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Abstract

Somitogenesis and subsequent axial skeletal development is regulated by the interaction of
pathways that determine the periodicity of somite formation, rostrocaudal somite polarity and
segment identity. Here we use a hypomorphic mutant mouse line to demonstrate that Supt20
(Suppressor of Ty20) is required for development of the axial skeleton. Supt20 hypomorphs
display fusions of the ribs and vertebrae at lower thoracic levels along with anterior homeotic
transformation of L1 to T14. These defects are preceded by reduction of the rostral somite and
posterior shifts in Hox gene expression. While cycling of Notch target genes in the posterior
presomitic mesoderm (PSM) appeared normal, expression of Lfng was reduced. In the anterior
PSM, Mesp2 expression levels and cycling were unaffected; yet, expression of downstream targets
such as Lfng, Ripply2, Mesp1 and DII3 in the prospective rostral somite was reduced accompanied
by expansion of caudal somite markers such as EphrinB2 and Hes7. Supt20 interacts with the
Gcenb-containing SAGA histone acetylation complex. Gen5 hypomorphic mutant embryos show
similar defects in axial skeletal development preceded by posterior shift of Hoxc8 and Hoxc9 gene
expression. We demonstrate that Gen5 and Supt20 hypomorphs show similar defects in rostral-
caudal somite patterning potentially suggesting shared mechanisms.
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Introduction

The segmented architecture of the vertebrate axial skeleton originates during embryogenesis
from the metameric organization of transient embryonic structures known as somites.
Somitogenesis and subsequent axial skeletal development is regulated by the interaction of
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pathways that determine the periodicity of somite formation, rostrocaudal somite polarity
and segment identity. Following gastrulation, somites form in a rostral-to-caudal progression
as cells of the anterior presomitic mesoderm (PSM) undergo periodic mesenchyme to
epithelial transformations. Interaction of molecular oscillators known as the “segmentation
clock” in the posterior PSM regulates periodicity of somite formation with graded signals of
a 'wavefront' (first proposed in (Cooke and Zeeman, 1976) and recently reviewed in
(Dequeant and Pourquie, 2008; Hubaud and Pourquie, 2014). At the determination front in
the anterior PSM, interaction of signals of the segmentation clock and wavefront culminates
in acquisition of rostrocaudal polarity and segment identity prior physical formation of the
somites (reviewed in (Hubaud and Pourquie, 2014; limura et al., 2009; Saga, 2012). As
somites mature, they compartmentalize into the dermomyotome and sclerotome that gives
rise to axial muscles and dermis of the back or elements of the axial skeleton, respectively
(reviewed in (Christ et al., 2004; Yusuf and Brand-Saberi, 2006).

The segmentation clock in the posterior PSM controls the periodicity of somite formation.
This clock can be visualized by the oscillatory expression of components of Notch, Wnt and
FGF pathways that occur in cycles once for each somite formed (Aulehla and Johnson,
1999; Aulehla et al., 2003; Bessho et al., 2001; Bone et al., 2014; Dequeant et al., 2006;
Forsberg et al., 1998; Ishikawa et al., 2004; McGrew et al., 1998; Niwa et al., 2007;
Palmeirim et al., 1997). Cyclic activation of these pathways results from activation of
negative feedback loops (reviewed in (Hubaud and Pourquie, 2014). For instance,
production of NICD1 (Notchl intracellular domain) and subsequent negative feedback due
to induced expression of Notch inhibitors such as Lfng and Hes7 sweeps across the PSM
(Bessho et al., 2003; Dale et al., 2003; Morimoto et al., 2005). Oscillations in Notch
pathway activation integrate with oscillations in Wnt and Fgf signaling into a complex
regulatory network (Aulehla et al., 2003; Bone et al., 2014; Dequeant et al., 2006; Niwa et
al., 2007; Wahl et al., 2007).

At the determination front, oscillatory gene expression ceases and cells of the somite
primordia acquire a rostrocaudal pattern prior to physical formation of the somite (reviewed
in (Hubaud and Pourquie, 2014; Saga, 2012). Positioning of the determination front requires
cyclic activation of Notch, Wnt and Fgf pathways in the posterior PSM with an opposing
gradient of Retinoic acid signaling culminating in expression of the bHLH transcription
factor Mesp2 (Aulehla et al., 2003; Aulehla et al., 2008; Dubrulle et al., 2001; Dubrulle and
Pourquie, 2004; Dunty et al., 2008; Goldbeter et al., 2007; Morimoto et al., 2005;
Niederreither et al., 1997; Sakai et al., 2001; Yasuhiko et al., 2006). Mesp2 controls both
segmentation and rostrocaudal patterning of the somite by regulating expression of a
network of genes that specify rostral or caudal somite fates (Morimoto et al., 2005; Saga,
2007, 2012; Takahashi et al., 2003; Takahashi et al., 2000). Initially, Mesp2 is expressed in
both the rostral and caudal portion of the next somite (S-1) to be formed (Morimoto et al.,
2005; Oginuma et al., 2010; Takahashi et al., 2010; Takahashi et al., 2000). In the caudal
half of S-1, Mesp2 initiates expression of its inhibitor Ripply1/2, restricting Mesp2
expression to the rostral domain (Takahashi et al., 2010). In the rostral somite, Mesp2
represses Notch signaling by inducing expression of Lfng and DII3 and destabilizing the
transcriptional co-activator MamL1 (Morimoto et al., 2005; Sasaki et al., 2011; Takahashi et
al., 2010; Takahashi et al., 2003; Takahashi et al., 2000). In the caudal Mesp2-negative
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somite, Notch signaling is active and DII1 and Hes7 are expressed (Takahashi et al., 2003;
Takahashi et al., 2000).

The rostrocaudal polarity of the somite is of particular importance for development of the
sclerotome into elements of the axial skeleton. Some axial skeletal elements are formed
through a process called resegmentation where the caudal sclerotome from one somite
combines with the rostral sclerotome of the adjacent somite (reviewed in (Christ et al., 2007;
Fleming et al., 2015; Scaal, 2016). The vertebral body and spinous process form through
resegmentation, whereas the proximal ribs, neural arches and pedicles develop primarily
from the caudal somite and the intervertebral disk and distal rib from the rostral somite
(Aoyama and Asamoto, 2000; Bagnall et al., 1988; Evans, 2003; Ewan and Everett, 1992;
Goldstein and Kalcheim, 1992). Establishment of somite polarity is also essential for proper
migration of the neural crest and the motor nerve axons through the rostral somite (Bronner-
Fraser, 2000; Keynes and Stern, 1984; Kuan et al., 2004). Thus the proper establishment of
rostral-caudal somite polarity is crucial for the future segmentation of both the axial skeleton
and peripheral nerves.

In addition to rostral-caudal pattern information, axial identity becomes fixed in the anterior
PSM where anterior boundaries of Hox transcription factors are refined (reviewed in
(Deschamps and van Nes, 2005; limura et al., 2009). Hox gene expression is initiated during
gastrulation but as cells move through the PSM, Notch, Wnt, Fgf and Retinoic acid signals
influence their final expression pattern (Cordes et al., 2004; Dubrulle et al., 2001; Greco et
al., 1996; Ikeya and Takada, 2001; Kessel and Gruss, 1991; Lohnes et al., 1994; Partanen et
al., 1998; Zakany et al., 2001). Based on the expression of unique Hox genes, somites will
differentiate into vertebrae with distinct morphologies (Kessel and Gruss, 1991; Krumlauf,
1994) and alterations in expression of specific Hox genes result in homeotic transformations
of the axial skeletal confined to particular axial levels (reviewed in (Wellik, 2009). For
instance, mutations of Hoxc8 or Hoxc9 in mice result in rib fusions and homeotic
transformations of the lower thoracic region including transformation of Lumbar (L1)
vertebrae to Thoracic (T14) (Le Mouellic et al., 1992; Suemori et al., 1995; van den Akker
et al., 2001). Furthermore, shifts in the anterior limit of Hox gene expression results in
homeotic transformations. For example, Gen5 is a histone acetyltransferase (HAT) that
functions as an integral component of the SAGA (Spt Ada Genb Acetyl transferase) multi-
subunit histone-modifying complex (reviewed in (Wang and Dent, 2014). Hypomorphic
mutation of Genb results in axial patterning defects consisting of rib fusions and homeotic
transformations of lumbar L1 to thoracic T14 vertebrae (Lin et al., 2008a). These axial
skeletal defects are preceded by posterior shifts in the anterior boundary of Hoxc8 and
Hoxc9 expression (Lin et al., 2008a).

There is considerable overlap between the pathways involved in gastrulation, mesoderm
specification and somitogenesis. Consequently much of our knowledge of the pathways that
regulate formation and patterning of the axial skeleton in the mouse initially arose from
studies of hypomorphic mutants where gene function is not completely ablated. For
example, null mutations of some Fgfs or Whnts results in severe gastrulation defects,
precluding study of the gene function in somite formation (Ciruna and Rossant, 2001; Deng
etal., 1994; Sun et al., 1999; Takada et al., 1994). However, hypomorphic mutations of these
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genes allows for completion of gastrulation and analysis of gene functions in somite
formation (Aulehla et al., 2003; Greco et al., 1996; Partanen et al., 1998). Full knockout of
Whnt3a results in loss of paraxial mesoderm (Takada et al., 1994), whereas hypomorphic
mutation of Wnt3a in vestigial tail (vt) mutants provides enough gene function for
mesoderm development to proceed allowing analysis of in somite formation and vertebral
patterning (Aulehla et al., 2003; Greco et al., 1996). Similarly, Fgfrl and Fgf8 mutant
embryos show impaired migration of mesoderm through the primitive streak and subsequent
mesoderm development (Ciruna and Rossant, 2001; Deng et al., 1994; Sun et al., 1999).
Generation of a hypomorphic Fgfrl allele reveals a key role for Fgfrl in regulation of Hox
gene expression and axial skeletal patterning (Partanen et al., 1998). Subsequent studies
involving conditional deletion of Fgfrl or Fgf8/Fgf4 after mesoderm migration confirmed
the role of this pathway in somite formation and axial patterning (Naiche et al., 2011; Wahl
et al., 2007). These studies demonstrate that somite defects in hypomorphs were not
exclusively due to residual defects of gastrulation and mesoderm specification.

Analysis of other mouse lines further supports the utility of hypomorphic alleles in analysis
of somite development. Fgf8 is required for Thx6 expression in the PSM (Ciruna and
Rossant, 2001) and analysis of hypomorphic Thx6 mutants reveals Thx6 is required for
specification of posterior somites and rostral-caudal somite pattern (White et al., 2003).
Mutation Actr2a;Actr2b result in defects in mesoderm formation (Oh and Li, 1997; Song et
al., 1999), whereas reduce gene dosage of receptors in Actr2b or compound Actr2a and
Actr2b mutants allows for mesoderm formation to occur and analysis of axial skeletal
development (Oh et al., 2002). Finally, analysis of skeletal defects in hypomorphic
mutations in Mesp2 or Notch pathway components allows for separation of the function of
these genes in somite formation and rostrocaudal patterning (Cordes et al., 2004; Nomura-
Kitabayashi et al., 2002; Schuster-Gossler et al., 2009). Together these studies illustrate the
power of studying somite formation in hypomorphic mutant mouse lines to uncover later
developmental functions of genes.

We previously described an ENU-induced hypomorphic mutation in Supt20 (suppressor of
Ty20, also known as p38 mitogen activated protein kinase (MAPK) interacting protein
(p38IP) or Fam48a) that results in an array of incompletely penetrant neural tube defects
including spina bifida and exencephaly along with variable and very low penetrant
gastrulation defects (Zohn et al., 2006). Among other functions, Supt20 is an essential core
component of the Gen5-containing SAGA complex (Grant et al., 1997; Nagy et al., 2009;
Wang et al., 2008). While, full loss of Gen5 function results in failure to form many
mesoderm derivatives (Xu et al., 2000), Gen5 hypomorphic mutants show axial skeleton
defects in lower thoracic regions including rib fusions and homeotic transformations along
with spina bifida and exencephaly (Bu et al., 2007; Lin et al., 2008a; Lin et al., 2008b). Here
we demonstrate that like Gen5, Supt20 hypomorphic mutants display rib and vertebrae
fusions along with homeotic transformations of lower thoracic segments. Defects in axial
skeletal development in Supt20 hypomorphic mutants are preceded by disruptions of the
Mesp2-induced gene regulatory network at the determination front, alterations in
rostrocaudal patterning of the somites and posterior shifts in Hoxc9 and Hoxc8 expression.
Finally, we demonstrate that Gen5 hypomorphic mutants show similar alterations in
rostrocaudal patterning of the somites as Supt20 hypomorphs.
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Materials and Methods

Results

Mouse Strains and Analysis of Mutant Phenotypes. The Supt209reY, Supt20Gt(RRK304)Byg
Gcensflox(neo) and Tg(BAT-lacZ)3Picc mouse lines were described previously (Lin et al.,
2008a; Lin et al., 2008b; Maretto et al., 2003; Zohn et al., 2006). All strains were crossed
onto a C3H background (C3H/HeNcrl) for at least 10 generations before analysis.
Penetrance of gastrulation defects in Supt20"YP® mutant embryos was low and embryos with
obvious gastrulation defects were excluded from analysis. Skeletal staining and whole-
mount RNA in situs were performed as described (Hogan et al., 1994; Zohn et al., 2006).
The following probes were used: Uncx4.1 (Mansouri et al., 1997), Tbx18 (Kraus et al.,
2001), DII1 (Bettenhausen et al., 1995), Hes7 (Bessho et al., 2001), Lfng (Evrard et al.,
1998), Mesp2 (Saga et al., 1997), Mespl (Saga et al., 1996), DII3 (Dunwoodie et al., 1997),
Ripply2 (Biris et al., 2007), EphrinB2 (Bergemann et al., 1995), Brachyury (Rashbass et al.,
1991), Wnt3a (Roelink and Nusse, 1991), Fgf8 (Tanaka et al., 1992), Spry4 (Zhang et al.,
2001) and Hoxc8 and Hoxc9 (Burke et al., 1995). Immunohistochemical staining to detect
alpha-neurofilament protein was performed as described (Davis et al., 1991) using the 2H3
antibody (Developmental Studies Hybridoma, University of lowa) at a concentration of
1:250. Images were acquired using a Zeiss Lumar microscope with an Axiocam HRc camera
(Zeiss) and Axiovision (4.6) software and processed using Adobe Photoshop (14.2). Figures
were assembled in Adobe Illustrator (17.1.0). Western blot analysis was performed on E10.5
embryos lysed in RIPA buffer (Thermo Fisher Scientific #89901). Supt20 was detected using
an anti-Supt20 antibody generated using a conserved recombinant peptide located within the
first 300 amino acids of human Supt20 (Santa Cruz Biotechnology, sc-84118) with anti-
Gapdh (Cell Signaling #2118) as a loading control. Westerns were visualized using the
Odyssey Imaging System (LI-COR).

Supt20 hypomorphic mutants display axial skeletal defects. Our previous studies showed
that a genetrap allele of Supt20 (Supt20GH(RRK304)BY9) resylts in aberrant mesoderm
organization in mouse embryos and embryonic lethality by E9.5 (Zohn et al., 2006). In
contrast, a hypomorphic N-ethyl-N-nitrosourea (ENU)-induced mutation in Supt20 in the
droopy eye (Supt209r®Y) mutant mouse line results in variably penetrant exencephaly, spina
bifida and very low penetrant gastrulation defects (Zohn et al., 2006). The drey mutation
results in a T to C transition in the splice donor consensus sequence following exon 14 of the
Supt20 gene (Zohn et al., 2006). Analysis of Supt20 transcripts produced in mutant embryos
indicates that while some are normally spliced, the majority of transcripts utilize alternate
splice donor sequences resulting in alternative splicing (Zohn et al., 2006). Sequencing of
the aberrantly spliced transcripts reveals premature stop codons encountered at either 951 or
948 base pairs (Zohn et al., 2006). These alternatively spliced transcripts are predicted to
results in truncation of the Supt20 protein from 531 to 316 or 317 amino acids and alteration
of the predicted molecular weight from 60 kDa to 44 kDa. Western blot analysis using an
anti-Supt20 antibody on embryo lysates from E10.5 wild type or Supt209¢¥/* and
Supt209rey/drey embryos reveals a gene dosage-dependent reduction in the amount of wild
type Supt20 protein produced (Supplemental Figure S1). The antibody used for this analysis
is predicted to recognize truncated protein products and no alternative products were
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detected in Supt209reY/drey embryos suggesting that alternatively spliced products are not
stable. Further, no discernable phenotypes are observed in heterozygous Supt20drey/+
animals suggesting if truncated products are present they do not have appreciable dominant-
negative activities.

Since the frequency of developmental defects in Supt209reY/drey mutants was low (Zohn et
al., 2006), to investigate the effects of reduced Supt20 activity on development of the axial
skeleton we analyzed Supt209rey/Gt(RRK304)Byg transheterozygotes (hereafter referred to as
Supt20 hypomorphs; Supt20MYP0) created by crossing Supt209ey/+ with
Supt20CURRK304)BYg/*+  Examination of E15.5-16.5 Alcian Blue/Alizarin Red-stained
Supt20MYPO skeletons revealed fusions of the ribs and vertebrae in the lower thoracic region
(Figure 1). Cervical and the first 9 thoracic vertebrae and ribs (T1-T9) appeared normal in
all skeletons examined (n=8). However, fusions were observed in the proximal ribs
connected to thoracic vertebrae T10-T13 in approximately 75% of mutant embryos. (n=6/8).
Fusions appeared without bias on both the left and right sides of the body axis (arrow heads
in Figure 1B, C). Fusions of the pedicles and in some cases vertebral bodies were also
observed (* in Figure 1E, F). In addition, 60% (5/8) of Supt20"YP° mutants showed
transformation of the first lumbar (L1) to thoracic vertebrae (labeled as T14* in Figure 1B,
C and E). Skeletal defects appeared in the mutants irrespective of whether they displayed
neural tube defects.

Disrupted rostrocaudal polarity of somites in Supt20 hypomorphs. Fusions of axial skeletal
elements can result from abnormal rostrocaudal patterning of the somites. The rostral and
caudal division of somites provides a substrate for migration of the neural crest that
transverse the rostral somite to form peripheral spinal nerves and axons (Bronner-Fraser,
2000; Keynes and Stern, 1984; Kuan et al., 2004). Thus, a normally segmented peripheral
nerve pattern indicates the proper establishment of rostrocaudal somite polarity. To visualize
segmentation of peripheral nerves, immunohistochemical staining was used to detect
neurofilament protein. This analysis reveals normal periodicity of peripheral spinal nerves
and dorsal root ganglia in E10.5 wild type embryos (Figure 2A; n=6). However, in Supt20
hypomorphs, the spinal nerves were thinner, misaligned and many nerve bundles failed to
transverse the somite (Figure 2B; n=6).

To investigate whether skeletal fusions and abnormal segmentation of the peripheral nerves
might stem from abnormal pattern of somites, the rostral and caudal sclerotome
compartments were visualized by histology. In hematoxylin and eosin stained parasagittal
sections of the lower thoracic region of E12.5 control embryos, the sclerotome presents as
alternating dark and light stripes of rostral dense pre-rib/vertebral and caudal intervertebral
disc primordium, respectively (Figure 2D). In Supt20"YP° mutants this metameric pattern
was disrupted (Figure 2C, D; n=4). Darkly stained cells of the rostral pre-rib/vertebral
primordium appeared narrower and in some instances were diffuse and difficult to discern.

The expression pattern of rostral and caudal markers of the somite were visualized by whole
mount in situ hybridization. The lower thoracic vertebrae, where fusions are found in Supt20
hypomorphs (T10-13), arise from somites 21-25 that form between E9 and 10 (Gossler and
Tam, 2002). Thus, we focused our analyses at E9.5 and 10.5, during and slightly after these
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somites are formed. Thx18 is a T-box transcription factor expressed in the rostral somite
(Bussen et al., 2004) and Uncx4.1 is a paired homeobox transcription factor expressed in the
caudal somite (Mansouri et al., 1997). DII1 is a homolog of the Notch ligand Delta and
expressed in the caudal half of the somite (Bettenhausen et al., 1995). In control E9.5 and
10.5 embryos, Thx18 and Uncx4.1/DII1 display tight localization to the rostral and caudal
somite compartments, respectively (Figure 3A, E, E, G). In Supt20 hypomorphs, the Thx18
expression domain was reduced to varying degrees along the entire anterior-posterior axis in
all hypomorphic embryos examined at both E9.5 and 10.5 (n=3 at each stage; Figure 3D, F).
Importantly, while the expression domain of Thx18 was narrower at all levels, expression
was dramatically reduced in the prospective thoracic region (Bracket in 3B). Conversely,
expression of Uncx4.1 and DII1 was slightly expanded within individual somites (n=3;
Figure 31-N). Thus, Supt20 hypomorphs exhibit a reduction of rostral somite identity
accompanied by a slight expansion of the caudal domain.

Cycling of Notch signaling in the PSM of Supt20 hypomorphs. Somite periodicity as well as
rostrocaudal polarity is determined by oscillations of Notch signaling within the posterior
PSM (Forsberg et al., 1998; Oginuma et al., 2010; Palmeirim et al., 1997; Shifley et al.,
2008). Thus, we determined whether cyclic expression of Notch target genes (Lfng and
Hes7) occurs in the PSM of Supt20M"YP° mutants. While fusions in Supt20"YP° mutants are
primarily seen in the T10-13 segments of the axial skeleton, the underlying disruption of
rostrocaudal somite patterning is seen in all segments that arise from E9.0 onwards (Figure
3). Based on this, subsequent analyses were conducted between E9.5-10.5 and similar
results were obtained no matter what stage was analyzed. Expression patterns of both Lfng
(Figure 4D-F) and Hes7 (Figure 4A-B) were equally distributed between the three phases of
the somite cycle in both wild type and Supt20"YP° embryos suggesting that cyclic activation
of the Notch pathway was not affected. Interestingly, the intensity of Lfng expression was
reduced in all phases of the somite cycle in the PSM of the majority (72%; 18/25) of the
Supt20MYPO mutants examined. In contrast, the intensity of Hes7 expression was unchanged
in the PSM. Additionally, at the determination front where rostrocaudal polarity of the
forming somites is determined, expression of Lfng was dramatically decreased in the rostral
somite and Hes7 expanded in the caudal somite in Supt20 hypomorphs.

Altered rostrocaudal pattern in the anterior PSM of Supt20"YP° mutants. Lfng expression in
the rostral half of the newly formed somite is required for proper rostrocaudal patterning
(Evrard et al., 1998; Zhang and Gridley, 1998) and reduced Lfng expression here in Supt20
hypomorphs (Figure 4A-C) may contribute to altered rostrocaudal somite patterning. While
in the posterior PSM expression of Lfng is induced by Notch signaling, at the determination
front the bHLH transcription factor Mesp2 controls Lfng expression (Morimoto et al., 2005).
Thus expression of Mesp2 was examined to determine if decreased Lfng expression here
might be due to reduced Mesp2 expression. However, no difference in pattern or level of
Mesp2 expression was found in Supt20 hypomorphs versus wild type littermates.
Approximately one third of Supt20 hypomorphs and littermate controls showed high levels
of Mesp2 expression in the rostral and caudal S-1 somite (Figure 5A, B), another third
exhibited expression restricted to the rostral compartment of S-1 somite (Figure 5C, D) and
the final third showed weak expression in rostral S-1 and SO (Figure 5E, F). There was no
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appreciable difference in expression levels of Mesp2 between Supt20 hypomorphs and wild
type littermates in any of these phases.

Mesp2 controls expression of a gene regulatory network that divides the presomite into
rostral and caudal domains (reviewed in (Saga, 2012). Mesp2 induces expression of Ripply2,
which in turn represses Mesp2 expression in the caudal somite (Takahashi et al., 2010).
Ripply2 expression appears as a single intense band in the S-1 somite in approximately half
of the wild type embryos (Figure 5G) and the remaining embryos display intense expression
in S-1 and weaker expression in SO (Figure 51). Ripply2 was expressed in S-1 in half of the
Supt20 hypomorphs (7/15) examined (Figure 5H). Half of these (4/7) showed weak
expression and the remaining mutants (8/15), showed weak Ripply2 expression in S-1, with
comparably greater expression in SO (Figure 5J). Additional markers of the rostral somite
were also reduced in the anterior PSM of Supt20 hypomorphs including of Mespl (n=10/13;
Figure 5K, L) and DII3 (n=4/4; Figure 5M, N). Conversely, expression of EphrinB2 in the
caudal somite was expanded (n=7/7; Figure 50, P).

Whnt and Fgf signaling appear unaltered in Supt20 hypomorphs. Activation of Notch
signaling in the posterior PSM and translation of these signals to somite formation and
patterning requires coordinated activation of the Wnt and Fgf pathways (Benazeraf and
Pourquie, 2013; Geetha-Loganathan et al., 2008; Pourquie, 2011). To determine if these are
altered in Supt20 hypomorphs, expression of a sampling of ligands and downstream targets
were examined. No difference was found in expression of beta-galactosidase in the PSM of
BAT-Gal Wnt-reporter embryos (n=2; Figure 6A,B); in expression of the Wnt target gene
Brachyury (n=3; Figure 6C, D) nor the Wnt ligand Wnt3a (n=3; Figure 6E, F). Similarly,
Fgf8 (n=3; Figure 6G, H) and expression of the Fgf-induce Spry4 transcript (n=16; Figure 6
I, J) appeared unchanged in the PSM of Supt20 hypomorphs. These results suggest that
reduction of Lfng expression and the subsequent altered specification of rostrocaudal somite
polarity in Supt20 hypomorphs is not likely due to alteration of Wnt or Fgf signaling.

Commonalities in phenotypes between Spt20 and Gen5 hypomorphs. Supt20 is an essential
core component of the Gen5 containing SAGA complex (Grant et al., 1997; Nagy et al.,
2009; Wang et al., 2008). Like hypomorphic Supt20 mutants, Gen5 hypomorphs show
neural tube closure defects along with rib fusions and homeotic transformations (including
L1-T14) in the lower thoracic region reminiscent of those described here in Supt20
hypomorphs (Bu et al., 2007; Lin et al., 2008a; Lin et al., 2008b; Zohn et al., 2006). Axial
skeletal defects in the lower thoracic region of Gen5 hypomorphs were attributed to
alterations in Hox gene expression but rostrocaudal somite patterning was not examined (Lin
et al., 2008a). Specifically, posterior shifts in Hoxc8 and Hoxc9 expression preceded axial
skeletal defects in Gen5 hypomorphs (Lin et al., 2008a). As many Supt20 hypomorphs also
show homeotic transformation of L1 to T14, we determined if the shifts in Hoxc8 and
Hoxc9 expression observed in Gen5 hypomorphs (Lin et al., 2008a) also occur in Supt20
mutants. In wild type embryos, Hoxc8 expression is detected in segments posterior to
prevertebra V17 that contributes to thoracic vertebrae T5 and T6 (Figure 7A), whereas
expression of Hoxc8 in Supt20 hypomorphic mutants was shifted by one segment and
detected in segments posterior to and including prevertebra V18 that contributes to thoracic
vertebrae T6 and T7 (Figure 7B). Similarly, Hoxc9 was expressed in segments posterior to
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and including prevertebra V19 that contribute to thoracic vertebrae T7 and T8 in wild type
embryos; whereas expression of Hoxc9 was shifted posteriorly by one segment to
prevertebra V20 that contribute to thoracic vertebrae T8 and T9 (Figure 7C, D).

Hox gene expression is initiated during gastrulation in the primitive streak and final
expression domains become fixed as cells move through the PSM (Cordes et al., 2004;
Dubrulle et al., 2001; Greco et al., 1996; Ikeya and Takada, 2001; Kessel and Gruss, 1991;
Lohnes et al., 1994; Partanen et al., 1998; Zakany et al., 2001). Supt20 null mutant embryos
show defects in gastrulation resulting in delayed mesoderm migration (Zohn et al., 2006). To
determine if posterior shifts in Hoxc8 expression originate when gene expression is initiated
during gastrulation, in situ hybridization was done to examine Hoxc8 expression in early
somite stage embryos (2-6 somites, n=9). As shown in Figure 7E-H, the expression domain
of Hoxc8 appears similar in Supt20 hypomorphic mutant embryos and wild type littermates.
Unexpectedly, the intensity of expression was increased in some hypomorphs (5/9). This
result indicates that the initiation of Hoxc8 expression is not delayed or shifted anteriorly in
E8.5 Supt20 hypomorphs and that the posterior shifts in Hoxc8 expression in E10.5 embryos
is more likely due to alteration of signals in the PSM.

To determine if Gen5 hypomorphic mutants show similar defects in rostrocaudal somite
patterning as Supt20 hypomorphs, expression of Thx18 was examined in
Gcensflox(neo)/flox(neo) mytants. As shown in Figure 7E and F, both the intensity and domain
of Thx18 expression in the rostral somite is reduced in Gen5 hypomorphs. Similar to Supt20
hypomorphs, reduced expression of Thx18 was greater in somites that contribute to the
thoracic vertebrae (Figure 7F). Thus Gen5 and Supt20 hypomorphs show similar alterations
in rostrocaudal somite patterning and Hoxc gene expression.

Discussion

Supt20 hypomorphic mutants show rib and vertebrae fusions along with L1 to T14
transformations. These defects are preceded by reduced Lfng expression in the posterior
PSM, alterations of rostrocaudal somite pattern at the determination front and a posterior
shift of Hoxc8 and Hoxc9 expression. Rostrocaudal patterning of the somites requires cyclic
activation of Notch, Wnt and Fgf pathways in the posterior PSM (Pourquie, 2011; Saga,
2012). While cycling of Notch target genes and activation of Wnt and Fgf pathways in the
posterior PSM appears normal in Supt20 hypomorphs, Lfng expression is reduced in both
the posterior and anterior PSM. Mesp2 controls Lfng expression in the anterior PSM and
initiates expression of gene networks that specify the rostral presomite including Lfng,
Ripply2, Mespl and DII3 (Saga, 2012). Expressions of all of these transcripts are reduced in
Supt20 hypomorphs. Together these results suggest that Supt20 is required for full activation
of Lfng expression in the posterior PSM and downstream of Mesp2 in the anterior PSM for
proper establishment of rostrocaudal somite patterning.

Axial skeletal defects are in Supt20 hypomorphs are primarily localized to the lower
thoracic region. Interestingly, fusions of skeletal elements are only observed in the lower
thoracic region in Supt20 hypomorphs. Since Supt20 is ubiquitously expressed along the
anterior posterior axis of the mouse embryo during somitogenesis (Zohn 2006), the bias in
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axial level of skeletal fusions is not likely due to restricted expression but rather, a
consequence of the specific pathways regulated by Supt20. While only a few studies are
published, Supt20 has multiple context dependent functions. Supt20 was originally found in
a yeast two-hybrid screen to identify proteins that bind p38 MAPK (Zohn et al., 2006).
Furthermore, p38 MAPK activation in the primitive streak is required for downregulation of
E-Cadherin protein allowing for timely migration of mesoderm (Zohn et al., 2006).
Subsequently, Supt20 was implicated in regulation of Atg9 during autophagy (Wang et al.,
2008; Webber and Tooze, 2010). Of particular interest, both Supt20 and it yeast homologue,
Spt20 are essential core components of the Gen5-containing SAGA complex (Grant et al.,
1997; Nagy et al., 2009; Wang et al., 2008). siRNA mediated knockdown of Supt20 results
in destabilization of the Gen5-containing SAGA complex and degradation of Gen5 (Liu et
al., 2013). Since Genb and Supt20 hypomorphs show similar neural tube (exencephaly and
spina bifida) and axial skeleton defects (rib fusions and homeotic transformations of lower
thoracic segments) (Lin et al., 2008a; Lin et al., 2008b), we explored whether these gross
phenotypic similarities are preceded by similar molecular alterations in gene expression. We
demonstrate that like Supt20, Gen5 hypomorphs show reduction of the Thx18 positive
rostral somite. Moreover, like Gen5, Supt20 hypomorphs exhibit posterior shifts in Hoxc8
and Hoxc9 expression, two Hox genes important for specifying the identity of thoracic
segments of the axial skeleton (Le Mouellic et al., 1992; Suemori et al., 1995; van den
Akker et al., 2001). Thus it is possible that the axially localized disruption of skeletal
development in Supt20 and Gen5 hypomorphs represents the intersection of altered
rostrocaudal somite patterning and expression of Hox genes that specify the lower thoracic
segments.

Axial skeletal defects and alteration of Hox gene expression. We previously showed that
Supt20 is ubiquitously expressed during gastrulation and somitogenesis (Zohn et al., 2006).
Furthermore, Supt20 null mutants show gastrulation defects where mesoderm is properly
specified yet migration is delayed due to failure to efficiently down regulate the E-Cadherin
protein (Zohn et al., 2006). Patterning of the axial skeleton is initiated at this early time point
with induction of temporally collinear Hox gene expression before the nascent mesoderm
migrates through the primitive streak (Forlani et al., 2003; Gaunt and Strachan, 1996; limura
and Pourquie, 2006). Thus delayed mesoderm migration in Supt20 mutant embryos could
potentially influence initiation of Hox gene expression accounting for the posterior shift in
Hoxc8 and Hoxc9 and anterior transformations. This was initially proposed as a potential
mechanism underlying anterior transformations and posterior shifts in Hox expression in
Fgfrl hypomorphs (Partanen et al., 1998). Like Supt20, Fgfrl is required in the primitive
streak for timely mesoderm migration (Ciruna et al., 1997; Zohn et al., 2006). However,
analysis of mutants where the Fgfrl ligands Fgf4 and Fgf8 are conditionally deleted after
mesoderm migration results in similar posterior transformations (Naiche et al., 2011),
suggesting that disruption of Fgf signals in the PSM rather than at the primitive streak are
the likely culprits mediating homeotic transformations. We demonstrate that initiation of
Hoxc8 expression is not delayed in Supt20 hypomorphs and that Hoxc8 is expressed at
higher levels in many mutant embryos. This result is inconsistent with the posterior shift in
expression observed at later stages. However, the final pattern of Hox gene expression is not
solely due to initiation of expression at gastrulation, but becomes modified in the PSM
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before somite formation (Cordes et al., 2004; Zakany et al., 2001). Furthermore, very few
Supt20 hypomorphs showed gastrulation phenotypes whereas somite/vertebrae phenotypes
were fully penetrant. Thus, a more likely explanation is that Supt20 is required in the PSM
for refinement of Hox gene expression and subsequent axial skeletal patterning. While Wnt
and Fgf signaling appear unaffected in Supt20 mutants, Lfng in the posterior PSM was
reduced. Intriguingly, reduced Notch signaling in the PSM results in anterior shifts in Hox
gene expression and posterior homeotic transformations (Cordes et al., 2004).

Finally, molecular interactions and phenotypic similarities between Gen5 and Supt20
hypomorphic mutants suggest a common pathway. Like Supt20, Genb is required during
gastrulation but for specification rather than migration of mesoderm (Xu et al., 2000; Zohn
et al., 2006). Thus, it is unlikely that similarities in phenotype reflect shared functions during
gastrulation. Resolution of the precise timing of the requirement for Supt20 action in axial
skeletal development awaits creation of conditional alleles and analysis of axial patterning
when deleted in the paraxial mesoderm following gastrulation.

Avre rostral-caudal pattern defects in Supt20 mutants due to activity at the determination
front? Lfng expression is also reduced in Supt20 hypomorphs at the determination front.
Here Mesp2 controls Lfng expression, initiating expression of gene networks including
Lfng, Ripply2, Mespl and DII3 to specify the rostral somite (reviewed in (Saga, 2012). The
initial activation of Mesp2 at the determination front is controlled by the somite clock
(Morimoto et al., 2005; Yasuhiko et al., 2006) and was unaffected in Supt20 hypomorphs. In
contrast, the downstream gene network specifying rostral versus caudal somite identity was
impaired. These results suggest that Supt20 acts at the determination front to establish
rostrocaudal somite pattern downstream from Mesp2.

Avre axial skeletal defects in Supt20 mutants due to disruption of the Gen5 containing SAGA
complex? The Genb containing SAGA complex may act as a co-activator of Notch induced
transcription (Bray, 2006; Fryer et al., 2002; Kitagawa et al., 2001; Kurooka and Honjo,
2000; Petcherski and Kimble, 2000a, b). For example, in Drosophila, the failure to recruit
the SAGA complex can enhance the phenotype of Notch pathway mutants (Gause et al.,
2006). Interaction with Notch signaling might also explain the effect of Supt20 mutation on
rostrocaudal somite pattern at the determination front and Hoxc8 and Hoxc9 gene expression
in the PSM. Furthermore, the SAGA complex may interact with Mesp2 to regulate Notch
activity. In support of this, Mesp2 inhibits Notch activity in the rostral somite by a
mechanism involving destabilization of mastermind-likel (MamL1), a core component of
the nuclear NICD1 complex (Oyama et al., 2011; Sasaki et al., 2011). In Drosophila
interactions between MamL function and the SAGA complex in Notch signaling have been
documented (Gause et al., 2006; Rollins et al., 1999).

However, subtle differences in phenotype between Supt20 and Gen5 hypomorphs suggest
that this model is likely oversimplified. Rib fusions occur in distal ribs close to the sternum
in Gen5 hypomorphs (Lin et al., 2008a), whereas fusions in Supt20 mutants are found in the
proximal ribs adjacent to the vertebrae. Additionally, Supt20 hypomorphs show vertebral
fusions while Gens mutants do not (Lin et al., 2008a). Thus it is possible that Gen5-
independent, Supt20-regulated pathways also contribute to axial skeletal defects. Supt20 is
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required for p38 MAPK activation in the primitive streak p38 MAPK and intersects with
both Transforming Growth Factor beta (Tgfj3) and Wnt signaling pathways important for
axial skeletal development (Bikkavilli et al., 2008; Clements et al., 2011; Zohn et al., 2006).
For instance, p38 MAPK is activated by the Tgfj3 family ligand Nodal during specification
of the anterior visceral endoderm and Supt20 can interact with Nodal to regulate this
pathway (Clements et al., 2011). Furthermore, mutation of the Tgfj3 family ligand Gdf11 or
its receptors results in homeotic transformations and alterations in Hox gene expression
(Andersson et al., 2006; McPherron et al., 1999; Nakashima et al., 1999; Oh and L.i, 1997;
Oh et al., 2002). On the other hand, experiments in cell lines suggests activation of p38
MAPK can promote and inhibition attenuate canonical Wnt pathway activation (Bikkavilli et
al., 2008). Interestingly, hypomorphic Wnt3a mutants show posterior shift of Hox genes
along with homeotic transformations of the thoracic and lumbar segments (Greco et al.,
1996; Ikeya and Takada, 2001). However, activation of a canonical Wnt reporter in Supt20
hypomorphs was not altered nor was expression of the Wnt3a target gene Brachyury (T) in
Supt20 null mutants arguing against disruption of canonical Wnt signaling (Yamaguchi et
al., 1999; Zohn et al., 2006). Disruption of non-canonical Wnt pathways could play a role, as
double knockout of the non-canonical Wnt5a and Wnt11 genes results in loss of caudal
somite fate and similar changes in the Mesp2-initiated gene regulatory network as found in
Supt20 mutants (Andre et al., 2015). Additionally, activation of p38 MAPK was reduced in
the posterior regions of Wnt5a;Wnt11 double knockout embryos and Wnt5a and Wntl11 can
activate p38 MAPK in primary mouse embryonic fibroblasts (Andre et al., 2015).

The origin of axial defects in Supt20 hypomorphic mutants is likely complex. In this study,
specific steps in axial skeletal development that require Supt20 gene function are identified.
Yet, Supt20 is required early in the mesoderm lineage for proper gastrulation, which might
have long lasting implications on subsequent mesoderm and somite development.
Additionally, Supt20 regulates multiple pathways that might contribute in different ways to
the axial skeletal development. Future experiments will further investigate the relative
contribution of these pathways to further elucidate the molecular mechanisms underlying
skeletal defects in Supt20 hypomorphs.
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Highlights

Hypomorphic Supt20 mutants exhibit defects in axial skeletal
development including fusions of ribs and vertebrae and anterior
homeotic transformations of lower thoracic segments

Axial skeletal defects are preceded by altered rostrocaudal patterning of
the somite and posterior shift of Hoxc8 and Hoxc9 expression.

Expression of Lfng is reduced in the posterior PSM, but cycling of
Lfng and Hes7 and activation of Fgf and Wnt pathways appear
unaffected.

Activation of the gene regulatory cascade downstream of Mesp2 to
establish rostrocaudal somite polarity at the determination front is
altered.

Supt20 interacts with Genb and Gen5 hypomorphs show similar axial
skeletal defects of the lower thoracic region preceded by reduction of
the rostral somite and posterior shifts in Hoxc8 and Hoxc9 expression.
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E15.5

E16.5

Figure 1.
Supt20 hypomorphs show rib and vertebrae fusions. Dorsal views of Alcian blue/Alizarin

red stained skeletons from wild type (A,D) and Supt20"YP° embryos (B,C,E,F) at E15.5 (A-
C) and E16.5 (D-F). Supt20"YP° embryos have rib (yellow arrows) and vertebrae (*) fusions.
Thoracic and lumbar vertebrae are labeled (T4-T13 and L1-L5) with L1 to T14
transformations in Supt20"YP° embryos labeled as T14* in B, C and E.
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Figure 2.
Disrupted migration of neural crest within somites of Supt20 hypomorphs. A,B. Staining of

peripheral nerves with an anti-neurofilament antibody reveals disrupted migration through
the rostral somite of E10.5 Supt20 hypomorph (B) but not wild type (A) embryos. Panels A’
and B’ show magnified views of the boxed regions in A and B. Hematoxylin and Eosin
(H&E) staining (C, D) of sagittal sections of E12.5 wild type (C) and Supt20"YP° embryos
(D) reveals narrowing of the darker stained rostral pre-rib/vertebral (brackets) and expansion
of the caudal intervertebral disc primordium. Prevertebra 19-25 that contribute to thoracic
vertebrae T7/8 to T13/L1 are labeled V19-V25.
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Hia
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Figure 3.

Altered rostrocaudal patterning of the somites in Supt20 hypomorphs. Expression of Thx18
(A-H), a marker if the rostral somite, is reduced in E10.5 (A-D) and E9.5 (E-H) Supt20yPo
(B, D, F, H) compared to wild type embryos (A, C, E, G). Conversely expression of markers
of the caudal somite, Uncx4.1 (I-L) and DII1 (M, N), are expanded in E10.5 Supt20"YPO (J,
L, N) compared to wild type littermates (I, K, M). Numbers in panels A, B, E, F, I and J
refer to somite numbers. Bracket in B highlights somites that will develop into lower
thoracic vertebrae with significantly reduced Thx18 expression.
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Figure 4.
The somite clock cycles in the PSM of Supt20 hypomorphs, but levels of the Notch target

gene Lfng expression are reduced. Approximately equal proportions of E10.5 wild type and
Supt20"YPO embryos showed Phase | (A, D), Phase Il (B, E) and Phase 111 (C, F) patterns of
expression of Lfng (A-C) and Hes7 (D-F). The numbers of embryos with each pattern of
expression are indicated. However, the intensity of Lfng, but not Hes7 expression was
consistently reduced in the PSM of Supt20"YP® embryos. In contrast, Lfng expression was
decreased and Hes7 increased at the determination front in Supt20 hypomorphs (arrows in
B, C and D).
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Figure 5.
Altered expression of markers of rostrocaudal somite polarity at the determination front. A-

F) Approximately equal numbers of wild type and Supt20"YP° embryos showed Phase | (A,
B), Phase I (C, D) and Phase I1I (E, F) patterns of expression of Mesp2 in E9.5 Supt20hYPo
mutants (B, D, F) compared to littermate controls (A, C, E). The numbers of embryos with
each pattern of expression are indicated. Expression levels of Mesp2 were not appreciably
different between wild type and hypomorphic mutants (G-J). Ripply2 expression was
equally distributed between two phases of expression in E9.5 wild type (G, 1) and Supt20
hypomorphs (H, J). However, expression of Ripply2 was reduced in mutants in S-1 in all
phases (H and J) but increased in SO in the second phase (J). Expression of rostral somite
markers Mespl (E9.5; K, L) and DII3 (E10.5; M, N) are reduced while the caudal marker
EphrinB2 (E10.5; O, P) is expanded in Supt20"YP° mutants (L, N, P) compared to wild types
(K, M, O). Q). Model showing signaling at the determination front regulating rostrocaudal
polarity and where Supt20 fits in based on our data.

Dev Biol. Author manuscript; available in PMC 2018 January 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Warrier et al.

Page 26

Whnt3a | I Brachyury ] | BatGal-LacZ |

(g)

| [ edfipum | [ omozidns [ edKpim

0dy023dNS

Figure 6.
Wht and Fgf pathways are not altered in the PSM of Supt20"YP° mutants. Activation of the

LacZ reporter in embryos expressing the BAT-GAL transgene (A, B) and expression of
Brachyury (C, D), Wnt3a (E, F), Fgf8 (G, H) and Spry4 (1, J) are not altered in the PSM of
E10.5 Supt20"YPO mutants (B, D, F, H, J) compared to wild types (A, C, E, G, 1). Embryo in
H shows spina bifida (bracket). Note expression of Fgf8 and Spry4 in the rostral somite is
reduced in Supt20 hypomorphs (panels H and J).
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Figure 7.
Commonalities in phenotype between Supt20 and Gen5 hypomorphs. A-D) Expression of

Hoxc8 (A, B) and Hoxc9 (C, D) are shifted in E10.5 Supt20 hypomorphs (B, D; n=2)
compared to wild type littermates (A ,C). Panels A’-D’ show magnified views of embryos in
A-D. Prevertebra 15-21 are labeled as V15 to V21 that contribute to thoracic vertebrae T3/4
to T9/10. (E-H) Expression of Hoxc8 around the primitive streak of E8.5 Supt20
hypomorphs (F, H; n=9) compared to wild type littermates (E, G). Appearance of whole
embryo is shown in inset. (I, J) Expression of the rostral somite marker Thx18 is reduced in
E10.5 (E) Gensflox(neo)/flox(neo) hypnomorphic mutants compared to (F) littermate controls
(n=7). Som. = somites
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