 to E11.5. To investigate the potential
role underlying the dynamic expression pattern of Prtg, we have previously
generated conventional Prtg knockout (Prtg™'~) mice and reported the asso-
ciated defects in palatine and skull development™. In addition, we identified
significant defects in the vertebral patterning of Prtg’~ mice (Fig. 1a). In
Prtg”"~ neonatal mice, the number of sternum-attached ribs increased from 7
to 10, compared with wild-type (WT) control mice. The number of rib-
bearing vertebrae increased from 13 to 15, whereas those of cervical and
lumbar vertebrae remained constant. Moreover, the posterior thoracic ver-
tebrae (T8-T15) in Prtg '~ mice adopted shapes resembling those of anterior
thoracic vertebrae (Fig. 1b), suggesting an anterior transformation phenotype.
This anterior transformation was observed in 96% of Prtg’/ ~ mice, but not in
WT or Prtg heterozygous mice (Prtg""~) (Table 1), and was consistent across
different genetic backgrounds (Supplementary Table 1). The number and
shape of lumbar vertebrae in Prtg™"~ mice were comparable to those in the
control mice. To determine whether the additional rib-bearing vertebrae
resulted from an increase in somite number, we analyzed somite formation in
E11 embryos using in situ hybridization of myogenin (Myog), a marker of
differentiated somites. The total number of Myog-positive somites in control
and Prtg”’~ embryos was consistent, ranging from 29 to 33 somites. However,
we observed a posterior displacement of two somites in the anterior boundary
of hindlimb buds in Prtg”'~ embryos, transitioning from the 24th to the 26th
Myog-expression domains (Fig. 1c, d and Supplementary Table 2). These
findings highlight the critical role of Prgin the specification of vertebrae along
the anterior-posterior axis.

Hox gene expression is dysregulated in Prtg~~ embryos
Vertebral morphologies and characteristics are determined by the spatial
and temporal expression of Hox genes’. It is possible that Prtg regulates the
specification of thoracic vertebrae by modulating Hox gene expression. To
explore this hypothesis, we examined Hox gene expression at E10.5, shortly
after somite generation occurs in the posterior thoracic-to-lumbar region
during development (Fig. le). In Prtg”"~ embryos, the expression levels of
Hox genes associated with cervical and thoracic identity were elevated.
Specifically, Hoxc8 expression was increased, while Hoxb6 and Hoxb9 dis-
played both increased and posteriorly extended-expression patterns. Con-
versely, Prtg”’~ embryos showed a decreased expression of lumbar-
associated Hox genes; Hoxal0 was down-regulated, and expression pat-
terns of Hoxc9 and Hoxd9 shifted posteriorly. Hoxc10 and Hoxd10 exhibited
both decreased and posteriorly shifted expression patterns in Prtg™'~
embryos. Importantly, abnormal expressions of Hox genes in Prtg”’~ mice
corresponded to the thoracic vertebrae transformation phenotype. These
results indicate a potential role of Hox genes in mediating the anterior
homeotic transformation phenotypes in Prtg”'~ mice (Fig. 1f).

Prtg regulates genes associated with the development of the
body axis

Abnormal vertebrae in Prtg~'~ mice develop from the 19th to the 27th somite
(Fig. 1f), which are formed between E9 and E10. To elucidate the molecular
basis underlying the anterior homeotic transformation of vertebrae in Prtg '~
embryos, we conducted mRNA sequencing (mRNA-seq) analysis wherein
Prtg'"" (WT), Prtg"’~, and Prtg '~ embryos were compared with one another.
The posterior trunk after the forelimb bud (13th somite) of E9.5 embryos was
dissected for mRNA-seq to enrich genes expressed in the thoracic somites
(Fig. 2a). The mRNA profiles of WT and Prtg"'~ embryos were similar, as only
six differentially expressed genes (DEGs) were observed, thus explaining the
normal vertebral pattern in Prtg""~ mice (Fig. 2b and Supplementary Fig, 2).
To be convenient, Prtg"* (WT) and Prtg"’~ embryos were combined as the
control group for subsequent analyzes. Transcriptomic profiling revealed 529
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Fig. 1 | Anterior homeotic transformation in the vertebrae of Prtg”'~ mice.
a Skeletal and cartilaginous tissue staining of control and Prtg~"~ neonatal mice. Two
additional thoracic vertebrae (top) and three more sternum-attached rib pairs
(bottom) were observed in Prtg”’~ mice. b Isolated thoracic and lumbar vertebrae
from control and Prtg”'~ mice. In Prtg™"~ mice, T8 to T10 were transformed into a
T7-like shape, while T11 to T13 were transformed into a T8-like shape (n = 32).

¢ Whole-mount in situ hybridization of Myog mRNA in E11.0 control and Prtg™'~
embryos. The somite at the anterior edge of the hindlimb bud is indicated by a red
arrowhead. The scale bar represents 1 mm; fb forelimb bud, h heart, hb hindlimb
bud. d Quantification results of the somite number located at the anterior edge of the
hindlimb bud, which has been visualized and manually enumerated as shown in (c),

in E11.0 Prtg*"* (n=2), Prtg"’~ (n=4), and Prtg”"~ (n=6) embryos from 2 litters.

e Whole-mount in situ hybridization of Hoxb6 (n = 10), Hoxb9 (n = 10), Hoxc8
(n=5), Hoxc9 (n =8), Hoxd9 (n=5), Hoxal0 (n =5), Hoxc10 (n = 4), and Hoxd10
(n=4) in control and Prtg”'"~ embryos. In situ hybridization of Hoxal0 was per-
formed on E11.0 and that of others on E10.0. Dashed red lines indicate the regions
where Prtg”'~ embryos displayed differential expression compared with control
embryos. Scale bars represent 1 mm. f Summary of the vertebral phenotypes and
Hox expression patterns in control and Prtg”'~ mice. Dashed boxes delineate the
regions of Hox gene expression in the control group. The intensity of the blue color
indicates the level of Hox gene expression observed by in situ hybridization. C
cervical vertebra (orange), L lumbar vertebra (light blue), S sacral vertebra (purple),
T thoracic vertebra (yellow and green). Red-colored vertebrae indicate additional

vertebrae in Prtg”’~ mice.
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DEGs, including 267 and 262 up-regulated and down-regulated genes,
respectively, in Prtg”’~ embryos compared with those in the control group
(Fig. 2c and Supplementary Data 1). We further used ingenuity pathway
analysis (IPA) to analyze DEGs associated with various signaling pathways,
diseases, and physiological functions. The DEGs were significantly associated
with axial development and skeleton patterning (Fig. 2d), demonstrating that
Prtg plays an essential role in the specification of vertebrae along the
anterior—posterior body axis.

The anterior homeotic transformation phenotypes of Prtg”'~ embryos
suggest that Prtg modulates vertebral patterning through Hox genes. Indeed,
trunk Hox genes were up-regulated in the Hoxb cluster (Hoxb7, b8, and b9),
whereas posterior Hox genes (Hox10-13) in all four clusters were down-
regulated (Fig. 2e). To verify our RNA-seq data, we examined Hox gene
expression via reverse transcription-quantitative polymerase chain reaction
(RT-qPCR) analysis. Consistently, we noted increased trunk Hox expression
(Hoxb6-Hoxb9) and decreased posterior Hox expression (Hoxc9-Hoxc10) in
the posterior region of Prtg™'~ embryos (Fig. 2f). Taken together, these results
suggest that the vertebral transformation in Prtg™"~ mice is caused by the
down-regulation of posterior Hox genes (paralogous groups 10-13) along
with the up-regulation and posterior shift of trunk Hox genes (b6-b9).

The TGFB signaling is down-regulated in Prtg~'~ embryos
To elucidate molecular mechanisms underlying Hox gene regulation by
Prtg, DEGs between Prtg”'~ and control embryos were subjected to IPA
analysis to identify potential upstream regulators. Predicted upstream reg-
ulators included signaling pathways related to the TGFp (TGFB1) and
WNT/B-catenin (CTNNBI) signaling pathways, GTPase regulation
(HRAS), SOX2 transcription factor, inflammatory responses (NFKBIA and
TNEF), and apoptosis (TP53 and TP73) (Fig. 3a). Thereafter, we performed
gene set enrichment analysis (GSEA) to investigate signaling pathways
regulated by Prtg. Among all the pathways examined, the TGFp pathway
exhibited the most significant alteration in Prtg”’~ embryos (normalized
enrichment score [NES] = 1.82, nominal p-value =0, false discovery rate
[FDR] g-value = 0.014) (Fig. 3b and Supplementary Table 3). Considering
the crucial role of the TGFp signaling in the activation of posterior Hox
genes, we hypothesized that Prtg promotes TGFp signaling activity to reg-
ulate Hox gene expression. GSEA results revealed down-regulation of the
TGFp signaling pathway in Prtg”'~ embryos, characterized by decreased
expression of core components, such as Skil, Ski, Smad7, and Smurfl (Fig. 3¢
and Supplementary Table 4). This result was further validated by using RT-
qPCR. Expressions of Skil, Smad7, and Smurfl in the posterior trunks of
Prtg”'~ embryos were significantly decreased compared with those of the
control (Fig. 3d). This result provides evidence for down-regulation of the
TGFp signaling activity in the posterior trunk of Prtg™"~ embryos.
Activation of the TGFp signaling leads to phosphorylation and acti-
vation of downstream signaling transducers, Smad2 and Smad3*. Thus, we
examined the TGF signaling activity by using western blot analysis and
quantifying the ratio of phosphorylated Smad2 (pSmad2) to total Smad2. In
the posterior trunk of E9.5 Prtg”’~ embryos, the pSmad2 ratio was sig-
nificantly decreased compared with that in the control (Fig. 3e, f). The level
of Smad4, a co-Smad involved in both TGFp and bone morphogenetic
protein (BMP) signaling, remained constant. In addition, no obvious
change in the expression of those TGF ligands, receptors, and Smads was
observed in Prtg”'~ embryos (Supplementary Fig. 3a and Supplementary
Table 5). These results indicate that Prtg deficiency leads to a down-
regulation of the TGFp signaling activity and a reduction in pSmad2 levels.

A decrease of TGFp signaling activity in the PSM of Prtg '~
embryos

Numerous studies have reported roles of the TGFp signaling in embry-
ogenesis, including germ layer specification, left-right asymmetry, and axial
patterning”>**~*". Since the phenotype of Prtg”'~ mice manifest in the ver-
tebral column, we examined whether the TGFp signaling is down-regulated
in the posterior mesoderm of Prtg '~ mice. We performed whole-mount
immunostaining of pSmad2 as an indication of TGFp signaling activity in
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Fig. 2 | Transcriptome analysis of the posterior trunks of E9.5 Prtg”'~ embryos.
a Schematic representation of the experimental design for transcriptome analysis. E9.5
embryos were dissected between the 12th and 13th somite, and the posterior trunks were
subjected to bulk RNA-seq analysis. b Numbers of differentially expressed genes (DEGs)
observed in Prtg"" vs Prtg""™, Prtg"* vs Prtg”", and Prtg"~ vs Prtg”’"~ embryos. DEGs
were identified using edgeR with FDR < 0.05 as the cutoff. ¢ Heatmap of DEGs in the
Prtg™’*, Prtg™™ and Prtg”~ samples. A total of 529 DEGs were identified between the
" and Prtg'’") and Prtg”"~ samples, among which 267 and 262 genes were
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Functions Annotation generated via Ingenuity Pathway Analysis (IPA) illustrating the
significant association of Prtg-regulated genes with body axis development. e Heatmap
illustrating the fold change in Hox gene expression observed in Prtg™~ samples relative to
control embryos (Prtg™* and Prtg™"), derived from RNA-seq data. f The expression
levels of Prtg, Hoxb6, Hoxb7, Hoxb8, Hoxb9, Hoxc9, Hoxd9, Hoxal0, and Hoxc10 in the
posterior trunk samples of Prtg"'", Prtg"™ and Prtg”'~ embryos were quantified using
RT-qPCR. Tbp was used as the reference gene. Data are presented as the mean + SEM.
Statistical significance relative to Prtg"* is indicated (n =4 for each bar; p < 0.05;

“p<0.01; "p <0.001, by one-way ANOVA).

E9.5 embryos (Fig. 4a and Supplementary Movies 1 and 2). In the control
embryos, pSmad2 signaling was detected in the tail region and a portion of
the heart. In Prtg™'~ embryos, pSmad2 staining was significantly decreased
in the tail region, including the tail bud, presomitic mesoderm (PSM), lateral
plate mesoderm (LPM), and neural tube, while remaining unchanged in the
heart. Conversely, total Smad2/3 staining was uniformly distributed
throughout the body and did not display an obvious difference between the
controland Prtg”"~ embryos (Supplementary Fig. 3b). These results indicate
that loss of Prtg leads to down-regulation of TGFp signaling activity in the
tail. Furthermore, we verified the expression of genes downstream of the
TGEFp pathway by using whole-mount in situ hybridization. The expression
levels of Ski, Skil, and Smurfl were reduced in the tail bud and PSM of Prtg’/ -
embryos (Fig. 4c—e and Supplementary Fig. 4b). Interestingly, mesodermal
development markers, such as Cyp26al, T, Tbx6 and Msgnl, were similar
between the control and Prtg”"~ embryos (Supplementary Fig. 4a), sug-
gesting that down-regulation of TGFp signaling activity in Prtg”'~ embryos
do not affect mesodermal development. We also compared Hoxcl0 and
Hoxd10 expression in E9.5 embryos by using whole-mount staining fol-
lowed by sectioning (Fig. 4b, f, g and Supplementary Movies 3 and 4). In the

paraxial mesoderm, the expression of both HoxcI0 and Hoxdl0 was
predominantly in the tail bud and PSM (Fig. 4f, g, left panels). In
Prtg”’~ embryos, Hoxcl0 and Hoxdl0 expression was posteriorly
restricted. In sections of the posterior region, expression levels of HoxcI0
and Hoxd10 were similar in the tail bud region but dramatically decreased
in the PSM region of Prtg '~ embryos (Fig. 4f, g, right panels). Collectively,
our findings suggest that Prtg regulates TGFp signaling activity in the
developing PSM, which is critical for proper expression of posterior
Hox genes.

Prtg interacts with Gdf11 and modulates its signaling activity

We observed a reduction in pSmad?2 levels in the tails of Prtg”’~ embryos
(Fig. 4), which corresponds with the expression pattern of Gdfi1”. In
contrast, the pSmad2 levels in the heart of Prtg”"~ embryos remained
unchanged, where the TGFp signaling is mediated by Tgfb1 and Tgfb2*.
Moreover, it is well established that Gdf11 regulates posterior Hox genes,
which were similarly affected in Prtg '~ embryos'®”. Our RNA-seq results
also revealed a decrease in Isl] expression and a slight increase in Lin28
expression (Supplementary Data 1), indicating a down-regulation of Gdf11
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Fig. 3 | Down-regulation of TGF signaling activity in the posterior trunks of
E9.5 Prtg”'~ embryos. a Upstream regulator analysis via IPA demonstrated that the
DEGs in the Prtg '~ samples were significantly associated with TGFB1. b GSEA
revealed that TGFp signaling was significantly altered in Prtg '~ embryos. c Heatmap
of the expression levels of genes within the TGFp signaling gene set. d The expression
levels of TGF signaling target genes in the Prtg"’*, Prtg"’~, and Prtg”"~ posterior
trunk samples were quantified using qRT-PCR. Tbhp was used as the reference gene.

Data are presented as the mean + SEM. Statistical significance relative to Prtg** is

Gapdh Smad2 Gapdh Gapdh

indicated (n = 4 for each bar; "p < 0.05; "p < 0.01;p < 0.001, by one-way ANOVA).
e Western blot analysis of the Prtg, phosphorylated Smad2 (pSmad2), total Smad2,
and Smad4 levels in Prtg*™'*, Prtg*'~, and Prtg™'~ posterior trunk samples. Gapdh was
used as an internal control. The molecular weight ladders are labeled, and the
estimated molecular weight size is indicated by a tilde. f Quantitative results of (e).
The level of pSmad?2 was significantly decreased in the Prtg™'~ samples. Data are
presented as the mean + SEM. Statistical significance relative to Prtg™’" is indicated
(n =4 for each bar; "p <0.05; "p < 0.01; p < 0.001, by one-way ANOVA).

signaling activity. Based on these findings, we hypothesized that Prtg reg-
ulates Gdfl1 signaling activity to modulate pSmad2 levels. To test this
hypothesis, we co-expressed Prtg and GdfI1 in P19 embryonic carcinoma
cells and accessed TGFp signaling activity by using a CAGA-driven luci-
ferase reporter. Our results showed that Prtg enhances Gdfl1-mediated
TGEFp signaling activity, whereas knockdown of Prtg (shPrtg) led to reduced
TGFp signaling activity (Fig. 5a). In contrast, TGFP signaling activity
mediated by Inhba (activin A) or Tgfbl remained unaffected by Prtg.
Furthermore, pSmad2 levels in cells expressing Gdf11 showed a significant
correlation with expression levels of Prtg (Fig. 5b, c), indicating that Prtg
specifically facilitates Gdf11-mediated TGFp signaling.

Given that the expression of GdfI1 was unchanged in Prtg "~ embryos
(Supplementary Fig. 3a and Supplementary Table 5), it is possible that Prtg
regulates Gdfl1 signaling activity through a post-translational mechanism.

Indeed, we demonstrated that Prtg interacts with Gdf11 in P19 cells by using
co-immunoprecipitation, while no interaction was observed between Prtg
and activin A (Inhba) or Tgfbl (Fig. 5d). Furthermore, we showed that
the extracellular domain of Prtg is required for its interaction with Gdf11
(Fig. 5e, f). Using a TGFp activity reporter assay, we found that the extracellular
domain of Prtg (Prtg ET) alone was capable of facilitating Gdf11-mediated
TGFp signaling activity, whereas truncation of the extracellular domain
(Prtg TC) completely abolished this ability (Fig. 5g). The levels of pSmad2
detected by western blot exhibited similar patterns as those observed with the
TGEp activity reporter assay (Fig. 5h, i). These results suggest that the extra-
cellular domain of Prtg, but not the intracellular domain, is crucial for its
interaction with and regulation of Gdf11 signaling activity. Taken together, our
findings indicate that Prtg promotes Gdfll signaling activity through
protein—protein interaction.
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Recapitulation of Prtg~'~ phenotypes in the hiPSC-derived

PSM model

Our results from studying Prtg”'~ mice suggest that the vertebral transfor-
mation defect is caused by down-regulation of the Gdf11/Smad2 signaling
activity and subsequent reduction of posterior Hox genes. To determine
whether Prtg regulates posterior Hox gene expression via the Gdfll/

Smad2 signaling, we employed an in vitro model of axial and somite devel-
opment derived from hiPSCs. Specifically, we adapted protocols from Lipp-
mann, et al. and Matsuda, et al. to direct differentiation of hiPSCs into PSM
through stepwise addition of activin A (ACT A), fibroblast growth factor 2
(FGF2), and CHIR99021 (a small-molecule agonist of the WNT/[-catenin
pathway) (Fig. 6a)***. Over the course of 7 days, we observed a decrease in the
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Fig. 4 | Decreased TGFp signaling activity in the PSM of Prtg '~ embryos.

a Whole-mount immunostaining of Prtg (red), pSmad2 (green), and DAPI (blue) in
E9.5 control and Prtg'~ embryos. Digital transverse sections at the indicated levels in
the whole-mount embryos are shown at the bottom (1 = 8 embryos per group). Scale
bars represent 500 um. b Whole-mount immunostaining of Hoxc10 (green) and
DAPI (blue) in E9.5 control and Prtg™'~ embryos (1 = 4 embryos per group). Digital
transverse sections at the indicated levels in the whole-mount embryos are shown at
the bottom. Arrowheads indicate the PSM regions. Scale bars represent 500 pm. D
dorsal, V ventral. c-e Whole-mount in situ hybridization of Ski (n = 2) (c), Skil (n = 2)

(d), and Smurfl (n = 2) (e) in E9.5 control and Prtg '~ embryos. Dashed lines indicate
regions where the expression levels are decreased in Prtg”"~ embryos. Scale bars
represent 500 pm. f, g Whole-mount in situ hybridization of Hoxc10 (n =2) (f) and
Hoxdl10 (n=2) (g) in E9.5 embryos. Red dashed boxes indicate regions of reduced
expression levels of the indicated gene in Prtg”’~ embryos. Dashed lines indicate the
positions of sections in the right panels. Scale bars represent 500 pm in whole-mount
images and 100 pm in sections. fb forelimb bud, h heart, Ipm lateral plate mesoderm,
nc notochord, np neural plate, nt neural tube, ov otic vesicle, pal 1st pharyngeal arch,
psm presomitic mesoderm, sm somitic mesoderm.

expression of a stem cell marker POU5F1/OCT4 based on RT-qPCR and
western blot analyses (Fig. 6b, ¢, h). Expressions of primitive streak (PS)
markers TBXT and MIXLI were increased from day 1, followed by a decrease
after day 2. Expressions of PSM markers TBX6 and MSGNI were detectable
from day 1 to day 7. The expression profile of these marker genes indicated a
process of paraxial mesodermal differentiation: hiPSCs initially differentiate
into PS cells on day 1 and subsequently progress into PSM-like lineage. To
evaluate the capability of our in vitro-induced PSM-like cells to further dif-
ferentiate into somitic mesoderm, we exposed them to a combination of
SB431542 (a TGF signaling inhibitor), LDN193189 (a BMP signaling inhi-
bitor), PD173074 (an FGF signaling inhibitor), and XAV939 (a Wnt signaling
inhibitor) for 2 days (Supplementary Fig. 5a). These cells differentiated into
somitic mesoderm based on the expression of MEOX1, a somite marker
(Supplementary Fig. 5b—f). Taken together, at each stage of our induction and
differentiation protocol, expected markers according to studies in animal
models were appropriately expressed”', confirming that our stepwise protocol
recapitulated the developmental trajectory of the somitic mesoderm.

We further examined PRTG expression in our hiPSC-PSM model.
PRTG was initially detected on day 2, reaching its peak on days 3 and 4,
followed by a decline on day 5, as observed at levels of both transcript and
protein (Fig. 6b, ¢, h). To validate the axial patterning using our hiPSC-PSM
model, we generated PRTG knockout (PRTG*®) hiPSC lines using the
CRISPR/Cas9 method (Fig. 6d, e and Supplementary Figs. 6 and 7). All
PRTG*® hiPSC clones (A5, A7, E8, and F4) exhibited similar characteristics
as WT cells (N2 and G2), displaying normal stem cell morphology, high
alkaline phosphatase activity, and the pluripotent cell marker OCT4 (Sup-
plementary Fig. 8). Upon differentiation into PSM, the expression profiles of
markers for different stages, including POU5FI1, TBXT, TBX6, MSGN1, and
MEOX]1, were comparable between the control and PRTG*® lines (Fig. 6h).
In addition, flow cytometry and immunocytochemistry analyses on day 5 of
hiPSC-PSM differentiation revealed that appropriately 85% of cells were
TBX6-positive, with no significant difference in TBX6-positive ratio
between clones (Supplementary Fig. 9). These results demonstrate that
PRTG*® hiPSCs undergo normal differentiation into PSM-like cells.

We assessed HOX gene expression in PRTG® cells using our iPSC-
PSM differentiation protocol. In the hiPSC-PSM model, HOX gene
expression followed a collinear pattern similar to that in embryonic devel-
opment (Fig. 6h and Supplementary Fig. 10). Specifically, HOXBI (an
anterior HOX gene) and HOXB6 (a trunk HOX gene) exhibited increased
expression on post-induction days 1 and 2, while the posterior HOX genes
HOXC9 and HOXCI0 displayed up-regulation after day 3. The more pos-
terior HOX gene HOXC11 remained silent until day 7. In PRTG*® cells, we
did observe a delay in posterior HOX gene expression. In WT clones,
HOXC9 and HOXCI10 were expressed on day 3, whereas in PRTG*® cells,
their expression became noticeable only after day 4. Importantly, we
observed a significant decrease in the level of pSMAD2 on day 7 of differ-
entiation in PRTG*® hiPSC-PSM cells (Fig. 6f, g). These findings demon-
strate that, akin to mouse embryonic development, PRTG deficiency in a
human cell model leads to diminished TGFp signaling activity and delayed
and/or reduced expression of posterior HOX genes.

GDF11/SMAD2 signaling acts downstream of PRTG in regulating
the expression of posterior HOX genes

To determine whether enhancing TGFp signaling activity could rescue the
expression of posterior HOX genes in PRTG'® hiPSC-PSM cells, we

administrated recombinant human GDF11 to the culture medium from day
3 to day 5 to activate the TGFp signaling in these cells (Fig. 7a).
GDF11 supplementation increased the level of pPSMAD2 in PRTG*® cells
(Fig. 7b, ¢), suggesting an elevation of TGFp signaling activity. Notably, the
expression of posterior HOX genes, including HOXCI0, HOXDIO0,
HOXAI1, and HOXCI1, was significantly up-regulated in PRTG*® hiPSC-
PSM cells upon GDF11 administration on day 5 (Fig. 7d). Additionally,
inhibition of SMAD2 phosphorylation by SB431542 suppressed the
expression of HOXC10, whereas the induction of SMAD2 phosphorylation
by other TGFp ligands, such as activin A and TGFBI, enhanced its
expression (Supplementary Fig. 11). These results suggest that the induction
of posterior HOX genes is mediated by the TGFB/SMAD?2 pathway, and that
restoring TGFB/SMAD?2 signaling activity with GDF11 is sufficient to res-
cue the delayed expression of posterior HOX genes in PRTG-deficient iPSC-
PSM cells. Together with the phenotypic analysis of Prtg”"~ embryos and
data from P19 cells, we demonstrate that the GDF11/SMAD?2 signaling acts
downstream of PRTG in regulating posterior HOX gene expression,
therefore modulating vertebral axial patterning.

Discussion

The spatial and temporal expression of Hox genes during early embryonic
development subdivides the vertebral column into distinct regions. Several
signaling pathways, including the Wnt and TGFp, are known to define the
anterior, trunk, and posterior/tail Hox gene expression. In addition, other
molecules such as miR-196, Nr6al, and retinoic acid have been shown to
influence Hox expression’*>*. However, many factors involved in the
regulation of the Hox gene remain to be uncovered. Here, we highlight the
role of Prtg in governing the trunk-to-tail transition of Hox gene expression
(Fig. 8). In Prtg-deficient mice, we observed a reduction in the level of
pSmad2 in the tail region of E9.5 embryos, leading to the delayed activation
of Hox10 and Hoxl11. Consequently, this delay resulted in the anterior
homeotic transformation of the posterior thoracic vertebrae. Furthermore,
we showed that Prtg interacts with Gdf11 and facilitates Gdf11-mediated
TGEFp signaling activity. To further investigate these effects, we established
an in vitro hiPSC-derived PSM-like model and successfully recapitulated the
reduction of pPSMAD2 and delayed expression of HOX10 and HOXI1! in
Prtg"~ mouse embryos by using PRTG cells. Our results demonstrate that
GDF11 addition effectively elevated the level of pPSMAD2 and rescued the
expression of posterior HOX genes in PRTG*® hiPSC-PSM cells. These
findings underscore the critical role of PRTG in the GDF11/SMAD2-
mediated activation of posterior HOX genes.

The abundant expression of Prtg during early embryogenesis
highlights its role in regulating developmental processes. Our study
indicates that Prtgregulates Gdf11 signaling to control axial patterning of
the somitic mesoderm. Interestingly, GdfII-mutant mice display severe
defects in the developmental process, including down-regulation of T,
Tbx6, and Msgn1, which are genes associated with the mesodermal fate™'.
In contrast, in Prtg’/ ~ embryos, the expression of T, Tbx6, and Msgnl
remains mostly unchanged, and no obvious morphological abnormal-
ities on E9.5 to E11.0 were observed (Supplementary Fig. 4a and Sup-
plementary Data 1). These results suggest that, despite of down-
regulation of the Gdf11 signaling in Prtg™'~ embryos, it remains sufficient
to support most developmental processes. However, the timing of trunk-
to-tail Hox code transition, which may be sensitive to Gdf11 signaling
activity, appears to be delayed.
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Fig. 5 | Prtg interacts with Gdf11 and modulates its signaling activity.

a (CAGA);,-MLP-Luc reporter activities in P19 cells transfected with Gdf11, Inhba,
Tgfbl, or a control, along with either Prtg overexpression or knockdown (shPrtg)
vectors. Control and Prtg overexpression vectors contain a shRNA with a scrambled
shPrtg sequence (shCtrl). Data are presented as the mean + SEM. Statistical sig-
nificance is indicated (n = 3 for each bar; "p < 0.05; “p < 0.01; ""p < 0.001, by one-
way ANOVA). b Protein levels of Prtg, pSmad2, and Smad2&3 were measured by
western blot. Gapdh serves as an internal control. ¢ Quantification of pSmad2 levels
in (b). Data are presented as the mean + SEM. Statistical significance is indicated
(n =3 for each bar; "p <0.05; “p < 0.01; "p < 0.001, by one-way ANOVA). d Co-
immunoprecipitation of P19 cells transfected with HA-tagged Prtg and flag-tagged

TGEF ligands. IP immunoprecipitation, WB western blot. e Schematic illustration of

Prtg variants: full-length Prtg (Full), Prtg lacking the intracellular domain (ET), and
Prtg lacking the extracellular domain (TC). f Co-immunoprecipitation of Prtg Full,
Prtg ET, and Prtg TC with Gdf11 in P19 cells. Arrowheads indicate Prtg variants in
the immunoblot images. g (CAGA),,-MLP-Luc reporter activities in P19 cells
expressing Gdf11 with Prtg Full, Prtg ET, or Prtg TC. Data are presented as the
mean + SEM. Statistical significance is indicated (1 = 3 for each bar; "p < 0.05;
“p<0.01; ""p <0.001, by one-way ANOVA). h Levels of pSmad2 in P19 cells
expressing Gdf11 with Prtg variants were analyzed by western blot. i Quantification
of pSmad2 levels (h). Data are presented as the mean + SEM. Statistical significance
is indicated (n = 3 for each bar; p <0.05; "p < 0.01; ""p < 0.001, by one-
way ANOVA).
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The expression of Prtg shows a gradual decline in the tail region
overall at E9.5 (Fig. 4a), although it remains highly expressed in the PSM of
the tail. Notably, Prtg has also been found to be enriched in early NMPs
compared with late NMPs*, indicating that the level of Prtg is crucial
during the trunk-to-tail transition. Gdf11 and miR-196, both expressed in
the tail region of the E9.5 embryo, synergistically suppress the trunk Hox

posterior regulators.

code in vitro™. Interestingly, embryos deficient for either Gdf11 or miR-196
show increased expression of Prt,
regulated by some posterior regulatory factors. Therefore, Prtg might
initially function as an early stimulator of the Gdf11 signaling to promote
posterior fate, but is suppressed later following the activation of those

1,43

, suggesting that Prtg is down-
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Fig. 6 | Recapitulation of PRTG knockout (PRTG*°) phenotypes observed in
embryos using an in vitro hiPSC-derived PSM model. a Schematic illustration of
the differentiation protocol for generating induced pluripotent stem cell-derived
presomitic mesoderm-like (iPSC-PSM) cells. PS, primitive streak; PSM, presomitic
mesoderm. b The protein levels of PRTG, pSMAD2, SMAD2/3, HOXC10, and
OCT4 at different time points in differentiated iPSC-PSM cells from control clones
were measured using a western blot. The molecular weight of nearby ladders is
labeled. The estimated molecular weight size is labeled using a tilde. ¢ Quantification
results of Fig. 5b. Data are presented as the mean + SEM (n = 4). d Schema illus-
trating the generation of PRTG* (A5, A7, E8, and F4) and non-edited (G2 and N2)
hiPSC clones via CRISPR/Cas9 gene editing. e PRTG expression in each hiPSC clone

was validated using a western blot on day 4 of the iPSC-PSM model. f The protein
levels of pSMAD2, SMAD2/3, and HOXC10 on day 7 of the hiPSC-PSM model were
measured using a western blot. g Quantification results of Fig. 5f. Data are presented
as the mean + SEM (1 = 4 for control group and 1 = 8 for PRTG*® group) ("p < 0.01;
""p <0.001; by student’s -test). h The expression levels of PRTG, stem cell marker
(POUS5FI, also known as OCT4), PS markers (TBXT and MIXL1), PSM markers
(TBX6 and MSGN1), HOXBI, HOXB6, HOXC9, HOXD9, HOXCI10, HOXD10, and
HOXC11 from day 0 to day 7 of the differentiated hiPSC-PSM model were measured
using RT-qPCR. RPL13A was used as the reference gene. Data are presented as the
mean + SEM (n = 4 for control group and n = 8 for the PRTG® group) (‘p < 0.05;
“p<0.01; ""p <0.001; by two-way ANOVA).
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Fig. 7 | GDF11 administration rescues the delayed expression of posterior HOX
genes in PRTG-deficient hiPSC-PSM cells. a Schematic illustration of the experi-
mental design. b Protein levels of pPSMAD?2, total SMAD2/3, and HOXC10 on day 5
of the PRTG*® hiPSC-PSM model, with or without GDF11 treatment, were mea-
sured using western blot. ¢ Quantification results of (b). Data are presented as the
mean + SEM (1 = 8 in the control group and 7 = 16 in the PRTG*° group; p < 0.05;
""p <0.001; by one-way ANOVA). d The expression levels of HOXB1, HOXB4,

Posterior HOX genes

HOXB6, HOXBY9, HOXC9, HOXD9, HOXA10, HOXCI10, HOXD10, HOXAI1,
HOXC11, HOXD11, and HOXBI3 on day 5 of the PRTG*® and GDF11-treated
PRTG"® iPSC-PSM cells were measured using RT-qPCR. RPL13A was used as the
reference gene. Expression levels were normalized to the levels of control iPSC-PSM
cells (N2 and G2 clones). Data are presented as the mean + SEM (n = 8 in each group;
p<0.05 "p<0.01; p<0.001; by student’s t-test).

Our study suggests that Prtg plays a crucial role in promoting the
transition of the trunk-to-tail Hox code by facilitating the Gdf11/
Smad2 signaling pathway. Although Prtg has not been previously reported
to directly control the Gdf11/Smad2 signaling in mammals, several studies
have implicated the potential involvement of IgSF DCC subclass members
in regulating the TGFp pathway. For instance, in Drosophila, Plum, a distant
homolog of Prtg and Igdcc4 (also known as Nope), promotes the signaling
activity of myoglianin, the Drosophila homolog of Mstn and Gdf11*. This
regulation has been linked to axon pruning in the developing nervous
system and synaptic function in the neuromuscular junction®. Additionally,

WAP, follistatin/kazal, immunoglobulin, kunitz, and netrin domain con-
taining 2 (WFIKKN?2), a negative regulator of Gdf11, has been reported as a
ligand for Igdcc3, Igdccd4, and Prtg in a recent study***. These findings raise
the possibility that regulation of the Gdf11/Smad2 signaling by Prtg may
involve additional molecules and have roles in other developmental pro-
cesses, providing ways for future study.

We have demonstrated that Prtg regulates Gdfll through direct
interaction, as validated by co-immunoprecipitation experiments showing
that Prtg forms a protein complex with Gdf11. This interaction modulates
Gdf11-mediated TGFp signaling, consistent with our findings that Prtg
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Gdf11 to enhance TGFp signaling, thereby facilitating the transition of the Hox code
from thoracic to lumbar identity, which occurs in the tail region of E9.5 embryos. In
Prtg knockout mice, decreased TGF signaling results in a delayed transition of the
Hox code.

enhances the GDF11/pSMAD?2 signaling in both embryos and the hiPSC-
PSM cell model. Although Prtg interacts with Gdf11, it does not seem to
function as a Gdf11 receptor, as the intracellular domain of Prtg does not
have any known kinase activity and is not required for enhancing the Gdf11/
pSmad2 signaling (Fig. 5). We propose that Prtg may function as a co-
receptor within the Gdfl1 signaling complex. Being present on the cell
surface, Prtg could facilitate Gdf11 binding to its receptors, in a manner
similar to how betaglycan enhances the binding of TGF-p2 to TGF-f
receptors, or how Cripto enables Nodal binding to activin receptors and
promotes Nodal signaling”. In addition, like other TGFp ligands, Gdf11 is
produced as a pro-peptide and requires proteolytic cleavage for activation”’.
Our results indicate that Prtg interacts with the Gdf11 pro-peptide, sug-
gesting that Prtg may play a role in the proteolytic processing of Gdf11.
Nevertheless, further investigation is needed to determine whether Prtg
binds to Gdf11 receptors or participates in the proteolytic processing of
Gdf11 to facilitate its signaling.

Another ligand of Prtg, Dnajbll (also known as ERdj3), has been
demonstrated to interact with Prtg to regulate neuronal differentiation®.
Our previous study also shows that interaction between Prtg and Radil
affects integrin activation, which contributes to the regulation of migration
and apoptosis in rostral cephalic neural crest cells”. Moreover, a recent
study heightened PRTG expression in gastric cancer and Helicobacter pylori-
infected tissues, with PRTG activation linked to cGMP/PKG axis stimula-
tion, promoting the proliferation, metastasis, and chemoresistance of gastric
cancer cells”. Despite that Prtg is involved in various signaling pathways,
whether these pathways participate in the regulation of Prtg on Hox gene
expression or axial vertebral patterning has not been reported. Further
investigation is required to determine whether these Prtg-modulated sig-
naling pathways regulate Hox gene expression and axial vertebrate pat-
terning during development.

The advantage of hiPSCs in reconstituting development in vivo has
recently been evaluated. When cultured under defined conditions, hiPSCs
differentiate into cell types such as NMPs, neurons, and somitic mesodermal
cells’*. Their differentiation potential provides a relatively homogeneous
sample for studying molecular mechanisms, thus simplifying the compli-
cated condition in vivo. The hiPSC-derived organoids that form segment
somite-like structures have recently raised the potential for modeling
somitogenesis™’*>. However, in previous studies, these somite-like orga-
noids did not fully activate the collinearity of HOX genes. Moreover, the
expression of HOXDI0 and more posterior HOX genes was not detected,
and the organoid failed to accomplish fully human somitogenesis. The
defective development of the caudal body in these organoids closely
resembles the phenotype in Gdfl1 mutant mice”. Interestingly, in our
hiPSC-PSM model, HOXDI10 and even more posterior Hox genes were
induced. Considering that the activation of posterior HOX genes requires
GDF11/SMAD?2 signaling activity, the gradual elevation of the pSMAD?2
level in our hiPSC-PSM model after day 4 might have facilitated the
expression of more posterior HOX genes. Indeed, GDF11 treatment has
been used to trigger caudal HOX gene expression in studies that generated
hiPSC-derived cells with regional identities™. As the mechanism that acti-
vates endogenous GDFII1 expression during embryogenesis remains
undiscovered, our hiPSC-PSM model potentially offers valuable insights
into achieving complete somitogenesis.

In conclusion, our study provides evidence that Prtg interacts with
Gdf11 and modulates Gdf11-mediated Smad2 activation in the developing
paraxial mesoderm, thereby promoting posterior Hox gene expression and
facilitating the trunk-to-tail transition during vertebral patterning. Our
in vitro hiPSC-PSM model enables us to further investigate the molecular
mechanism by which PRTG regulates GDF11 signaling activity. The roles of
PRTG-mediated GDF11 signaling in other developmental processes, as well
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as the mechanism by which this interaction facilitates GDF11/
SMAD? signaling activity, are key areas of interest for future research.

Methods

Animals and genotyping

The conventional Prtg knockout allele was generated as described
previously’’. All procedures involving mice were conducted in strict
accordance with university guidelines. Ethical approval for animal experi-
ments was obtained from the Institutional Animal Care and Use Committee
of National Yang Ming Chiao Tung University (IACUC no. 1110111nr).
For the genotyping of postnatal mice, tissue samples (a piece of the tail or
foot finger) were lysed by incubating them with 300 pL of 50 mM NaOH at
95 °C for 30 min, followed by neutralization with 50 pL of 1 M Tris (pH 7.9).
For embryo genotyping, the yolk sac was lysed in 30 uL of 50 mM NaOH,
heated at 95 °C for 30 min, and subsequently neutralized with 5 pL of 1 M
Tris (pH 7.9). Extracted DNA was subjected to PCR using Taq DNA
polymerase (Geneaid) with the primer sequences listed in Supplementary
Table 6.

Skeletal and cartilaginous tissue staining

Neonatal mice were euthanized, skinned, and eviscerated before
staining. Cartilage was stained with Alcian Blue 8GX (Sigma-Aldrich)
and skeletal tissue with Alizarin Red S (Sigma-Aldrich). Specimens were
stored in 20% glycerol for photography. See Supplementary Methods
for details.

Digoxigenin-labeled riboprobe synthesis

DNA templates were generated using high-fidelity PCR and subcloned into
a pCRII-TOPO Vector (Invitrogen) or directly used for probe synthesis.
Digoxigenin-labeled riboprobes were synthesized using T7 RNA poly-
merase (Roche) or SP6 RNA polymerase (Thermo Fisher Scientific) and
purified using a Blood/Cell RNA Mini Kit (Geneaid). See supplementary
methods for details. The primers used for probe preparation are listed in
Supplementary Table 6.

Whole-mount in situ hybridization

Embryos were fixed in 4% paraformaldehyde (PFA)/phosphate-buffered
saline (PBS) with 0.1% Tween 20 (PBST) overnight, dehydrated with
methanol, rehydrated with PBST, bleached with 6% H,0,, and permeabi-
lized with proteinase K (Roche). Digoxigenin-labeled riboprobes were used
to probe target genes, and alkaline phosphatase-conjugated anti-digox-
igenin Fab (Roche) was used to label the riboprobes. Color staining was
performed using nitro blue tetrazolium (NBT, Sigma-Aldrich) and 5-
bromo-4-chloro-3-indolyl-phosphate (BCIP, Sigma-Aldrich). See Supple-
mentary Methods for details.

Total mRNA-seq and transcriptome analyses

Total RNA from E9.5 posterior tissues was purified using a Tissue Total
RNA Mini Kit (Geneaid), and mRNA-seq was performed by GENEWIZ
using an Ilumina HiSeq sequencer. DEGs were generated using edgeR
and analyzed via Qiagen IPA and GSEA. See Supplementary Methods
for details.

RT-qPCR

Total RNA was extracted using the Tissue Total RNA Mini Kit (Geneaid) or
Blood/Cell RNA Mini Kit (Geneaid), and genomic DNA was removed via
on-column DNase digestion. SuperScript IV Reverse Transcriptase (Invi-
trogen) and anchored oligo dT(20)VN (Integrated DNA Technologies)
were used to generate complementary DNA. RT-qPCR was performed
using an ABI StepOnePlus instrument. TagMan assays were performed
using the PrimeTime Gene Expression Master Mix (Integrated DNA
Technologies), and SYBR Green assays were performed using the Power-
Track SYBR Green Master Mix (Applied Biosystems). See Supplementary
Methods for details. The sequences of the primers and probes are listed in
Supplementary Table 6.

Western blot

Protein extracted from tissues or cells was cleaned by centrifugation,
separated using sodium dodecyl sulfate—polyacrylamide gel electrophoresis,
and transferred onto a polyvinylidene fluoride membrane (Millipore). The
membrane was blocked with skimmed milk, probed using a primary anti-
body, and subsequently probed with horseradish peroxidase (HRP)-con-
jugated secondary antibody. A chemiluminescent HRP substrate was used
for protein detection. See Supplementary Methods for details. The anti-
bodies used for western blot are listed in Supplementary Table 7.

Whole-mount immunofluorescent staining

Embryos were collected using ice-cold PBS and fixed with 4% PFA/PBS for
4 h at 4 °C. Following fixation, the embryos were permeabilized using Tris-
buffered saline (TBS) containing 1% Triton X-100, blocked with blocking
buffer, and incubated with a primary antibody at 4 °C. The embryos were
subsequently washed with blocking buffer and incubated with a secondary
antibody overnight at 4 °C. Thereafter, they were cleaned with RapiClear
(Sunjin Lab) and imaged using a confocal microscope. See Supplementary
Methods for details. The antibodies used for immunofluorescent staining
are listed in Supplementary Table 7.

Vector construction

The mouse open reading frames of Prtg, Gdf11, Inhba, Tgfb1,and Pcsk5 were
amplified by PCR from the cDNA of E9.5-E10.5 mouse embryos and
subsequently cloned into an expression vector derived from UI4-puro-
SIBR. The DNA fragments containing either the Prtg knockdown sequence
or its scramble control were cloned into the UI4-puro-SIBR, resulting in
shPrtg and shCtrl, respectively. All plasmids were verified by restriction
enzyme mapping and Sanger sequencing. Primers and oligonucleotides
used for cloning are listed in Supplementary Table 6. The constructed
sequences with corresponding restriction enzyme sites are provided in
Supplementary Data 2.

P19 cell culture and transfection

P19 embryonic carcinoma cells, purchased from Bioresource Collection and
Research Center (BCRC Taiwan), were cultured in a-MEM (Gibco) sup-
plemented with 10% FBS (Gibco) and 1x PSG (Gibco). Cells were passaged
every two or three days when reached 80-90% confluence. During the
passage, cells were rinsed with PBS, detached using TrypLE Express (Gibco),
and reseeded on a new tissue culture dish. Transfection was performed using
Lipofectamine 3000 (Invitrogen) according to the manufacturer’s manual.
See Supplementary Methods for details.

TGFp luciferase reporter assay

TGFp signaling activities were measured by a CAGA-driven luciferase
reporter vector’’. Two days after transfection, cells were lysed in a passive
lysis buffer (Promega), and luciferase activities were measured using the
Dual-Luciferase Reporter Assay System (Promega). See Supplementary
Methods for details.

Co-immunoprecipitation (Co-IP)

Two days after transfection, P19 cells were lysed in an IP lysis buffer. The
lysates were clarified by centrifugation and incubated overnight with anti-
HA antibody-conjugated resin. The resin was then washed three times with
IP lysis buffer, and the protein complexes were extracted by heating in SDS
sample buffer. See Supplementary Methods for details.

hiPSC culture

The hiPSC line NTUH-iPSC-02-02 (abbreviated as N2) was purchased
from the Bioresource Collection and Research Center of the Food Industry
Research and Development Institute, Taiwan. The use of these hiPSC lines
followed the Policy Instructions of the Ethics of Human Embryo and
Embryonic Stem Cell Research guidelines, in Taiwan. In addition, this study
was approved by the institutional review boards of National Yang Ming
Chiao Tung University (#YM110194W). Human iPSCs were routinely
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maintained in StemFlex medium (Gibco) on vitronectin (VIN-N, Gibco)
coated dishes at 37 °C in a 5% CO, incubator and passaged with ethyle-
nediaminetetraacetic acid/Dulbecco’s PBS according to the manufacturer’s
instructions. See supplementary methods for details.

Generation of PRTGX® hiPSC lines using the CRISPR/Cas9
technique

DNA oligonucleotides for guide RNA (gRNA) targeting were designed
using the TrueGuide CRISPR gRNA Design Tool (Thermo Fisher Scien-
tific). The gRNA was complexed with the Cas9 protein (Invitrogen) and
electroporated into hiPSCs. After recovery, individual colonies were
expanded to establish isogenic cell lines. PRTG knockout in these cell lines
was verified using western blot and confirmed via Sanger sequencing. See
Supplementary Methods for details.

Induction of presomitic and somitic mesodermal cells

One day after cells were attached to a vitronectin-coated 24-well tissue
culture plate, the medium was replaced with advanced Dulbecco’s Modified
Eagle Medium (DMEM)/F-12 (Gibco) containing 1x N-2 supplement
(Gibco), 1x GlutaMAX supplement (Gibco), 0.5x non-essential amino acid
(NEAA) supplement (Gibco), 50 ng/mL Activin A (PeproTech), 5uM
CHIR99021 (Tocris Bioscience), and 20 ng/mL FGF2 (PeproTech) to
induce PS differentiation. For further PSM differentiation, the medium was
exchanged with advanced DMEM/F-12 containing 1x N-2 supplement, 1x
GlutaMAX, 0.5x NEAA, 5 uM CHIR99021, and 20 ng/mL FGF2. SM dif-
ferentiation was then achieved by replacing the medium with advanced
DMEM/F-12 containing 1x N-2 supplement, 1x GlutaMAX, 0.5x NEAA,
10 uM SB431542 (Tocris Bioscience), and 250 nM LDN193189 (Tocris
Bioscience) for 1 day, followed by a final medium change to advanced
DMEM/F-12 containing 1x N-2 supplement, 1x GlutaMAX, 0.5x NEAA,
1uM XAV939 (Tocris Bioscience), and 100nM PDI173074 (Tocris
Bioscience) for an additional day. See Supplementary Methods for details.

Immunofluorescence

hiPSCs were seeded on vitronectin-coated coverslips and subjected to iPSC-
PSM differentiation. On day 5 of differentiation, cells were fixed with 4%
PFA in PBS, permeabilized with methanol, blocked with 5% BSA in TBST,
and incubated with primary antibodies overnight. The following day, cov-
erslips were rinsed with TBST and incubated with secondary antibodies and
DAPL After staining, the coverslips were rinsed three times with TBST and
mounted on slides with Fluoromount-G for imaging. See Supplementary
Methods for details.

Flow cytometry

Day 5 hiPSC-PSM cells were detached with TrypLE and fixed with 4%
PFA in PBS. Fixed cells were then permeabilized with methanol, blocked
with 10% horse serum in TBST, and stained with primary and secondary
antibodies. The stained cells were subsequently analyzed using a Beck-
man CytoFLEX S flow cytometer. See Supplementary Methods for
details.

Statistics and reproducibility

Data are presented as means + SEM. Statistical significance was assessed
using a t-test, one-way ANOVA with Tukey testing, or two-way ANOVA
with the original FDR method of Benjamini and Hochberg as a post hoc test.
The t-test was conducted by Microsoft Excel. One-way ANOVA and two-
way ANOVA were performed using GraphPad Prism software. Statistical
significance is indicated in the figures as p<0.05, “p<0.01, and
™p <0.001. Each data point represents a single measurement or the mean of
technical replicates from an embryo or sample collected from independently
treated cells. The number of replicates is specified in the figure legends.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

RNA-sequencing data are deposited in the NCBI database under accession
number GSE256393. Uncropped blot images are provided in Supplemen-
tary Fig. 12. Constructed sequences generated in this study are listed in
Supplementary Data 2. Source data underlying the graphs and charts in the
main figures are included in Supplementary Data 3. All detailed experi-
mental procedures are available in the Supplemental Information.
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