Manuscript title
Evolutionary Assembly and Disassembly of the Mammalian Sternum

Author list

Ava E. Brent'

Emily A. Buchholtz?
Jennifer H. Mansfield'

Author Affiliation

'Department of Biology, Barnard College, Columbia University, 3009 Broadway, New York, NY
10027, USA

’Department of Biological Sciences, Wellesley College, 106 Central St., Wellesley, MA 02481,
USA

Lead Contact
Emily A. Buchholtz
ebuchholtz@wellesley.edu

ORCID identifiers

Ava E. Brent: 0000-0002-8670-5188

Emily A. Buchholtz: 0000-0002-8241-2388
Jennifer H. Mansfield: 0000-0001-6019-0668



[ T e e e
ORI NP WNORLRODOOINN DB WN -

[NSR\S ISR ST \O I \S T O O O )
OO0 IAN NI WN—O

W W
— O

W W W W
[V RN NS O]

W W W W
Nole BN o)\

N o o L I
OO0 WNDSWN—O

W DN
— O

Summary

Evolutionary transitions are frequently associated with novel anatomical structures’, but the
origins of the structures themselves are often poorly known. We use developmental, genetic,
and paleontological data to demonstrate that the therian sternum was assembled from pre-
existing elements. Imaging of the perinatal mouse reveals two paired sternal elements, both
composed primarily of cells with lateral plate mesoderm origin. Location, articulations, and
development identify them as homologs of the interclavicle and the sternal bands of synapsid
outgroups. The interclavicle, not previously recognized in therians?, articulates with the clavicle
and differs from the sternal bands in both embryonic HOX expression and pattern of skeletal
maturation. The sternal bands articulate with the ribs in two styles, most clearly differentiated by
their association with sternebrae. Evolutionary trait mapping indicates that the interclavicle and
sternal bands were independent elements throughout most of synapsid history. The
differentiation of rib articulation styles and the subdivision of the sternal bands into sternebrae
were key innovations likely associated with transitions in locomotor and respiratory
mechanics®*. Fusion of the interclavicle and the anterior sternal bands to form a presternum
anterior to the first sternebra was a historically recent innovation unique to therians. Subsequent
disassembly of the radically reduced sternum of mysticete cetaceans was element-specific,
reflecting the constraints that conserved developmental programs exert on composite
structures.

Results and Discussion

The sternum of therian mammals plays key roles in feeding, locomotion, and respiration, but it
did not exist as a discrete structure in their early synapsid ancestors. In these ancestors, the
ventral pectoral girdle was dominated by the clavicle-articulating interclavicle (IC). In contrast,
both the clavicle and the thoracic ribs articulate with the sternum in therians, traditionally
identified as the developmental fusion product of the sternal bands (SBs); the IC is not
recognized. This interpretation implies that ancestral muscular and skeletal interactions with the
IC were lost and then were secondarily re-established with the SBs. Alternatively, the sternum
may have been assembled from independent IC and SB elements that were secondarily
integrated into a single structure (e.g.,*™®).

Four lines of evidence identify that the sternum is an assembled structure and allow a
preliminary reconstruction of its evolutionary history. First, two elements with different
developmental histories are described in the presterna of fetal and postnatal mice. They are
homologized with the IC and the SBs of outgroups. Second, structural and developmental
differences in rib/sternum articulation style identify the anterior and posterior SBs as two
partially independent patterning units. Third, evolutionary mapping of sternal traits is used to
reconstruct the history of sternal assembly in fossil synapsids. Finally, the path of radical sternal
reduction in baleen whales is reconstructed and shown to reflect the stepwise loss of
developmentally defined elements. Coupled with previously documented and regionally
restricted phenotypes in mice, these results indicate that the ancestral sternal elements retained
independent developmental identities during their incorporation into the sternum.

Sternal element identification and development

In most tetrapods, the IC and SBs are separate skeletal elements that articulate with the
clavicles and the ribs, respectively. The interclavicle and clavicle predate the origin of tetrapods
and are thought to have ancestry in dermal body armor’=°. In contrast, the SBs evolved within
stem tetrapods, and derive from the lateral plate mesoderm (LPM) of the forelimb field'. The
conservatism of structural interactions and developmental programs suggests the possibility that
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the therian presternum is a composite structure, containing both the IC and the anterior portion
of the SBs, here designated as the anterior SBs (ASB). The more posterior portion of the SBs
(the PSB) constitutes the traditionally recognized mesosternum. External evidence for multiple
presternal elements is rare. Transitions in bone texture and internal boundaries occur just
anterior to the T1 rib articulation in some basal therians, notably xenarthrans*. Here, imaging in
perinatal and adult mice confirms a composite presternum. At postnatal day (P2), two distinct
elements were observed by immunofluorescence for Tenascin, an extracellular matrix
component of cartilage, bone, and connective tissue (Figure 1A-F; Figure S1). These are
labelled IC and ASB, respectively, with arguments for their homology to the interclavicle and the
anterior portion of the sternal bands given below. The anterodorsal IC and posteroventral ASB
overlap anterior to the first thoracic (T1) rib articulation (Figure 1A-B; Figure S1E), but are
always distinct, each bounded by its own connective tissue. These observations are consistent
with prtsa\éious reports of two bilateral condensations in the embryonic presternum of mouse and
human®®.

Viewed in frontal sections, the IC is small, bilateral and articulates with the medial ends of the
clavicles (Figure 1A,C; Figure S1A). A tendinous attachment is made to the sternal head of the
sternocleidomastoid muscles (arrows in Figure 1C and Figure S1Aiv, Fiv). Progressing ventrally
in frontal views (Figure 1B, D, J; Figure S1B-C), or in sagittal views (Figure 1E, F, K; S1D-G),
the IC abuts the ASB, a second bilateral, elongated element that articulates with the somite-
derived (Meox1-Cre-RFP-labeled) T1 ribs laterally (Figure 1D; S1Biv), the sternocleidomastoid
muscle anteriorly (arrows in Figure 1D, F; Figure S1Biv, Fiv, Giv), the pectoralis major muscle
ventrally, and the infrahyoid muscles dorsally. The ASB are continuous with the posterior
sternal bands (PSB), which exhibit an AP series of sternebral ossification centers between the
rib attachments (Figure S1C-G). Lineage-labeling for lateral plate mesoderm derivatives (with
Prx1-Cre-RFP, Figure S2A-B) or for somite derivatives (with Meox1-Cre-RFP, Figure 1, Figure
S2C-D) reveals that the IC and ASB are both composed predominantly of LPM-derived cells®.

Two lines of evidence indicate that the IC and SB are under independent developmental control.
First, they differ in the timing of skeletal development. Both embryonic condensations express
chondrocyte marker SOX9, although expression is more diffuse in the IC compared with the SB
(Figure S2Hi, viii and °). As previously described, the SB undergo endochondral ossification
during fetal development, ossifying by E18.5 except at positions of sternebral joint formation
(Figure S3A-F). In contrast, only the posterior portion of the IC condensation undergoes
endochondral ossification, and this is delayed until after birth. The posterior IC chondrifies by
P10 (Figure S3G-H but ossifies only in adults (Figure S3I). The SB and IC also appear to
undergo differential growth, because their anlagen occupy similar space in embryonic sections
(Figure 1G), but the ASB dominates the presternum during postnatal development.

The IC and ASB are additionally distinguished by embryonic HOX expression. In E14.5 mice,
HOXADS is expressed in the ASB anterior to and including the T1 rib attachment, but HOXAS is
not expressed in the IC (° and Figure 1G, Figure S2E, F, Hi-Ji). In contrast, HOXB4 expression
is robust throughout the IC and ASB (Figure 1G; S2H). Together, the presence of identifiable
developmental units, the dramatic difference in skeletal maturation, and the unique molecular
identities, all indicate that the IC and ASB are distinct elements under independent
developmental control.

Arguments for homology are classically based on similarities of position, articulation, muscle
connectivity, and development (e.g.,"~"*). These lines of evidence support an identification of
the paired anterior element as the homolog of the interclavicle. Like the interclavicle of
monotremes and more distant outgroups (e.g.,"'® and Fig. 1H), the anterior element of the
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mouse lies in the ventral midline, articulates with the medial ends of the clavicles anterolaterally
(Figure 1A, D, J) and overlaps dorsal to the SB posteriorly (Figure 1C, F, K). Also like the IC, it
lacks rib articulations. Additionally, the sternocleidomastoid muscle inserts on the anterior
element (Figure 1A,C) as it does on the interclavicle in Sphenodon'’, Iguana'®, and a wide
range of turtles'’. In monotremes, the sternomastoid muscle inserts on the IC as well as on
more posterior parts of the sternum'®, which is also observed in mice (Figure 1). The
association between the sternocleidomastoid and the interclavicle is additionally predicted by
the muscle connectivity hypothesis for gill arch-derived muscles'?.

Both the clavicle and IC have dermal bone components and also contain endochondral portions
in living mammals'®?°. In monotremes, the interclavicle develops from paired, lateral comma-
shaped dermal bones (pars desmalis interclaviculae) and a midline endochondral pro-osteon?'
or pars chondralis interclaviculae'®??. The mouse IC resembles this in that it contains internal
subdivisions, including an endochondral component. The anterolateral (clavicle-articulating)
region of the mouse IC condenses and expresses SOX9 as well as connective tissue markers
such as Tenascin, and stains weakly with Alcian blue, but does not chondrify or mineralize
consistent with a connective tissue identity. In contrast, the posteromedial portion of the IC that
overlaps the ASB is endochondral, as it is in monotremes, except that in mice it does not
chondrify until after birth (P10) and does not ossify until after postnatal day 30. The presence of
additional components homologous to other pectoral girdle elements (such as the procoracoid,
proposed present in the marsupial sternum®22) cannot be ruled out.

The posterior element of the mouse presternum can be identified as the anterior portion of the
SBs (ASB) based on multiple criteria. SBs originate from LPM in the axillary region of the
forelimb bud. Their subsequent migration to the midline and fusion has been documented in
both mouse and chick (e.g.,'?*?°). Like the SBs, the mouse ASB is clearly paired (Figure 1C,
G), and is of LPM origin (Figure S2). Like the SBs, it articulates with the ribs (Figure S1C), and
is continuous with the PSBs of the mesosternum. It further undergoes endochondral ossification
with the same timing as the PSB (Figure S3A-G). Based on these features, the posterior
element of the presternum almost certainly derives from the SBs as previously proposed*®2°.
Taken together, although the adult therian sternum appears externally subdivided into
presternum and mesosternum, its development indicates that its main subdivision is instead
between the IC and the SB within the presternum.

Rib articulation style and sternal band regionalization

The therian presternum and mesosternum differ in the style of their rib articulations. The T1 joint
is traditionally described as a synchondrosis.?’ In adult mice, the distal T1 rib tip bifurcates, and
the synchondrosis consists of a thin cartilaginous connection between the more anterior rib tip
and the presternum (Figures 2A and S3J, Ki-ii). The presternum is fully ossified at the T1
articulation. In contrast, T2 and more posterior ribs join the mesosternum at synovial joints®.
However, in mice these distal ribs also retain a thin cartilaginous connection to the sternum at
anteroventral articular surfaces of the joints (Figure 2A and Figure S3Kiv, arrow). Thus, all ribs
thus retain a direct skeletal connection to the sternum, but sternal morphology differs
dramatically at T1.

The unique nature of the T1 costosternal attachment could derive from regionalized
developmental processes within the ribs, the SB, or both. Interestingly, the embryonic SB differ
molecularly at the T1 versus more posterior rib articulations. HOXAS5 is expressed in rib
chondrocytes, perichondrium, and distal rib tips of both T1 and T2 (Figure 2B-C; Figure S2I-J;
and see °). HOXA5 is also expressed in both the chondrocytes (Figure 2B, yellow arrow, and
Figure S2l) and perichondrium of the ASB. Thus, its expression spans the attachment of somite-
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derived T1 ribs, LPM-derived rib perichondrium, and LPM-derived ASB that form the first
costosternal attachment. In contrast, HOXAS is not expressed in PSB at the T2 articulation
(Figure 2C and Figure S2J), where HOXB4 is expressed instead (Figure S2J).

Hox expression differences between the ASB and PSB suggest that a regionalized response
could play a role in costosternal attachment style. Embryonic rib anlagen are known to induce
sternebral joint formation via an unknown signal®® but the developmental difference that
prevents this at T1 is unknown. In mouse, sternebra-associated ribs contrast with both mouse
T1 rib and all avian ribs (all of which lack sternebrae) in the embryological origin of their distal
perichondrium in somites versus LPM**3', This difference has also been described as a
difference in the position of the lateral somitic frontier (LSF), an embryonic morphological border
between somite and LPM-derived tissues that is an important site for the integration of
patterning information (reviewed in *?). The functional role of LSF position in rib articulation style
has not been tested, but if it is determined to be causative, then morphological observations
alone could be used as a proxy to predict LSF position in non-model taxa, and to trace changes
in LSF position over evolutionary time. HOXA5 costosternal expression described above does
not appear to track with the LSF but instead is expressed across this boundary.

Genetic evidence from mouse further supports the interpretation of ASB and PSB as partially
independent patterning units. Several loss-of-function phenotypes differentially affect the growth
of these regions, including Hox4-6 genes®®, Sox9*, and Tgf82*°. Further, Thx5 heterozygous
mice show a transformation in which the sternum segments at the T1 joint®®. Tbx5 is expressed
primarily in the forelimb field and its derivatives, which are LPM-derived, further suggesting that
LPM is a key source of patterning information. Together these demonstrate genetic separability
of the ASB and PSB and support the possibility of divergent evolutionary paths.

Finally, although interactions between somite-derived rib anlagen and LPM-derived SBs appear
largely conserved and are considered a shared feature of tetrapod embryos, adult skeletal
structures vary. For example, ossified SBs were apparently lost and re-established early in the
synapsid lineage (see below). Interestingly, it was recently shown that much of the therian
pectoralis major muscle, which articulates with the ossified SB, is not homologous to that of
other amniotes and instead has a different embryonic origin®, suggesting a relatively recent and
possible co-evolution of skeleton and muscle.

Assembly and disassembly of sternal elements.
The presence of two major elements and of two different rib articulation styles in the therian
sternum indicates a complex history of assembly to which the fossil record offers insight.

Synapsids underwent significant ecological and morphological diversification during a history of
more than 300 million years (e.g.,***°). This diversification is also reflected in sternal structure.
Synapsid sternal diversity is simplified here by grouping variants into four general anatomical
categories (Fig. 3).

(1) Independent IC, but no ossified sternal bands or plate:

The ventral limb girdle is composed of only a T-shaped IC that articulates broadly with
the clavicles. Although sternal band anlagen may have been present, they were not
ossified or preserved.

(2) Independent IC and ossified sternal plate, but no sternebrae:
The IC is robust and often broadly T-shaped. An undivided midline sternal plate lies
posterior to, or sometimes overlaps, the IC ventrally. In some specimens, rib
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articulations can be inferred from thickenings on the plate margins, but there are no
sternebrae.

(3) Independent IC and ossified sternum with sternebrae:

The interclavicle is a relatively small independent element, and in some specimens its
posterior ramus lies between the anterior tips of the SBs in the midline. The sternum is
subdivided into sternebrae, whose boundaries occur at all rib/sternal joints except for T1.

(4) Ossified sternum with sternebrae; an independent IC is absent:

The sternum is subdivided into an anterior presternum that articulates with the clavicle
and the T1 rib and a posterior mesosternum + xiphisternum that articulates with the
posterior ribs. Sternebral boundaries occur at all rib/sternal joints except for T1.

Mapping sternal anatomical categories onto a consensus synapsid phylogeny inferred from
other traits allows reconstruction of events in sternal evolution (Figure 3) and signals points of
possible functional transition. This analysis indicates that the IC and the SBs were originally
independent structures in basal synapsids (Figure 3A, “pelycosaurs”; see also *), as the
differences in their developmental programs predict. Anteriorly, the ancestral IC almost certainly
provided attachment sites for the infrahyoid and sternomastoid muscles*' as it does in living
monotremes'®. The musculature of the forelimb (e.g., m. pectoralis) and the abdomen (e.g., m.
rectus abdominus) likely took origin from its posterior ramus*?=4.

Ossified SB elements are first known from the subsequent radiation of non-mammalian (basal)
therapsids (Figure 3B), which show diverse pectoral appendage size and anatomy*®®. The
addition of an ossified sternal plate posterior to the interclavicle likely provided more posterior
and/or more robust attachment sites for pectoral and abdominal muscle groups. It is interpreted
here as facilitating early stages of the postural transition of the forelimb from a sprawling to a
more paraxial orientation that is predicted by glenoid fossa shape*?*®. Therapsid sternal plates
also provided fixed articulation sites (likely synarthroses) for multiple ribs, implying that these
typically large animals had robust and rigid ribcages.

The subsequent appearance of sternebrae in basal cynodonts (Figure 3C), and also recently
identified in a Permian gorgonopsian®“¢, marks the differentiation of the SBs into an ASB
without sternebrae and a PSB with sternebrae. The taxonomic restriction of sternebrae to late-
branching taxa identifies stenebral presence as derived relative to sternebral absence. This
innovation also signals a major transition to a regionally differentiated ribcage that was both
stable and flexible. Anteriorly, the T1 synarthrosis with the ASB provided an anchor for the
forelimb; posteriorly, moveable rib joints with the PSB and between adjacent sternebrae indicate
a ribcage that was capable of expansion during ventilation (e.g.,?**"~*). Where documented in
living mammals (human, dog), costal contributions to changes in ribcage volume are synergistic
with those caused by the diaphragm®. Sternebrae are therefore a possible proxy for the
presence of a muscularized diaphragm in fossil taxa (see also ).

The integration of the ASB and the IC into a composite presternum across a developmental
discontinuity occurs only in therian mammals (Figure 3D); the boundary between the
presternum and the mesosternum occurs within the SBs. In humans, this boundary (the sternal
angle) is a pliable cartilaginous hinge joint that increases in angular magnitude during deep
inspiration. Its postulated role is to store energy during inspiration, and release it during
exhalation, enhancing ribcage deflation®'. Action of the sternal angle joint in other mammails,
fossil and extant, is unknown.
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The radical reduction of the sternum in mysticete (baleen) whales presents a unique opportunity
to observe the evolutionary pattern of sternal disassembly. Basal mysticetes were toothed
raptors, and sternal reduction occurred coincident with their transition to bulk feeding (e.g.,%*™°).
The sterna of basal mysticetes closely resemble those of terrestrial mammals with the exception
that (like all cetaceans) they lack a clavicle. For example, the late Eocene toothed mysticete
Mystacodon (°" and Figure 3E) had characteristic presternal sites for the T1 rib articulations and
posterior hemifacets for the T2 rib. Multiple mesosternal sternebrae and a xiphisternum indicate
the presence of numerous posterior sternal ribs. Both the dentition and the sternal anatomy of
Mystacodon suggest that the feeding transition had not yet occurred.

The sterna of more crownward mysticetes exhibit two opposing trends: the presterna are robust
and often expanded in relative size, whereas the mesosternum and the number of sternal ribs is
reduced. Both toothed (e.g., *°) and toothless (e.g., °®) fossil mysticetes that bridge the raptorial
to bulk feeding transition have presterna with large precostal areas, the attachment site for
infrahyoid muscles. These muscles retract the tongue in living suction feeders (e.g.,
Eschrichtius®), providing a possible explanation for the retention of the interclavicle despite
absence of the clavicle.

Sterna of the Late Oligocene mammalodont Mammalodon® and the basal chaeomysticetes
Sitsqwayk (*® and Figure 3F) and Maiabalaena®® had facets for both the T1 and T2 ribs,
indicating the existence of at least one mesosternal sternebra and rib. Sterna completely lacking
the mesosternum (PSB) and articulating only with the T1 rib are known as early as the Late
Oligocene (e.g., in the eomysticete Waharoa °' ), as well as in the extinct cetotheres (e.g.,%*)
and in all living balaenids (Figure 3G) and neobalaenids.

The progressive loss of posterior rib articulations and the PSB that began early in the raptorial
to bulk-feeding transition likely facilitated increased thoracic compression, which counters lung
compression and reduced intrathoracic pressure at depth in living taxa (e.g.,**%°) as does the
associated absence of double-headed ribs at rib/vertebral articulation sites”. Although the
feeding depth of fossil taxa is unknown, most living filter feeding mysticetes forage at depth
despite its significant energetic costs and respiratory challenges (e.g.,”"""?).

The final step in disassembly of the mysticete sternum occurs in balaenopterids, lunge-feeding
giants that engulf huge volumes of water and evasive prey into a massively expandable ventral
buccal pouch (e.g.,”®). Balaenopterids (Figure 3H) are unique among therians in the complete
absence of osteological articulations between the ribs and the sternum. A paucity of specimens
of these huge animals and the extreme difficulty of dissecting those that are recovered have led
to disparate reconstructions of the relationship between the T1 ribs and the sternum. Embryonic
specimens (e.g.,”* and Figure S3L) demonstrate definitively that the distal tips of the T1 ribs lie
posterior to the lateral sternal wings, surrounded by soft tissue. There are no facets for T1
articulation on the body of the sternum. This anatomy is interpreted here as indicating that the
SBs (i.e., not only the PSB but also the ASB) are entirely absent, and that the sole remaining
element of the balaenopterid “sternum” is the IC. Because the body wall becomes less
compliant with size”®, adaptations that enhance thoracic compression are especially critical in
these giant animals®’’®, as external pressures can reach 2,000 kPa at foraging depths’’.

In summary, the identification of the ancestral interclavicle in living therians demonstrates that
the sternum is an assembled structure. The IC and SB of living taxa exhibit independent
developmental programs and have retained ancestral skeletal articulations with the clavicle and
the ribs, despite their assembly into a larger structure. The same independent developmental
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programs have allowed independent element assembly, modification, and loss, facilitating novel
responses to changing selection pressures.
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STAR Methods

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the lead contact, Emily Buchholtz (ebuchholtz@wellesley.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
All data reported in this paper will be shared by the lead contact upon request. This paper does
not report original code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The following mouse lines were used: Prx1-Cre: B6.Cg-Tg(Prrx1-cre)1Cijt/J
(RRID:IMSR_JAX:005584)%"; Rosa6tdtomato; B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J
(RRID:IMSR_JAX:007909)%?; Meox1Cre: Meox1tm1(cre)Jpa®. Wild-type specimens for skeletal
analysis were generated from a strain on the 129S/SvEv-Gpi1 background or from mixed
129/B6 backgrounds. Adult skeletal morphology in adults was visualized in specimens from
129S, B6 and mixed backgrounds and did not vary across these strains. Crosses to generate
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RFP-labeling and genotyping of mice was carried out as previously described®. All procedures
were performed in accordance with the NIH Guide for Care and Use of Laboratory Animals and
approved by the Columbia University IACUC.

METHOD DETAILS

Mouse crosses and genotyping

Crosses and genotyping were performed as previously described®. Briefly, genetic lineage
labeling was performed by crossing a male harboring a Cre allele (Meox1-Cre or Prx1-Cre) to a
female carrying a Cre-activated RFP transgene. Genotyping of tail-snip DNA was performed
with primers for Cre or RFP. Genotyping primers (5' to 3'): Cre forward
GAACCTGATGGACATGTTCAGG, reverse AGTGCGTTCGAACGCTAGAGCCTGT;
tdTOMATO/RFP forward CTGTTCCTGTACGGCATGG, reverse
GGCATTAAAGCAGCGTATCC. Timed-pregnant females were sacrificed and embryos
expressing the fluorescent reporter were collected at the stages indicated.

Skeletal staining and histology

Whole-mount Alcian Blue and Alizarin Red staining on whole-mount specimens was performed
as previously described®. For section histology, 10um paraffin sections were prepared as
previously described® with the addition of a decalcification step for specimens at or older than
P14. For decalcification, fixed tissue was incubated in 20% EDTA at 4°C for 1-2 weeks prior to
paraffin embedding as usual. For section Alcian blue staining, slides were baked and rehydrated
to dH20, incubated 5-10 minutes in 1% Alcian blue 8GX, 3% acetic acid, washed in dH20 and
mounted in gelvatol®®. For section Alizarin red staining, baked, rehydrated slides were incubated
for 1.5 minutes in 0.67% Alizarin red S in dH20 (pH4.2), washed in dH20 and mounted in
gelvatol. Hematoxylin and eosin staining was performed with a kit (Abcam ab245880) following
manufacturer’s instructions.

Immunofluorescence

Immunostaining was performed as previously described®. Primary antibodies: HoxA5 (%;
1:5000); HoxB4 (¥"; 1:00); Sox 9 (Millipore-Sigma AB5535, 1:500 or RnD Systems AF3075-SP
1: 500); RFP (Chromotek 5F8, 1:1000 or Rockland 600-401-379, 1:200); muscle Actin My32
(Sigma M4276, 1:250); Tenascin (Sigma-Aldrich T3413, 1: 100). Secondary antibodies: Alexa-
488, 594, or 647-conjugated secondary antibodies (Jackson Immunoresearch, diluted 1:400).

Museum acronyms:

USNM, National Museum of Natural History, Washington, D.C.

MCZ, Museum of Comparative Zoology, Cambridge, MA

UWBM, Burke Museum of Natural History, University of Washington, Seattle, WA
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Figure 1. The mouse presternum is composed of two bilateral elements that are

morphologically and molecularly distinct.
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(A-F) Expression of tenascin (green), muscle myosin (blue), and Meox1-Cre-dependent RFP
(red) in P2 mouse pups, in either frontal (A-D) or sagittal (E-F) views, reveals that the mouse
presternum comprises two major elements, IC and ASB. Meox1-Cre-dependent RFP is used as
a lineage-label for cells derived from somites, which include skeletal muscle and ribs. Note that
overlap of tenascin and Meox1-Cre-RFP appears yellow; overlap of myosin and Meox-RFP
appears purple. (C,D,F) show higher magnification views of (A,B,E), respectively. Arrows
indicate Tenascin-expressing attachment of the sternocleidomastoid muscle to the interclavicle
(C) and the anterior sternal bars (D,F). (G) Expression of HOXAS5 (red), and HOXB4 (green) in
transverse sections of E14.5 embryos, reveals unique molecular identity of IC and ASB. Note
that HOXAS5/HOXB4 colocalization appears yellow. (H-K) Diagrams comparing skeletal structure
and proposed homologies in a non-therian outgroup (H, a gorgonopsian, redrawn from 3), with
the previous model for therians (I, mouse), and the proposed new model for therians (J-K,
mouse in frontal and sagittal views respectively). (J-K) are drawn from micrographs shown in
panels (A) and (E). Dashed line in (J) indicates the approximate section plane of the specimen
shown in (E). Scale bars: A,B,E, 400mM; C,D,F, 200mM; G, 100mM. Abbreviations: ASB,
anterior sternal bands; IC, interclavicle; r1,2,3, rib 1,2,3. For a full list of abbreviations see the
Figure S1 legend. See also Figures S1, S2, and S3.
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Figure 2. Unique morphology and embryonic gene expression of the T1 costosternal
joint.

(A) Adult mouse sternum presenting ventral view of T1 and T2 costosternal joints. Note that the
clavicles and IC have been removed. (B-C) Expression of HOXAS (red), and muscle myosin
(blue) at the T1 (B) or T2 (C) costosternal joint, in transverse sections of E14.5 embryos.
Orange arrows indicate HOXA5 expression in the rib perichondrium; gray arrows point to
HOXADS expression in the rib tip where sternal attachment occurs. Note the highest expression
of HOXAS occurs in the rib perichondrium and in chondrocytes where they contact the sternal
bands. Yellow arrow in (B) indicates HOXA5 expression in the ASB at the level of T1
attachment. This expression is notably absent throughout the PSB, shown at T2 (B). Scale bars:
A, 1mm, B-C, 200mM. Abbreviations: T1, thoracic rib 1; T2, thoracic rib 2. See also Figures S2
and S3.
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ASSEMBLY in synapsids —» DISASSEMBLY in mysticetes —

‘pelycosaurs” basal basal therians toothed basal toothless  balaenids and balaenopterids
therapsids cynodonts mysticetes mysticeles celotheres
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SB not ossified multiple sternebrae  reduced

Figure 3. Distribution of sternal anatomy in synapsids and mysticete cetaceans.
Synapsids (left panel) and mysticete cetaceans (right panel). Bottom row: consensus
phylogenies modified from * (synapsids) and *® (mysticete cetaceans). Middle row, sternal
anatomy. Line drawings of fossil synapsids were taken from the literature and modified to show
only the interclavicle and sternal bands. (A) The pelycosaur Cotylorhynchus romeri’®; (B) the
basal therapsid Dicynodon sp.*'; (C) the basal therapsid Diademodon tetragonus’®; (D) the
therian Homo sapiens®. Not to scale. Photographs of mysticete sterna: (E) the late Eocene
toothed mysticete Mystacodon selensis from ", modified by posterior truncation of the
mesosternum and xiphisternum; (F) The Late Oligocene toothless mysticete Sitsqwayk
cornishorum UWBM VP82916; (G) the balaenid Eubalaena glacialis USNM 593893; (H) The
balaenopterid Balaenoptera physalus MCZ 35887. All scale bars =5 cm. Top row: hypothesis of
assembly and disassembly of elements in the therian sternum presented diagrammatically.
Colors: orange, interclavicle; gray = sternal bands; blue = ribs. Abbreviations: ASB = anterior
sternal bands, IC = interclavicle, PSB = posterior sternal bands, SB = sternal bands. See also
Figure S3.






Figure S1. Composite nature of the mouse presternum, Related to Figure 1.

(Ai-Giv) Expression of Tenascin (green), muscle Myosin (blue), and Meox1-Cre-RFP (red) in P2
mouse pups, in either frontal (Ai-Cv) or sagittal (Di-Giv) views, reveals that the mouse
presternum comprises multiple elements. (A-C) successive sections progressing ventrally. (D-
G) Successive sections progressing from lateral right clavicle (D), to the midline (E), and then
continuing laterally to the left clavicle (F, G). Overlap of Tenascin and Meox1-Cre-RFP, yellow;
overlap of Myosin and Meox1-Cre-RFP, purple. All muscles are somite-derived, hence purple in
(Ai). (Aii-Giii) show higher magnification views of (Ai-Gi); Aiv-Giv show higher magnification
views of (Aiii-Giii). Boxes in (Aiii-Giii) indicate region depicted in (Aiv-Giv). In frontal views,
progressing dorsal to ventral, the first presternal element to appear is the IC (Ai-Aiv). Tenascin
expression marks the clavicles, IC, ribs, and muscle insertions. The IC presents as a bilateral
element, with attachments laterally to the clavicles (Ai-iii). A line of Tenascin expression marks
the boundary between clavicles and IC (arrow in Aii). The appearance of somite-derived, Meox-
RFP cells in the clavicle and IC may indicate the presence of somite-derived osteoclasts during
bone maturation (Aii-iv). Tenascin marks the attachment point of the sternocleidomastoid
muscle to the anterior IC (arrow in Aiv). Progressing ventrally, a frontal section reveals a
second, Y-shaped component of the presternum, the ASB, slightly posterior to the IC (Bi-iii).
The first rib is seen attaching to the base of the Y (Bi-iii). While some Meox1-Cre-RFP cells can
be visualized as scattered in the sternum at this stage, the lateral somitic frontier is clearly
delineated as the site of rib 1- sternum fusion (Biv). Tenascin indicates ASB attachments
anteriorly to the sternocleidomastoid muscle, and laterally to the pectoralis muscle (Bii-iv). (Ci-iii)
A frontal section through the sternum posterior to rib 1 shows organization of the sternebrae,
with inhibition of osteogenesis at sites of rib attachment. Meox-RFP expression discloses the
LSF as a boundary at the site of rib contact (Ciii-v). Some Meox-RFP cells appear to populate
the sternum at this postnatal stage (Civ-v). In sagittal view, the relative positioning of the two
elements comprising the presternum is apparent, with the IC sitting dorsal and anterior (Di-Giii)
to the ASB. Continuity between the ventral posterior element and the rest of the sternum
suggests that this portion of the presternum consists of the ASB (Di-Giii). Arrows in (Fiv) and
(Giv) indicate attachment of the sternocleidomastoid muscle to IC and ASB, respectively. Scale
bars: Ai-Gi, 400um; Aii-Giii, 200um; Aiv-Giv, 100um. Abbreviations: ASB, anterior sternal bands;
c.c.a, common carotid artery; cl, clavicle; es, esophagus; ggl, genioglossus muscle; ghy,
geniohyoid muscle; h.c, hyoid cartilage; hu, humerus; IC, interclavicle; inc, intercostal muscle;
l.a, left atrium; Lv, left ventricle; mhy, mylohyoid muscle; p.mj, pectoralis major muscle; p.mn,
pectoralis minor muscle; r1,2,3, rib 1,2,3; r.a, right atrium; r.v, right ventricle; scl, subclavius
muscle; scm.c, clavicular head of the sternocleidomastoid muscle; scm.s, sternal head of the
sternocleidomastoid muscle; sm.s.g, submandibular salivary gland; st.hy, sternohyoid muscle;
st.th, sternothyroid muscle; th.c, thyroid cartilage; t.g, thyroid gland; thym, thymus; thhy,
thyrohyoid muscle; v.c., vertebral column.
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Figure S2. Both the IC and ASB are derived primarily from lateral plate mesoderm, but
each component of the embryonic mouse presternum is molecularly distinct. Related to
Figures 1-2.

(A-D) Lineage labeling allowed tracking of cells derived from somites (including ribs and skeletal
muscle) or lateral plate mesoderm (LPM) using Meox1-Cre or Prx1-Cre-dependent expression
of RFP. (A-B) Expression of Tenascin (green), muscle Myosin (blue), and Prx1-Cre-RFP (red) in
transverse sections of E18.5 embryos reveals extensive labeling of both the IC and ASB. (C-D)
Expression of Tenascin (green), muscle Myosin (blue), and Meox1-Cre-RFP (red) in transverse
sections of E18.5 embryos, shows near-absence of somite-derived cells in both IC and ASB.
Regions of (A) and (C) indicated by dotted lines are magnified in (B) and (D) respectively. (E-G)
Schematic illustrating the components of the mouse presternum at E14.5, in side (E) or front (F)
views. The IC is located dorsal to and extends further anteriorly than the ASB; both elements
overlap in the presternum, and the posterior border of the IC is anterior to the T1 attachment.
The clavicles articulate with the lateral sides of the IC, the T1 ribs articulate with the ASB, and
the ASB is continuous with the rest of the sternum, or PSB. Red lines in (F) indicate the
anterior-posterior level of images shown in (H-J). (H-J) HOX expression distinguishes the IC
and ASB. Each panel is organized as follows: (i) Expression of HOXAS (red), HOXB4 (green),
and SOX9 (blue) in transverse sections of E14.5 embryos. Co-expression of HOXA5 and
HOXB4, yellow; co-expression of HOXA5 and SOX9, purple; co-expression of HOXB4 and
SOX09, cyan. (ii-viii) are magnified views of (i), showing expression subsets as follows: (ii),
HOXAS5, HOXB4, SOX9; (iii), HOXA5, HOXB4; (iv), HOXB4, SOX9; (v), HOXA5, SOX9; (vi),
HOXB4; (vii), HOXAS5; (viii), SOX9. Higher magnification views of boxed areas in (iii) are shown
in: (ix), yellow box; (x), blue box; (xi),white box. At all axial levels (H-J), SOX9 labels cartilage
cells in the IC, ASB, PSB, and ribs. Expression of SOX9 in the IC is weaker and more diffuse
than in the rest of the sternum (for example, compare panels in H, where the yellow boxed area
of Hiii is within the IC and the blue boxed area is within the ASB). (Hi-ii) Anterior to the rib 1
attachment, HOXB4 is expressed throughout the IC and ASB, while HOXAS is restricted only to
the ASB. Shown in further detail, the IC expresses HOXB4 and SOX9 but not HOXAS5 (Hiii-ix).
In contrast, HOXB4 and HOXAS5 are co-expressed with SOX9 in the ASB (Hiii-viii; x). Further,
while HOXB4 expression is high throughout the ASB (Hx, xi), HOXAS shows medial exclusion
such that many cells co-express HOXA5 and HOXB4 laterally (Hx) but only a handful co-
express both medially (Hxi). (li-ii) At the axial level of the rib 1 attachment, the IC is not present,
and the ASB shows the more rounded morphology characteristic of the posterior sternum.
SOX9 marks both the ASB and T1 rib (li,viii). There is considerable overlap between HOXAS
and HOXB4 expression in the T1 rib (liii-viii x), particularly in the rib perichondrium (li, v, vi), and
there is also overlap in the ASB (liii-viii; ix). HOXA5 and HOXB4 are also co-expressed in a
population of cells dorsal to the ribs and ASB (Ixi). At the level of rib 2 attachment (Ji-ii),
expression of HOXB4 remains high in both the PSB (Jiii-viii, ix, xi) and T2 ribs (Jiv, vi, x). In
contrast, HOXAS is expressed in the T2 rib (Jiii-viii,x), but is not present in the PSB (Jiii-viii; xi).
Scalebars: A,C, 400um; B,D, 200um; H-J i-viii, 100um; ix-xi, 50um. Abbreviations: ASB,
anterior sternal bands; IC, interclavicle; PSB, posterior sternal bands; T1, first thoracic rib; T2,
second thoracic rib.
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Figure S3. Histological analysis of sternal components. Related to Figures 1-3.

All sections are sagittal with anterior up and dorsal to the right except (B-C), which are
transverse with dorsal up. Sagittal sections shown in A,D,E and F move in series along a row
from lateral (left panels) toward the midline (right-most panels). At E16.5 (A-D), the clavicle
(asterisks), sternal bands (black arrowheads), and rib 1 (white arrowhead) are composed of
chondrocytes in a cartilage matrix stained strongly with Alcian blue (A-C). In contrast, the
interclavicle (black arrows) is only weakly Alcian blue positive (Aii-v, C). The regions of the
sternal bands that will ossify (red arrowheads) contain enlarged, hypertrophic chondrocytes
Alizarin Red- positive vertebral ossification from the same section). The clavicles appear to be
wrapped in interclavicle at their medial ends, such that the clavicle appears to grade into the
interclavicle (Ai-iii). The interclavicle alone (without clavicle) is present in the most midline
sections, where the distinct histology of interclavicle vs. ASB is most apparent (Aiii-v, C). (E-F)
Show a similar series of sections at P2, symbols as above. The ribs and the sternum at points of
rib attachment remain cartilaginous (E), but the sternebrae have begun to ossify, including the
region between Ribs 1 and 2 attachment points (red arrowheads, Fiv-v). In contrast, the
interclavicle continues to stain weakly with Alcian blue but not with Alizarin Red (Eiii-v, Fiii-v).
Later in postnatal development, as seen in whole-mount at P10 (Gi) or P14(H), or in section (at
P10, Gii-iv), a region of the IC (black arrows) has progressed toward endochondral ossification
based on strong Alcian blue staining and the presence of round, proliferating chondrocytes.
The chondrified area of the IC is limited to the rod-shaped posterior-lateral region, while the
anterior-medial IC is not chondrified based on persistently weak Alcian blue staining and
absence of round, proliferating chondrocytes. The IC has not ossified, based on absence of
Alizarin red staining, at any stages shown, or prior to P30 (specimens examined at P16, P21
and P30, not shown, resemble P10-P14 shown here). The dotted line in (Gi) shows the
approximate plane of section for the specimen shown in (Gii-iv). The attachment of the
sternocleiomastoid to both the IC and SB can be seen (Giv, yellow arrowheads). (1) Morphology
of the adult mouse presternum shown in whole-mount dorsal view (li) with the clavicles and IC
and stained for Alican Blue (lii) or H&E (liii). As above, asterisks mark the clavicle; red arrows
mark the ossified region of the IC, red arrowheads mark the now fully ossified ASB, and white
arrowheads mark Rib 1. Together, these reveal that a posterior, bilateral rod-shaped portion of
the IC has ossified, while the anterior portion of the IC does not undergo skeletal differentiation
and instead remains weakly Alcian Blue positive and Alizarin Red negative. Symbols for panels
A-l are as follows: Asterisks mark the clavicle; black or red arrows mark the interclavicle before
and after ossification; black or red arrowheads mark the ASB before or after ossification; white
arrowheads mark Rib 1 or its attachment point on the sternum; white arrows mark Rib 2 or its
attachment point on the sternum; red arrowheads mark the ossified sternebra that separates
ribs 1-2. (J-K) Morphology of the adult rib articulations. (J) Dorsal view of an adult mouse
sternum shows T1 and T2 costosternal joints. The clavicles and IC have been removed from
this specimen. (Ki-iv) Higher magnification views from dorsal (d) and ventral (v) sides of T1 and
T2 costosternal joints as labelled. Cartilaginous connections between the ribs and sternum
shown in J-K are indicated by white arrows. At T1, the distal rib bifurcates, and its anterior tip is
connected by synchondrosis to the ossified ASB. The posterior rib tip remains free, lying
opposite a depression on the presternum. At T2, the distal rib tip retains a cartilaginous
connection to sternum anterior to the sternebral joint, visible in ventral view. The sternum
segments to form a synovial joint at the site of articulation. T3 and more posterior costosternal
joints resemble T2 although they grade smaller as they progress posteriorly (not shown). (L)
Relationship of the T1 Rib and sternum in balaenopterids. Relative positions of the distal T1 ribs
and the “wings” of the sternum in a cleared 40cm long fetus of the balaenopterid mysticete
Balaenoptera physalus, from $'. Dashed lines around the ribs and sternum have been overlaid



onto the original image. IC: interclavicle; T1, first thoracic rib. Scale bars: A-D, Giv, 250um; E-F,
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