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Supplementary Materials and Methods:

Immunofluorescence. In preparation for cryosectioning, specimens were rehydrated through a
reverse MeOH series and rinsed in 1xPBS for 1.5 hours (with changes every 30 minutes).
Afterward, they were sunk in 30% sucrose solution (in 1xPBS) and stored at 4 degrees C
overnight. The following day, specimens were equilibrated in Optimal Cutting Temperature
compound (OCT) at room temperature for 1-3 hours. Finally, they were transferred into a mold
with fresh OCT and flash frozen in a mixture of dry ice and ethanol (EtOH). Frozen blocks were
stored in -80 degrees C until cut. Specimens were sectioned in a Thermo Scientific Cryostat
Microtom (Microm HM550) at a thickness of 10 microns. Sections were collected on superfrost

glass slides and immediately stored on dry ice until transferred to a -20 degree freezer.

Sections from 16, 18, and 20 day opossums underwent immunofluorescence (IF) staining in
order to highlight apoptosis, autophagy, and cellular proliferation (32, 33). IF protocol for
cellular proliferation (using Phosphohistone H3 (Ser10) antibody from Cell Signaling
Technology) and autophagy (using Anit-LC3B antibody (ab51520) from Abcam). Day 1 of
protocol: blocking buffer (100mL 1xPBS + ImL HIGS + 100ul Triton X-100), block for 10 min,
gently dry, 100ul per slide phH3 1:100 concentration (100ul buffer + 1ul phH3) or LC3B at
1:1000 concentration (1mL buffer + 1ul LC3B), cover slip, humidified chamber in 4 degree C
overnight (with excess buffer). Day 2 of protocol: 3x 20 washes with blocking buffer, 100ul
secondary antibody per slide 1:250 concentration (300ul buffer + 1.2ul Goat anti-Rabbit (Alexa
Fluor 488 conjugate from Invitrogen)), cover slip, humidified chamber at room temp for 1 hour
(in the dark), 3x 20 min washes in buffer (keep in dark), gently dry, 2-3 drops Vectashield

Mounting Medium with DAPI, store at 4 degrees C until imaging.

IF staining for cellular death was performed using the EMD Millipore ApopTag Fluorescein In
Situ Apoptosis Detection Kit (S7110), an indirect TUNEL method (34, 35). Terminal

deoxynucleotidyl transferase (TdT) modifies genomic DNA for detection of positive cells, and



an anti-digoxigenin antibody is conjugated to a fluorescent reporter. Protocol: fix slides in 1%
PFA in 1xPBS (938ul of 16% PFA + 15mL PBS), 2x 5 min rinses in 1xPBS, post fix in pre-
cooled 2:1 mix of EtOH:Acetic acid at -20 degrees C, 2x 5 min rinses in 1xPBS, gently dry
excess liquid, apply 75ul of Equilibration Buffer per slide for 10 sec, remove excess liquid, apply
55ul of Working Strength TdT Enzyme per slide (77ul Reaction Buffer + 33ul TdT Enzyme),
coverslip and place in humidified chamber for 1 hour at 37 degrees C, 10 min in Working
Strength Stop/Wash Buffer (1mL stop/wash + 34mL ddH,0), 3x 1 min washes in 1xPBS, apply
65ul Anti-Digoxigenin Conjugate per slide (62ul anti-Digo + 68ul Blocking Solution), coverslip
and place in humidified chamber for 30 min at room temperature (keep in dark), 4x 2 min
washes in 1xPBS, 2-3 drops of Vectashield Mounting Medium with DAPI (4’,6-diamidino-2-
phenylindole) per slide, coverslip and dry for several hours in the dark at room temperature, store

at -20 degrees C. DAPI fluoresces when bound to DNA and is used as a nuclear counterstain.

AL IF slides were imaged using a Leica Microsystems DMI4000 B automated inverted
fluorescence microscope with a Hamamatsu ORCA-ER high-resolution digital camera, and using
Image-Pro Plus 7.0 software. The Hamamatsu is a black and white camera so all images where
taken three times, using blue, green, and red fluorescence. Afterwards, the separate color

channels were merged into one, using FIJI/ImagelJ software (NIH) (36).

RNA-sequencing. Additional samples were cryosectioned for the specific purpose of collecting
tissue for RNA-Sequencing. N=3 specimens were collected for each stage (16, 18, and 20 day)
and immediately snap-frozen, without fixation, then cryosectioned on Arcturus PEN membrane
glass slides (Applied Biosystems), five slides per specimen. An Arcturus Veritas Microdissection
Instrument was used for laser capture microdissection (LCM) of Meckel’s cartilage and malleus
(with minimal surrounding perichondrium) focusing on their connection area. An UV cutting
laser was used to excise the tissue of interest. Afterward, an IR capture laser was fired through

Arcturus Capsure HS LCM Caps, melting an attached transfer film, which would then bond with



the tissue. The cells attached to the caps were removed with an Arcturus PicoPure RNA Isolation
Kit. An ExtracSure Extraction Device was placed on each cap and 10ul of Extraction Buffer
(XB) was added to each. A 0.5mL microcentrifuge tube was placed on top, then covered with an
incubation block preheated to 42 degrees C, and left to incubate for 30 min. Afterward, they
were centrifuged for 2 min at 800x g, the extracted RNA was pooled with the other slides for
each specimen, and the cell extract was stored at -80 degrees C. We also took slide scrapes for

each set (used for baseline comparison) by placing RNA extraction buffer directly on the slides.

The remainder of the RNA isolation was completed following the PicoPure RNA Isolation Kit
guidelines. RNA integrity was checked by an Agilent 2100 Bioanalyzer, revealing RIN values of
7.8 —8.9. As the quantity of RNA in cartilage is commonly very low, we used the Clontech
SMARTer Ultra Low Input RNA Kit for amplification. We began the Clontech amplification
with 9ul of pooled RNA from each specimen. The first portion of this protocol, first-strand
cDNA synthesis, was completed inside of a PCR clean hood workstation. The final portion,
cDNA purification, was completed using Agencourt Ampure XP beads with a magnetic block for
separation. All steps were conducted following standard Clontech Kit guidelines, with the final

supernatant containing purified cDNA from the original tissue samples stored at -20 degrees C.

Resultant cDNA samples were run through the Bioanalyzer again, as well as a Qubit
Fluorometer, to determine accurate concentrations. Next, we built libraries for sequencing using
a Nextera XT DNA Sample Preparation Kit, along with a Nextera XT Index Kit and TruSeq
Dual Index Sequencing Primers. All samples started with Sul of input DNA at a concentration of
0.2ng/ul. The standard protocol was followed for the Nextera XT DNA Library Preparation
Guide. DNA was tagged and fragmented, amplified via PCR, and cleaned up with AMPure XP
beads to purify the library. Afterwards, the library was again validated on the Agilent 2100

Bioanalyzer, followed by library normalization and pooling for HiSeq sequencing. High-



throughput sequencing was conducted on an Illumina HiSeq 2500, at the W.M. Keck Center for

Comparative and Functional Genomics at the University of Illinois (37).

Initial RNA-Seq analysis was conducted on the UIUC web-based Galaxy (38) platform
(galaxy.illinois.edu), using the Tuxedo protocol. Sequence files were uploaded, along with an
opossum reference genome (monDom5) (39) from ensemble.org. The basic sequence for
analyses was as follows: Edit Sequences was used to trim ends, TopHat was used to align reads
to the genome, Cufflinks was used to assemble the reads into transcripts, Cuffmerge was used to
blend multiple samples from the same stage, and Cuffdiff was used to report genes and
transcripts that are differentially expressed between samples (40). We also used the Database for
Annotation, Visualization and Integrative Discovery (DAVID) Bioinformatics Resource
(david.nciferf.gov) (41) to identify Gene Ontology (GO) terms describing gene functions for our

list of differentially expressed genes and their functionally related gene groups.

In situ hybridization - Select genes identified from RNA-Seq were confirmed via fluorescence
in situ hybrization (FISH) (42), using cryosectioned slides from 16, 18, and 20 day specimens.
FISH probes for TGFbr2 and WISPI were designed and manufactured by Molecular
Instruments. Each set of probes consists of 5x 20pmole probes with 2x fluorophore labeled
hairpins (Alexa488). Protocol was as follows: Day 1- thaw slides, draw hydrophobic circle
around tissues with a PAP pen, rinse with DEPC water, 0.2M acid hydrolysis for 15 min (833ul
12M HCL in 50mL DEPC water), wash 2x 5 min in DEPC PBS, wash 1x 6 min in lug/mL
Proteinase K (1ul in 10mL DEPC PBS), wash 1x 10 min in DPEC PBS, fix with 4% DEPC PFA
for 5 min, wash 2x 5 min in DEPC PBS, acetylation with 0.25% acetic acid for 10 min (25ul
glacial acetic acid in 10mL DEPC water), wash 2x 5 min in DEPC PBS, pre-hybridize in probe
hybridization buffer for 15 min at 45 degrees C, prepare the probe solution (thaw 5 probes on
ice, mix lul of each probe in 500ul of probe hybridization buffer, warm mixture to 45°C),

remove pre-hybridization solution and add probe solution (~150-200ul per slide), cover slip with



parafilm, incubate in humidified chamber overnight (>12 hours) at 45 degrees C. Day 2- remove
excess probe with wash buffer (perform washes at 45 degrees C), ~300-500ul of wash buffer per
slide, 2x 5 min washes, 2x 30 min washes, 1x 5 min wash, pre-amplify samples in 500ul of
amplification buffer for 30 min at room temperature, “snap cool” 2x hairpins (10ul each hairpin
in individual PCR tubes, 95 degrees C for 90 seconds in thermal cycler, cool to room
temperature in dark drawer for 30 min), mix both hairpins together with 500ul of amplification
buffer, remove pre-amplification solution and add hairpin solution (~150-200ul per slide), cover
slip with parafilm, incubate in dark overnight (>12 hours) at room temperature. Day 3- remove
excess hairpins with 5x SSCT (5x SSC with Tween, 10ul Tween per 10mL of 5x SSC) washes at
room temperature, 2x 5 min washes, 2x 30 min washes, 1x 5 min wash, 2-3 drops of Vectashield

Mounting Medium with DAPI per slide, glass coverslip, store at 4 degrees C until imaging.

Functional Assays - After identifying TGFbr2 as having a potential role in Meckel’s cartilage
separation, we knocked down TGFb signaling to investigate the impact on phenotype. A
TGFDb1,2,3 antibody (MAB1835) from R&D Systems was used to neutralize the biological
activity of TGFb signaling (43). The antibody was reconstituted at 0.5mg/mL in sterile PBS, and
38ul intraperitoneal (IP) injections (based upon estimated 1.9g weight of pups at 20 days) were
administered to neonatal opossum for six consecutive days beginning on postnatal day 16.
Control pups were injected with an equal dosage of 1xPBS. Mothers were anesthetized with
isoflurane during injections. This precluded the necessity of physically removing the pups from
the mothers, as the pups are continually attached to the mother’s nipples at this developmental
stage. We utilized a precision vaporizer isoflurane anesthesia machine with the oxygen
flowmeter set to 1 litter per minute (LPM) and the vaporizer dial set to 2'4. Mothers were placed
in an induction chamber until they lost consciousness, at which point they were switched to a
nose cone for the remaining duration. Injections took less than five minutes and the mothers fully
recovered within a few minutes after returning to their cages. Pups were euthanized on postnatal

day 22. MC morphology was visualized using micro-CT scanning (as described above) and



clearing and staining for at least 3 control and 3 treatment pups. For clearing and staining,
following 4% PFA fixation and dehydration into ethanol, P22 samples were placed in acetone,
then stained with 0.3% Alcian Blue 8GX (A5268 Sigma) and 0.1% Alizarin Red S (A5533) at
37° C for 5 days. Samples were then cleared in a 1% KOH solution (changed daily) for ~2
weeks. Once cleared, specimens were imaged using a Leica M205 C stereo microscope with a
Leica DFC425 digital camera, utilizing the Leica Application Suite (LAS) version 3.8. At least 3
treatment and 3 control pups were also sectioned and IF used to test for apoptotic cells (as
described above) and anti-p-Smad2 (44) (at a working concentration of 1:100; otherwise as

described above for the Phosphohistone H3 antibody) (Cell Signaling Technology).



Supplementary Figures:

Fig S1. A - Micro-CT scan image of postnatal day (P) 20 opossum skull with elements relating
to the middle ear colored (MC = light green, ectotympanic = purple, goniale = dark green,
malleus = light blue, incus = dark blue, and stapes = red). At P20, Meckel’s cartilage (MC, light
green) rests within the gonial trough (dark green) and is just beginning to detach from the
malleus (light blue). B & C — Isolated middle ear structures at P20 in lateral (B) and dorsal (C)
view. D — K - Micro-CT scan images of developing opossum skulls at five day increments,
beginning on the day of birth through P35, with the middle ear elements colored as in (A). Black

arrows indicate separation of MC from the malleus, which first occurs at P20.

I Meckel’s Cartilage
I Prearticular/Goniale
Il Angular/Ectotympanic
0 Articular/Malleus

B Quadrate/Incus
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Fig S2. Laser tissue capture microdissection was used to extract tissues for RNA-seq. Shown are

a representative section before (A) and immediately after (B) laser tissue capture

microdissection, and the resultant tissue section that was used for RNA-seq (C).




Fig S3. Cryosectioned and IF stained slides of the middle ear region. A-D - pPSMAD IF stained
(green) slides of the comparable ear regions of 7GF-f neutralizing-antibody treated (A, B,
different sections showing the same assay) and control (C, D, different sections showing the
same assay) opossums at postnatal day (P) 22, counterstained with the nuclear stain DAPI (blue).
PSMAD staining, in this case, is used as a read-out for TGFB signaling. All scale bars = 100um.
pPSMAD staining is qualitatively more abundant in control (C, D) than 7GF-f neutralizing-
antibody treated (A, B) specimens. (E) The number of pPSMAD positive cells was also counted
for 11 control and 11 TGF-f neutralizing-antibody treated images (taken at the same
magnification). Results indicate that there are significantly more pSMAD positive cells in
control than 7GF-f neutralizing-antibody treated images (P < 0.0001*). F-G — Positive controls
for IF for proliferation (F) and autophagy (G) in opossum middle ear tissues. Representative

positive cells are indicated with white arrows. Alt sxn = alternative section.

10



pPSMAD antibody | B E 150
N = 11
=
S
© 1254
g%
E RN E—
8
0 100+
P22 Op 100um | P22 0P B
TGFB antibody treatment == | TGFB antibody treatment (alt sxn) B4 754
3 P <0.0001*
£
Q
—— 50-
o
o}
o]
€ 251
z
P22 Op P22 Op 0

Control Control (alt sxn)

TGFB Control

F P16 Op : G P200p 4
Proliferation : Autophagy

11



Fig. S4. Micro-CT reconstructions in side profile (A-B) and dorsally in conjunction with 2D
orthoslice without (C-D) and with (E-F) middle ear elements highlighted in P22 opossum pups.
Cleared and stained middle ear structures in side profile (G-H) and dorsal view (I-J). TNA
treated pups are shown in A, C, E, G, and I, and control pups in B, D, F, H, and J. A-B — Micro-
CT reconstructions with ossified structures of skull more defined (i.e. less opaque) show no
pleiotropic deformations caused by TNA treatment. C-F — Dorsal views with 2D slice illustrates
how the goniale cradles the MC, and is clearly differentiated from the MC as the goniale is
ossified at this point. G-J — Cleared and stained samples show that the posterior end of MC
(indicated by black arrows) is detached and partially degraded in control but not TNA

specimens. Additionally, the images show no apparent disruption of goniale phenotype.
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Fig S5. Alternative hypothesis of homoplastic evolution of Mammalian Middle Ears under 7GF-
p signaling. Although the Meckel’s sulcus is present in all zatherian stem taxa to crown therians,
and in some stem eutherians and metatherians, the ossified Meckel’s cartilage itself has not been
preserved in these fossils. If treating this as an absence of data, or as presence/absence
indeterminate (= “?”), then it is feasible to hypothesize that the theriiform clade
(multituberculates + crown therians) had possessed the DMME condition with MC breakdown
ancestrally, as documented in multiple multituberculates. If so, an additional evo-devo scenario
would also be possible - the presence of ossified Meckel’s cartilage in Maotherium could be a
hypothetical reversal on evolutionary tree, mechanistically possible by a down regulation of
gene(s) involved in TGF-f signaling (such as TGF-$R2) as in the antibody treatment of 7GF-
PR2. It could not be excluded that separate gains of MC breakdown (in monotremes and in
theriiforms), and its reversal (only in Maotherium) all occurred in the early history of mammals,
given the homoplastic nature of 7TGF-§ signaling and its multiple down-cascade developmental
processes. Another scenario would be that the Meckel’s cartilage was lost in the last common
ancestor of marsupials and placentals (the Theria node), following the interpretation that
Peramus and other stem zatherians retained a MC in the Meckel’s sulcus (53-58). However,
because the Meckel’s sulci in stem zatherians are identical to those of basal eutherians (53-55)
and the metatherian Kokopelia (56), it is not parsimonious to interpret them differently. Thus we
consider the latter scenario to be less likely. All evo-devo hypotheses (Fig. 3 vs. Fig. S5) are
contingent on the interpretation of the presence/absence of the MC and its osteological correlates
on the dentary in stem eutherians and metatherians, and their immediate zatherian outgroups. But
current evidence is more favorable for the scenario presented in Fig 3 than in Fig S5. Our
preferred hypothesis is that parallel up regulations of 7GF-f signaling occurred in multiple early
mammal lineages, facilitating the independent acquisitions (Fig 3). However, if the scenario in
Fig S5 is correct, then this would suggest that significant developmental systems drift has
occurred in modern marsupial and placental mammals. (drawings of Kokopelia and Peramus

courtesy of R. L. Cifelli and B. M. Davis.)
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Tables:

Table S1. Genes that are differentially expressed in the opossum Meckel’s cartilage and its
perichondrium by a log-fold change of >2 at and before P20 (Samplel = P16 or P18, and
Sample2 = P20), as identified by RNA-seq.

Gene Name Samplel  Valuel Sample2  Value2 log2(fold change) P value

CRYGN P16 0.8324 P20 75.8965 6.5107  0.0003
SLC3041 P16 0.3747 P20 20.4888 5.7728  0.0001
CRYGN P18 1.6332 P20 75.8965 5.5383  0.0002
MOB34 P16 0.2553 P20 9.2157 5.1739  0.0003
GPNMB P16 5.4177 P20 193.4330 5.1580  0.0001
Fi10 P16 0.3024 P20 9.6712 4.9991  0.0002
HEYL P16 0.2930 P20 7.5006 4.6780  0.0003
CLIC2 P16 0.3666 P20 8.8372 4.5913  0.0005
SLCI1345 P16 0.9642 P20 23.2089 4.5892  0.0001
LAT P16 1.6472 P20 39.5272 4.5848  0.0004
PHLDA3 P16 3.1026 P20 71.7884 4.5322  0.0001
MRGPRF P16 0.3743 P20 8.5915 4.5205 0.0004
ABCBS P16 1.2166 P20 26.8737 4.4652  0.0001
ABCD4 P16 0.2849 P20 6.2188 4.4483  0.0006
TORIB P16 0.3877 P20 8.2769 4.4159  0.0004
ANAPC2 P16 0.4689 P20 9.8237 4.3890  0.0001
CHN?2 P16 0.6339 P20 13.2001 4.3801  0.0001
PEX19 P16 1.5901 P20 33.0957 4.3794  0.0004
CAPI P16 4.6801 P20 97.1644 4.3758  0.0003
SESN1 P16 0.9021 P20 17.6288 4.2884  0.0001
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EPRS P16 6.8668 P20 39.6481 2.5295  0.0002

EFCABI4 P16 5.0970 P20 29.4241 2.5293  0.0005
GPX7 P16 5.9311 P20 34.2052 2.5278  0.0002
EIF3D P16 15.4771 P20 88.6152 2.5174  0.0006
CALU P16 22.6371 P20 128.6070 2.5062  0.0006
LMANI P16 6.2334 P20 33.6614 2.4330  0.0002
LUM P16 53.1506 P20 283.6810 2.4161  0.0003
CRTAP P16 10.9128 P20 58.1254 2.4132  0.0001
ANXAI P16 8.9166 P20 47.4461 2.4117  0.0003
WDR1 P16 6.6354 P20 34.0139 2.3579  0.0003
EIF3E P16 11.2570 P20 57.5368 2.3537  0.0003
DYNCIHI P16 1.4542 P20 7.2336 2.3145  0.0005
SLK P16 2.6246 P20 12.9263 2.3001  0.0002
SFRP2 P16 11.4798 P20 54.9579 2.2592  0.0006
COL5A1 P16 7.8880 P20 37.6069 2.2533  0.0006
PSMA6 P16 11.2671 P20 53.5942 2.2500  0.0004
PSMC4 P16 8.4349 P20 39.4978 2.2273  0.0003
RPS27A4 P16 270.8450 P20 1219.8700 2.1712  0.0001
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