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ABSTRACT

We previously showed the importance of TGFB signaling in development of the mouse axial
skeleton. Here, we provide the first direct evidence that TGFp signaling is required for
resegmentation of the sclerotome using chick embryos. Lipophilic fluorescent tracers, DiO and
DiD, were microinjected into adjacent somites of embryos treated with or without TGFBR1
inhibitor, SB431542, at developmental day E2.5 (HH16). Lineage tracing of labeled cells was
observed over the course of 4 days until the completion of resegmentation at E6.5 (HH32).
Vertebrae were malformed and intervertebral discs were small and misshapen in SB431542
injected embryos. Inhibition of TGFp signaling resulted in alterations in resegmentation that
ranged between full, partial, and slanted shifts in distribution of DiO or DiD labeled cells within
vertebrae. Patterning of rostro- caudal markers within sclerotome was disrupted at E3.5 after
treatment with SB431542 with rostral domains expressing both rostral and caudal markers.
Hypaxial myofibers were also increased in thickness after treatment with the inhibitor. We
propose that TG signaling regulates rostro-caudal polarity and subsequent resegmentation in

sclerotome during spinal column devel opment.
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INTRODUCTION

Spinal column formation is a dynamic process that requires migration and subsequent
differentiation of mesenchymal sclerotome cells into the vertebrae (VB), cartilaginous end
plates, ribs, annulus fibrosus (AF) of the intervertebral discs (IVD), and tendons and ligaments of
the spine (Chrigt et al., 2007, Alkhatib et al., 2018, Williams et al., 2019, Cox and Serra, 2014).
This process begins with the formation of somites that will differentiate into dermomyotome and
sclerotome, depending on the signals emanating from neighboring tissues (Kalcheim and Ben-
Yair, 2005, Christ and Ordahl, 1995). These signals include Wnt1l/3 from the epidermis and
BMP4 from the lateral plate mesoderm causing differentiation of the dermomyotome from the
lateral dorsal region of the somite while Shh and Noggin secreted from the notochord and floor
plate of the neural tube stimulate sclerotome formation ventrally (Fan et al., 1997, Fan and
Tessier-Lavigne, 1994, Marcelle et a., 1997).

Sclerotome is initially organized along the anterior-posterior axis of the embryo into a
metameric pattern of rostro-caudal domains separated by von Ebner’s fissure (Christ et al., 2000,
Von Ebner, 1888). The discrete rostral and caudal domains within each segment expresses
distinct markers such as Thx18, Mesp2, and Tenascin rostrally and Unxc4.1, Ripply 1/2, Pax 1/9,
and Peanut Agglutinin (PNA) caudaly (Christ and Ordahl, 1995, Kawamura et al., 2008,
Neubuser et al., 1995, Leitges et al., 2000, Morimoto et al., 2007, Tan et a., 1987, Stern and
Keynes, 1987). Development of the spinal column requires rostro-caudal polarization and then
reorganization of the sclerotome, a process called resegmentation, to allow proper alignment of
the spine with the tendon, musculature, and nerves (Huang et al., 2000, Williams et al., 2019,
Cox and Serra, 2014, Alkhatib et al., 2018). The process of resegmentation is preceded by the

formation of rostra and caudal domains within the sclerotome that regroup during
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resegmentation in response to stimuli that are still unknown (Remak, 1855, Bagnall et al., 1988,
Huang et al., 2000). Rostral and caudal domains within each sclerotome segment separate and
recombine with the corresponding adjacent segment (Fig. 3A). This results in the formation of a
new sclerotome unit that is now shifted one half segment with respect to the myotome (Huang et
al., 2000, Williams et al., 2019, Alkhatib et al., 2018, Cox and Serra, 2014). The newly
resegmented sclerotome will develop into the VB, and the AF will develop in chick from cellsin
the rostral domain immediately adjacent to the origina rostral-caudal border at von Ebner's
fissure (Bruggeman et al., 2012). Tendon will form from the cells adjacent to the myotome
(Brent et al., 2003). The signaling pathways that regulate resegmentation are unknown.

TGFB is a multifunctional growth factor that controls many aspects of development.
TGFp signals as adimer that binds to a heterotetrametric receptor complex on the cell membrane
that consists of two TGFp type 1 receptors, TGFBR1, and two TGFp type two receptors,
TGFBR2. Activation of the receptor complex stimulates the phosphorylation of the well
characterized downstream effectors Smad 2/3, or various “non-canonical” downstream effectors
including ERK 1/2, AKT, and p38 (Hata and Chen, 2016, Chen et al., 2019, Zhang, 2009,
Clayton et al., 2020). TGFp regulates the expression of markers for fibrous tissues, including AF,
ligament, and tendon, in cultured sclerotome through Smad-dependent and non-canonical
signaling pathways (Clayton et al., 2020, Sohn et al., 2010, Ban et al., 2019, Cox et al., 2014).
Deletion of Tgfbr2 in mouse sclerotome in vivo (Col2aCre; Tgfbr2 "™} resuilts in failure of
the AF and other fibrous tissues to form correctly (Baffi et al., 2004, Pryce et al., 2009). In
addition, loss of Tgfbr2 results in phenotypes that would be consistent with defects in
resegmentation including split lamina, disorganized costal joints, loss of the IVD, and defectsin

the anterior articular process ( Baffi et al., 2004, Baffi et al., 2006). Furthermore, Tgbr2 deleted
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93 mice demonstrate alterations in the rostro-caudal polarity of the sclerotome with Pax1 and Pax9,

94  markers of caudal sclerotome, being expressed through the entire segment (Baffi et al., 2006).

95 Deletion of rostro-caudal markers Mesp2 and Rippy 1/2 in mice also contribute to alterationsin

96 the formation of the IVD (Takahashi et al., 2013). Alterations in rostro-caudal polarity and

97  subsequent resegmentation would be expected to alter the context in which cells differentiate,

98  affecting development of the spinal column.

99 Here, we provide the first direct evidence that TGF3 regulates resegmentation. By using a
100  drug inhibitor, SB431542, to inhibit TGFB signaling within the thoracic somites and lipophilic
101 dyes, DiD and DiO, to lineage trace labeled cells from the somite, we show that TGFp signaling
102 isrequired for resegmentation of sclerotome. In addition, inhibition of TGFp signaling resulted
103 in mishappen VBs, reduced IVD, and alterations in rostro-caudal polarity of the sclerotome.
104  Furthermore, we observed increased myofiber development and thickness in SB431542 treated
105 embryos. We propose that TGFp regulates rostro-caudal polarity in the sclerotome, which
106  subsequently affects resegmentation and development of the spinal column.

107

108 RESULTS

109 SB431542 treatment disrupts TGFp signaling and formation of the spinal column in chick
110 embryos.

111 Previous studies from our lab showed that TGFBR2 is required for the development of
112  the mouse axia skeleton (Col2aCre;Tgfbr2 PP mice; Baffi et al., 2004, Baffi et al., 2006).
113  Some of the defects observed in the Col2aCre Tgfbr2->->" mice could be consistent with
114  defects in resegmentation (Baffi et al., 2006); however, this has not been directly tested. To

115 directly test the role of TGFJ in resegmentation, we utilized the chick model since spinal column
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116  development is easily observed in vivo. First, we demonstrated the efficacy of a TGFR1
117  inhibitor, SB431542, in chick embryos through determination of the expression pattern and level
118  of Scx, aknown downstream target of TGFB signaling (Clayton et al., 2020). Embryonic day 2.5
119 (E2.5) chick embryos were injected with DM SO or SB431542 in paired thoracic somites 19-26
120 (Fig. 1A). One day later, E3.5, embryos injected with SB431542 showed a reduction in Scx
121  mRNA by in situ hybridization specifically within sclerotome derived from the inhibitor injected
122  somites (Fig. 1C, white arrows). Sclerotome derived from surrounding somites continued to
123  express Scx mRNA (Fig. 1C) as did sclerotome derived from somites injected with the DM SO
124 control (Fig. 1B). Next, tissue from the injected area was dissected from E3.5 embryos. Western
125 blot analysis of protein lysates indicated a statistically significant reduction in Scx protein in
126  SB431542 injected embryos when compared to DMSO controls (Fig. 1D, E). Protein levels
127  were normalized to the loading control alpha tubulin (Fig. 1D, E). In addition, pSmad3, a direct
128 effector of TGFB signaling, and Adamtsl2, another downstream target of TGFj, were
129  downregulated in SB431542 treated somites relative to DM SO controls (Figure 1D). Reduced
130 levels of TGFP responsive targets in SB431542 treated somites indicated that the inhibitor was
131  working in vivo at the concentrations used.

132  Spinal column development is altered when TGFf signaling isinhibited.

133 We then wanted to determine if the chick model recapitulated the spinal defects seen in
134  mice. Chicks that were injected with DMSO or SB431542 at E2.5 were harvested at E6.5 and
135 E12.5 and stained with Alcian blue to highlight cartilage and skeletal development (Fig. 2). E6.5
136  chick embryos were sectioned, and midline sections were stained with Alcian blue (Fig 2A-D).
137  Alcian blue stains sulfated glycosaminoglycans and glycoproteins and is a histological marker

138 for cartilage (Nagy et al., 2009). Compared to control, the spinal column in SB431542 treated
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139  embryos demonstrated multiple defects (Fig 2. A-D). Vertebrae walls, red bars, were thinner
140 (Fig. 2C), IVD disc height, black brackets, was reduced (Fig. 2D), and the rib heads, black
141  arrows, were malformed in the SB431542 treated group compared to DM SO treated controls.
142 Next, skeletal preparations using Alcian blue and Alizarin red staining were performed
143 on E12.5 embryos to analyze mature skeletons after inhibiting TGF signaling in somites.
144  Control embryos had distinct oval shapes of the AF within the IVD space while inhibitor treated
145 embryos displayed under formed and misshapen AF (Fig. 2E-G, outlined in white).
146 Quantification of the average area of the AF (outlined in white) indicated that the AF in
147  SB431542 injected embryos was reduced compared to controls (Fig. 2G), similar to what is
148  observed in Col2aCre; Tgfbr2 "> mice. The results indicated that TGFf signaling is required
149  for normal skeletal development in chick and validates the model for subsequent studies.

150

151 Resegmentation iscompleted in the chick spinal column by E6.5 days.

152 Many details of resegmentation in the sclerotome are still unknown (Christ et al., 2000,
153 Goldstein and Kalcheim, 1992, Huang et al., 2000). To determine the time course of sclerotome
154  resegmentation, we utilized lipophilic, fluorescent tracker dyes. DiD, far red, and DiO, green.
155 These dyes are dialkylcarbocyanines that intercalate into the cell membrane and thus can be used
156 ascel lineage tracers of any cells they come into contact with (Honig and Hume, 1989). At E2.5,
157  thoracic somites 21 through 26, right side only, were injected in an alternating pattern of DiD,
158 somites 21, 23 and 25, or DiO, somites 22, 24, and 26 (Fig. 3A). This aternating pattern was
159 done to monitor resegmentation and show how somites eventually contribute to a particular
160 vertebra (Ward et a., 2017). We chose the thoracic region somites 21-26 because: 1) the large

161 vitdline artery crosses underneath somite 23 at this developmental stage and therefore, could be
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162  used as ardiable morphological marker to inject the same somites in every embryo, 2) these are
163 newly formed somites at the time of injection and therefore should not have undergone
164 differentiation, 3) since this is restricted to the thoracic region, they should have the same
165 resegmentation pattern (Ward et a., 2017), and 4) vertebral fusion does not normally occur in the
166 thoracic region of Gallus gallus until several weeks after hatching. Furthermore, the right axis of
167 the embryo was injected since after the embryo turns the right side is facing up making imaging
168 possible.

169 We first used max intensity projection (maxIP) 3D images to visualize DiD and DiO
170 labeled cdlls within the spinal column. Max IP projections represented a single time point image
171 that captures a volumetric snapshot through 150 to 200 microns of the sample. For imaging,
172  embryos were injected with dyes at E2.5, isolated at the indicated times, embedded in a
173  yolk/agarose imaging solution to maintain viability, and then imaged on a laser scanning
174  confocal microscope. Excessive cell death as determined by Calcein-Ethidium cell staining was
175 not observed in isolated embryos embedded in the yolk/agarose solution even after 12 hrs when
176  compared to embryos alowed to develop normally in ex ovo culture (Fig. S1). One Max IP
177  image was obtained each day (E2.5 to E6.5) after injection. At E2.5 days, max IP images showed
178 that the somites were well labeled (Fig. 3B). By E3.5, the spherical shape of the somite became
179 less distinct suggesting epithelial to mesenchymal transition of cells in the somite (Fig 3B, C;
180 Fig. S2). In addition, labeled cells on the ventral side of the notochord suggested migration and
181 formation of sclerotome at E3.5 (Fig 3C; Fig. S2). Growth of the embryo was rapid between
182 E3.5 and E4.5/ E5.5. There was an increase in the length of the dorsal-ventral axis relative to the
183 anterior-posterior axis of each sclerotome segment suggesting continued migration of cells

184 ventraly (Fig 3C- E). At 45 and E5.5, the segmented alternately labeled pattern of the
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185 sclerotome in the ventral portion of the embryo could be seen (Fig. 3D, E). In addition, as the
186 embryo grew, it increased in thickness so that by E4.5 only very lateral aspects of the spine (150
187 to 200 microns deep) could be imaged (Fig. 3D). At E6.5, evidence of resegmentation was
188 observed in the lateral cartilages between muscle fibers (Fig 3F, blue brackets = cartilage) where
189 half of each cartilage element was stained far red and half green. To better image the midline,
190 E6.5 embryos that had been injected with DiD and DiO were sectioned and the vertebrae and
191 1VDs were identified by counterstaining with rhodamine conjugated peanut agglutinin (PNA)
192 (Rashid et al., 2020). Sections were simultaneously imaged for all three fluorophores
193 (rhodamine, DiD, and DiO) and the developing vertebrae were outlined by using the ImagelJ
194  threshold tool to decrease background noise in PNA stained images and then the ROI function
195 wasused to outline the VB (Fig. S3). Each vertebra was labeled half far red and half green, clear
196 evidence of resegmentation (Fig. 3G). Previoudly studies have shown a sharp border between red
197 and green domains with little to no cell mixing (Stern and Keynes, 1987). Our data supported
198 these previous observations by showing distinctly labeled red and green cell domains except in
199 the most superficial areas, for example, the developing skin. In summary, labeled cells were
200 followed each day (Fig.3) and we found that resegmentation was completed by E6.5 with each
201 developing vertebrae consisting of ahalf far red and a half green domain (Fig.3 F, G).

202

203 TGFp signalingisrequired for resegmentation.

204 Next, to determine the role of TGF signaling in resegmentation, SB431542, a TGFR1
205 inhibitor, or DM SO, was mixed with DiD or DiOin a1:1 ratio and injected into somites 21-26 in
206 an aternating pattern as described above (Fig.3A; Fig. 4A). Sections from control and treated

207  embryos were counterstained with rhodamine conjugated Peanut Agglutinin (PNA) to localize
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208 the developing VB as described above (Fig. 4B-E, outlined in white dotted box). When
209 compared to embryos injected with DMSO, SB431542 injected embryos showed altered
210 resegmentation patterns (summarized in Fig. 4A). In control embryos, VB consisted of half far
211 red and half green domains as expected for normal resegmentation (Fig. 4B, F, G). The border
212  between the labeled domains is marked with a yellow dotted line. Embryos injected with
213  SB431542 demonstrated changes in the ratio of far red and green labeled domains within the VB
214  that manifested as full shift, partial shift, slanted border, or a mixture of these. Full shift was
215  visualized asonly one color in the VB (Fig. 4C). A partial shift was defined as a change from 50-
216 50intheratio of the far red and green domainsin the VB (Fig. 4D). SB431542 injected embryos
217  that demonstrated a partial shift had an expanded caudal domain (Fig. 4D, G, F). Slanted border
218 wasdefined as an alteration in the ratio of red and green domains but the border between the two
219 was not straight across the VB (Fig. 4E). Slanted borders also resulted in an overall expanded
220 cauda domain (Fig. 4E, F, G). Some embryos demonstrated more than one alteration and had
221  both a partia shift and slanted borders (Fig. 4D). Quantification of the volume of each domain
222  relative to the total segment indicated that resegmentation was significantly affected by blocking
223  TGFp signaling with SB431542 indicating arole for TGFf in resegmentation.

224

225 TGFp sgnaling regulatesrostral-caudal patterning in the scler otome.

226 Sclerotome is organized into rostral and caudal domains that can be molecularly marked,
227  for example, by Tenascin expression in the rostral domain and high PNA staining in the caudal
228 domain (Huang et al., 2000, Stern and Keynes, 1987, Baffi et a., 2006, Cox and Serra, 2014,
229 Alkhatib et al., 2018, Williams et al., 2019). The observations above suggested that SB431542

230 treated embryos had defects in resegmentation that resulted in an expansion of the caudal domain
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231 in each sclerotome segment. We previously noted that Col2aCreTgfbr2 “*P-" mice
232  demonstrated expression of Pax1 and Pax9 through the entire sclerotome whereas Pax1/9 were
233  only expressed in the caudal domain in control mice suggesting expansion of the caudal domain.
234  Furthermore, rostralization or caudalization of sclerotome results in spinal phenotypes that are
235 consistent with defects in resegmentation (Takahashi et al., 2013). To test the hypothesis that
236 TGFp signaling affects rostral-caudal polarity in the early chick sclerotome, embryos were
237  injected with DM SO or SB431542 at E2.5 and markers for rostral (Tenascin) and caudal (PNA)
238 domains of the sclerotome were localized in sections from E3.5 embryos using
239  immunofluorescent staining (Fig.5). In DM SO treated embryos, Tenascin was localized to the
240 rostral domain as expected and localization was comparable in SB431542 injected embryos
241  (Fig5A, B). Next, sections were stained with PNA. In control embryos, staining was more
242  intense in the caudal domain (Fig. 5C) as previously described (Stern and Keynes, 1987). In
243  contrast, in SB431542 treated embryos PNA labeling was expanded throughout the rostral
244  domain (Fig. 5D). These results along with our previous results in mouse (Baffi et al., 2006)
245  suggest that TGFp signaling regulates rostral-caudal polarity in sclerotome specifically by
246  limiting the expansion of the caudal domain markers.

247

248  Myogenic differentiation isaltered when TGFp signaling isinhibited.

249  Next, we used live cell imaging to follow labeled somitic cells over time. Embryos were injected
250 with dyes at E2.5, isolated at indicated times, embedded in a yolk/agarose imaging solution to
251 maintain viability as described above, and then imaged on a laser scanning confocal microscope
252  in 12-hour (hr) intervals over the course of 4 days (Fig. 6A). A separate embryo was imaged

253 every 12 hours. As indicated above, changes in cell death as determined by Calcein-Ethidium
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254  cell staining were not observed (Fig S1). At E2.5 days, live cell imaging showed that the somites
255 were well labeled (Movie 1) and that there was some movement of cells ventrally over the first
256 12 hrs after labeling (Movie 1). Unfortunately, only the lateral aspects of the labeled embryos
257  could be observed during live cell imaging as the embryos grew due to limitations of light
258  penetration with laser scanning confocal microscopy, so we could not follow sclerotome which
259 forms from the more medial parts of the somite. Nevertheless, we were able to image the
260 dermamyotome which forms dorsal and lateral to the sclerotome. In labeled control, DM SO
261 treated embryos, the most striking observation was the appearance of elongated cells in the
262  dorsal lateral aspect of the embryo starting at about E4.5 days (Movie 2). We hypothesized that
263 these cells were developing myocytes based on their morphology and confirmed by staining
264  sections containing the elongated cells with MF20, a known myocyte marker (Fig 6B). We then
265 observed myocyte formation in labeled SB431542 treated embryos (Movie 3). The elongated
266  cells appeared increased in number and thickness when compared to control embryos (Movie 2
267 and Movie 3). We then compared sections from control and SB431542 treated embryos for
268 MF20 expression by immunofluorescent staining (Fig 6. B, C). The area between the ribs
269  containing hypaxial muscle fibersin E6.5 embryos was compared. Fibers appeared thicker in the
270 SB431542 treated embryos. This was confirmed through morphometric analysis (Fig. 6 D).
271 There was a dtatigtically significant increase in myofiber thickness in the SB431542 treated
272  embryos. This observation is supported by previous studies that show TGF signaling acts as an
273 inhibitor of myofiber differentiation; therefore, inhibition of TGFB signaling caused increased
274  myofiber differentiation in SB431542 injected embryos (Liu et al., 2001, Kollias and
275  McDermott, 2008).

276
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277 DISCUSSION

278 The importance of TGFJ signaling in the development of the spinal column has been
279  shown in numerous studies (Baffi et al., 2004, Baffi et al., 2006, Cox et a., 2014, Ban et al.,
280 2019). Phenotypes in mice with conditional deletion of Tgfbr2 in sclerotome are consistent with
281  defects in resegmentation although resegmentation was not tested directly (Baffi et al., 2004,
282 Baffi et a., 2006). Here we directly tested the role of TGFp signaling in sclerotome
283  resegmentation during spinal column formation. We used lineage tracer dyes, DiD and DiO to
284  follow somite derivatives including the sclerotome over time, and SB431542, a TGFBR1
285 inhibitor, to determine the role of TGF signaling in resegmentation and development of the
286  spinal column. The chick model was chosen for this study due to its ability to develop and
287 remain viable in ex ovo culture conditions. Ex ovo culturing of embryos permits easy
288 manipulation and visualization of developmental processes (Aoyama and Asamoto, 2000, Christ
289 et a., 2004, Huang et a., 2000). In addition, it has been demonstrated that the processes of
290 resegmentation and sclerotome differentiation in chick are similar to that of mouse and human
291 (Tanaka and Uhthoff, 1981, Takahashi et al., 2013). We established that SB431542 inhibited
292  TGFp signaling in chick somites at the concentrations used by looking at expression of known
293  down-stream targets of TGFB, most notably Scx (Clayton et al., 2020). We also showed a
294  reduction in the AF of the IVD after treatment with SB431542, similar to what is seen in Tgfbr2
295 conditionally deleted mice (Baffi et al., 2004) further supporting the use of chick as a model in
296  these experiments.

297 Increased thickness of MF20 labeled myofibers was observed in SB431542 injected
298  chick embryos. TGFp signaling has been shown to act as an inhibitor of myofiber differentiation

299  acting through Smad3 to inhibit MyoD, one of the master transcriptional regulators of muscle
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300 development (Kollias and McDermott, 2008, Liu et al., 2001, Filvaroff et al., 1994). TGFj
301 inhibited myoblasts were not able to fuse to form myotubes (Filvaroff 1994). In addition,
302 treatment of limb bud organ cultures with neutralizing antibodies to TGF-p ligands resulted in
303 theearly appearance of large secondary myotubes, similar to what we observed here (Kollias and
304 McDermott, 2008, Cusella-De Angelis et al., 1994). It was suggested that TGF-p prevents
305 premature differentiation of migrating myoblasts to permit proper muscle formation (Kollias and
306 McDermott, 2008). Our observations in chick further support this function of TGF-B in muscle
307 development as well as supporting pharmacological inhibition of TGF-B signaling in the chick
308 modd.

309 Rostral-caudal polarity in the sclerotome has been shown to be important for 1IVD
310 formation. “Rostralizing” or “caudalizing” mouse sclerotome through deletion of specific
311 transcription factor markers of the rostral or caudal domains had severe effects on IVD
312 differentiation and spinal column formation (Takahashi et al., 2013). For example, deletion of
313 Mep2, a marker of rostral sclerotome, or Ripply1/2, a marker of caudal sclerotome, resulted in
314 misshapen vertebrae and missing 1VDs supporting the importance of rostro-caudal identity in
315 development of the spine (Takahashi et al., 2013). In the present study, we showed that
316 resegmentation was completed by E6.5 in the chick and was disrupted in the presence of
317 SB431542 as evidenced by the altered pattern of DiO and DiD labeled domains in the VBs. We
318 noticed that the caudal labeled domains were shifted rostrally, with a smaller rostral domain in
319 treated compared to controls. We hypothesized that this caudal shift was reflective of disrupted
320 rostro-caudal polarity in earlier sclerotome. One of the most notable defects in Col2aCre; Tgfbr2
321 PP mice was alterations in the polarity of the early sclerotome before resegmentation (Baffi

322 et al., 2004 Baffi et al., 2006). Expansion of the caudal domain, as measured by Pax1/9


https://doi.org/10.1101/2021.10.25.465780

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.25.465780; this version posted October 26, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

323  expression, anteriorly without alterations in localized expression of Thx18, a rostral marker, in
324  Col2aCreTgfbr2 "™ mice resulted in both rostral and caudal markers being co-expressed in
325 therostral half of the sclerotome (Baffi et al., 2006). Here, we used Tenascin as a marker of
326  rostral sclerotome and PNA as a marker of caudal sclerotome. Treatment with SB431542 did not
327  adter the expression domain of Tenascin; however, the expression domain of PNA was expanded
328 through the entire sclerotome segment so that it overlapped with Tenascin. This unusual rostro-
329  caudal pattern is similar to what we saw in Col2aCre; Tgfbr2->"->P mice (Baffi et al 2006). The
330 occurrence of the same unique patterning in two different animal models supports the hypothesis
331 that TGFp regulates rostro-caudal polarity in the sclerotome.

332 It has been suggested but not shown directly that alterations in rostal-caudal polarity
333  affect resegmentation (Takahashi et a., 2013). We propose that early alterations in rostro-caudal
334 polarity in the sclerotome due to inhibition of TGFB signaling contribute to the observed
335 disruption in  resegmentation. Alterations in rostro-caudal polarity and subsequent
336  resegmentation would then be expected to alter the context in which cells differentiate, affecting
337 development of the spinal column. In the chick, the IVD forms from the rostral domain of the
338 sclerotome near von Ebner’s fissure, which is the boundary that separates the rostro-caudal
339 domains (Bruggeman et al., 2012). Aberrant expression of caudal markers rostrally could be
340 influencing how and where von Ebner's fissure forms and thus cause alterations in
341 resegmentation. In addition, co-expression of both rostral and caudal genes within the rostral
342 domainin chick asaresult of inhibition of TGFpB signaling could potentially cause alterations in
343 differentiation pathways in the rostral domain leading to IVD malformations. Many domain
344 markers are transcription factors initiating distinct differentiation protocols within their

345  respective domains (Leitges et al., 2000, Morimoto et al., 2007, Kawamura et al., 2008).
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Inappropriate expression of these markers rostraly due to inhibition of TGFp signaling could
result in alterations in cell fate decisions that would affect development of the spinal column, and
in this case the AF. Alterations in rostro-caudal polarity and subsequent resegmentation would
also be expected to alter the context in which cells differentiate, affecting development of the
spinal column. Alterations to cell fate decisions after resegmentation could then occur because
cells are not in the correct locations to receive instructive, permissive, or competence signals.

In summary, this study provides the first direct evidence that TGFB regulates
resegmentation. We propose that TGFp regulates rostro-caudal polarity in the sclerotome, which
subsequently affects resegmentation and placement or differentiation of tissues within the spinal

column.
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357 MATERIALS AND METHODS

358 Ex ovochick embryo culture

359  Specific Pathogen Free Premium Fertilized eggs (Charles River) were incubated at 99 degrees
360 Fahrenheit and 55% humidity in a GQF 1500 series incubation cabinet (GQF Manufacturing

361 Company) for 60-65 hours, 2 and a half days (E2.5), until embryonic stage HH16. After

362  incubation, eggs were cracked and cultured in Degp Dish Petri Dishes (Fisherbrand) using

363 previously published conditions (Auerbach et al., 1974, Yalcin et al., 2010) before being

364 injected. Injected embryos were then returned to the incubator and allowed to grow until the

365 indicated embryonic stage/ developmental day. Preestablished exclusion criteria included any
366 embryo that had abirth defect on the day of injection and contamination or death of the embryo
367 before the end point of the experiment. Statisticsincluding T-tests and ANOV A were preformed
368 to quantify various descriptive endpoints. Tests were run to assure that the data were normal and
369 that variance was equal between each group using GraphPad Prism before the appropriate

370 statistical test was selected. All graphed datais shown asindividual data points.

371

372 Embryoinjections

373  All injections were performed using a Pli-100A pico-liter microinjector (Warner Instruments) at
374  embryonic day 2.5 (E2.5). Selection for animals that were injected with either DMSO or
375 SB431542 were randomized. The embryos analyzed on different developmental days for the
376  microscopy experiments were matched for similar Hamburger and Hamilton (HH) stages to
377 make a more accurate comparison between DMSO and SB431542 treatments. For skeletal
378  preparations, western blot, and whole mount in situ analysis, eggs were cracked and injected
379 with a control solution of DMSO or 50uM SB431542 Catalog #S1067 (Tocris) in thoracic
380 somites 19 through 26. Somites were injected with solution until there was visible swelling in the
381 somite. After injections, embryos were placed back into the incubator and cultured for 24 hours
382  to reach embryonic day 3.5 (E3.5) for western blot, immunostaining, and whole mount in situ
383  hybridization. Histology was done at E6.5 days. For skeletal preparations, embryos were cultured
384 for 10 days post injections until embryonic day 12.5 (E12.5). For lineage tracing experiments,
385 E2.5 embryos were injected with fluorescent, lipophilic dyes, DiD Catalog #D7757 and DiO
386 Catalog #D257 (Thermofisher Scientific), with or without the presence of 50uM SB431542 into
387 somites 21 through 26 on the right side only. DiD was injected into somites 21, 23 and 25, and
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388 DiO was injected into somites 22, 24 and 26. After injections, embryos were collected
389 immediately after injections at E2.5 and then for 24hrs up to 4 days post injections until E6.5 for
390 confocal imaging or histology experiments.

391

392  Skeletal preparations

393 Injected embryos were allowed to reach E12.5 and then sacrificed. Embryos were removed from
394 ther extraembryonic membranes, decapitated, washed in Dubeccos phosphate buffered saline
395 (DPBS) (Gibco), fixed for 1 hour in 4% paraformaldehyde (PFA), and then submerged in 70%
396 ethanol overnight. The skin and organs were then removed before placing the embryos in the
397  acian blue solution (10mg X-Gal powder (Thermofisher Scientific), 20mL acetic acid and 80mL
398  95% ethanol) overnight (Nagy et al., 2009). Embryos were then rehydrated in 50% and then 25%
399 ethanol: 0.5% potassum hydroxide washed before being stained with alizarin red (0.002%
400 powder in 0.5% potassum hydroxide) for 24hours. Tissues were cleared in increasing
401  concentrations of glycerol: 0.5% potassium hydroxide before being stored and imaged in 100%
402  glycerol. Images were taken on an Olympus SZX12 microscope using a 0.5X PF objective. To
403 measure IVD area changes, Image J was used to draw ROIs around the IVDs above thoracic
404  vertebrae 5, 6, and 7 (T5, T6, T7) in each embryo, and area of each ROl was calculated.
405 Differences between groups was analyzed using an unpaired two-tailed t-test in GraphPad Prism.
406

407 Whole mount in Situ

408 Injected embryos were allowed to reach E3.5, isolated, and washed in diethyl pyrocarbonate
409 (DEPC) treated PBS. To perform whole mount in situ, the protocol reported in (Riddle et al.,
410 1993) was used. The pBS cScx 3'UTR plasmid Catalog #13957 (Addgene) created by
411  (Schweitzer et al., 2001) was used as the template to create the Scx mRNA probe by utilizing the
412 DIG RNA Labeling Kit Catalog #11175025910 (Roche) and the T3 RNA polymerase Catalog
413  #11031163001 (Roche). Staining of the embryos was completed using BM-Purple substrate
414  Catalog # 11442074001 (Roche), and imaging was done with an Olympus SZX12 microscope
415 using a0.5X PF objective.

416

417 Western blot
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418 Injected tissue was isolated from the thoracic region of embryos and lysed with Radio
419  Immunoprecipitation Assay (RIPA) buffer (Roche). Total protein concentration was measured
420 using a DC Protein Assay kit (Bio-Rad Laboratories) and 40ug of protein lysate per sample was
421  loaded on 4-20% polyacrylamide gels (Bio-Rad Laboratories) for separation. Protein was then
422  transferred to polyvinylidene fluoride membranes using a Trans-Blot Turbo Transfer system
423 (Bio-Rad Laboratories). All membranes were blocked with 5% Bovine Serum Albumin (Sigma-
424  Aldrich) and incubated with anti-SCXA antibody, Catalog #PA5-23943 (Invitrogen); anti-
425  phospho Smad23 Catalog #8828S (Cdll Signaling); anti-Smad3 Catalog #9513S (Cell Signaling);
426  anti-Adamtsl2 Catalog #ab97603 (Abcam); and anti-oo tubulin Catalog #200-301-880,
427  (Rockland) overnight at 4 degrees Celsius. Membranes were washed with Tris-buffered saline
428  containing 0.1% Tween 20 (TBST) and incubated with anti-Rabbit-HRP, Catalog #7074S (Santa
429  Cruz Biotechnology) for 1 hour at room temperature. The chemiluminescence was detected by
430 the Supersignal West Dura kit (Thermo Scientific). All images were acquired on a ChemiDoc
431 MP system (Bio-Rad Laboratories), and quantification of blots was performed using Imagel.
432 Statistical analyses were performed using an unpaired, two-tailed t-test on GraphPad Prism.
433  Asterisksdenote p <0.05

434

435 Confocal microscopy and live-cell imaging

436  After indicated post injection incubation times, embryos were isolated and dissected. For E2.5
437  embryos the entire embryo was imaged, for E3.5 embryos the head was removed, for E4.5 and
438 ES5.5 embryos the head and limb buds were removed, and for E6.5 embryos the head, limb buds,
439  and skin were removed to better visualize labeled cells. Embryos were placed in a glass bottom,
440  cdl imaging dish Catalog #0030740009 (Eppendorf) and submerged in imaging solution (80%
441  egg white and 20% 1.2% UltraPure LMP Agarose Catalog #16500100 (Invitrogen) in Ringer's
442  solution (FisherScientific). Embryos were then taken to the microscopy core for 3D imaging on a
443  Nikon Ti2 laser scanning confocal. For maximum intensity projections (maxIP), the 10x
444  objective was used to capture images at a depth of 2.5-3.5 um/z through the z plane for a total
445  thickness of 150-200um dependent upon the embryonic stage. Z stacks were combined to make a
446  maxIP. For live-cell imaging, embryos were placed into a Tokai Hit incubation stage chamber at
447 37 degrees Celsius to maintain viability. Embryos were imaged every 10 minutes for 12 hours to

448  produce 73 z stacks per embryo and the average z stack took 8-9 minutes. Z stacks were then
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449  combined into maxIP images and then looped together to make a video. To capture devel opment
450 of the spina column from injections at E2.5 to resegmentation at E6.5, a total of 9 embryos
451  underwent live-cell imaging, with a different embryo being imaged every 12 hours over the span
452  of 4 days. All maxIP images and videos were made using the Nikon NIS-Elements Advanced
453 Research software. Replicate numbers for each image and video are indicated in the figure
454  legends. Videos are located in the supplemental figures section.

455

456  Histology

457  The spinal column was dissected from isolated embryos, washed in PBS, and fixed for 1hr in 4%
458 PFA. Embryos were placed in 30% sucrose overnight at 4 degrees Celsius and then placed in
459 graded 30% sucrose: OCT solutions for 1 hour until reaching 100% OCT. Embryos were
460 embedded in OCT and 10um sections were made using a Lecia cryostat. Slides were fixed with
461 4% PFA for 20 minutes before immunofluorescence (IF) or histological staining. For alcian blue
462  staining, slides were treated with acian blue overnight in a humidified chamber at 4 degrees
463 Cedsius and then imaged with an Olympus SZX12 microscope using a 1X PF objective. For
464  peanut agglutinin (PNA) staining, slides were permeabilized with 0.1%Trition X for 10 minutes
465  and then blocked in 1% BSA for 30 minutes. PNA-Rhodamine (Vector Labs) was added to slides
466 at adilution of 1:100 for 1 hour. Immunofluorescence was conducted by permeabilizing with
467  0.1% TritonX and blocking in 1% Goat serum in TBST before adding the primary antibodies of
468  anti- MF20 (DSHB) at adilution of 7:250, anti-Tenascin (DSHB) at a dilution of 1ug/250ul. An
469  anti-mouse Alexa 555 secondary was added at a dilution of 1:250. Indicated slides were treated
470  with Hoechst 33258 (Invitrogen) at a dilution of 1:1000 before being mounted and imaged with
471  an Olympus fluorescent microscope using a 20X PF objective. To measure myofiber fiber
472  differences via MF20, Imagel was used to zoom in and take images from the left, middle, and
473  right of each image. The width of al myofibers, white brackets in panels B and D, in each
474  zoomed in area was measured and average fiber thickness per sample was calculated.

475

476
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495  Fig. 1: SB431542 treatment disrupts TGFp signaling and for mation of the spinal column in
496 chick embryos. (A) Schematic of ex ovo culture and injection in chick embryos. (B, C) Whole
497  mount in situ hybridization in E3.5 embryos with an antisense probe to Scx mRNA. (B) DM SO
498 injected control embryos (n=5) or (C) SB431542 injected embryos (n=3). The white arrowsin
499 pane C denote the range of SB431542 injection. (D) Thoracic tissue was isolated from control
500 and treated embryos and western blot analysis was conducted using pSmad3 (n=3), Smad3

501 (n=3), Scx (n=7), Adamtsl2 (n=2), and o tubulin (n=7) specific antibodies. o tubulin was used as
502 aloading control. (E) Densitometry was used to quantify relative expression of Scx/ o tubulin
503 from western blots (n=7). Differences between groups was analyzed using an unpaired two-tailed
504 t-test in GraphPad Prism. n= denotes the number of biological replicates. * = p < 0.05. Left is
505 ventral and right isdorsal, top is anterior and bottom is posterior in B and C.

506
507 Fig. 2: Spinal column development is altered when TGFp signaling isinhibited. (A-D) E6.5

508 embryos were embedded in OCT, sectioned, and the midline sections that showed the notochord
509 were stained with alcian blue. (A) Control embryos (n=5) or those treated with (B) SB431541
510 (n=5) showed (C) reduced vertebral wall thickness and (D) reduced IVD height. A" and B’ are
511 magnified regions from panels A and B. The black arrows in panels A’ and B’ point to the rib
512  head. Black brackets indicate the disc space, and the red bars indicate the VB wall thickness. (E-
513 G) Skeletal preparations using acian blue and alizarin red staining were performed on E12.5
514 embryos. The thoracic segment of (E) DM SO control (n=4) and (F) SB431542 treated (n=5)
515 embryos were observed and the (G) IVD area was quantified. n= denotes the number of
516 biological replicates. * = p < 0.05. NC, notochord; D, dorsal; V, ventral.

517
518 Fig. 3: Resegmentation is completed in the chick spinal column by E6.5 days. (A) Schematic

519 of lipophilic dye injections and the process of resegmentation in thoracic sclerotome. (B-F)
520 Embryos were isolated after dye injections and 3D volumetric projections (maxIP images) of the
521  embryos were acquired starting at (B) E2.5 days (n=3) and taken every 24hrs at (C) E3.5 (n=3),
522 (D) E4.5 (n=3), (E) E5.5 (n=11) until (F) E6.5 (n= 6) where resegmentation was evident in the
523 cartilaginous rib heads (F, blue brackets). (G) A section of an E6.5 embryo at the midline
524  showed evidence of resegmentation in the VBs (outlined by white boxes) (n=5). The yellow
525  Dbrackets in panel E show where the labeled cells that have migrated ventrally have begun to
526  segment. The white arrowheads in panel G show the IVD regions. n= denotes the number of
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527 biological replicates. Scl, sclerotome; NC, notochord; My, myotome; M, muscle; T, thoracic
528 vertebrae; R, rostral; C, caudal. Dorsal isright. Ventral isleft. Anterior isto the top and posterior
529  to the bottom.

530
531 Fig. 4: Inhibition of TGFp signaling disrupts resegmentation. (A) Schematic of the process of

532  normal resegmentation compared to altered resegmentation in SB431542 treated embryos at E6.5
533 days. SB431542 treated embryos were grouped into three different categories, full shift (n=3),
534  partia shift (n=3), or anted (n=3), based on the border between far red and green stained cells
535 within the VB. (B) DMSO (n=5) or (C-E) SB431542 injected embryos were counterstained with
536 peanut agglutin-RITC (PNA) and Hoechst and the vertebral body was outlined in white. The
537 outlined VB area was then superimposed over the images of DiD/DiO labeled cells on the same
538 dlides (B'-E'). Examples of (C) a full shift (n=3), (D) partial shift (n=3), and (E) slanted shift
539 (n=3) are shown. (F) An ANOVA analysis was used to compare the differences in the DiD/DiO
540 labeled rostral and caudal zonesin DM SO versus SB431542 vertebrae. (G) All comparisons are
541 listed inthetable. A Tukey’s post hoc analysis was used to compare differences between groups.
542  VBs (white dotted squares) were outlined using the threshold and ROI tools on Image J. Rostro
543 caudal boundary is denoted by a yellow dotted line. Left is ventral, and right is dorsal. n=
544  denotes the number of biological replicates. So, somite; Scl, sclerotome; NC, notochord; T,
545 thoracic vertebrae; R, rostral; C, caudal.

546
547 Fig. 5: TGFp signaling regulatesrostral-caudal patterning in the sclerotome. (A, C) DMSO

548 or (B,D) SB431542 injected E3.5 embryos were embedded in OCT, sectioned, and slides
549  containing clear somite borders were selected. (A) DMSO control embryos (n=4) and (B)
550 SB431542 (n=7) embryos were stained with a Tenascin antibody to label the rostral domain in
551  somites. (C) DM SO control (n=3) embryos and (D) SB431542 embryos (n=4) were also stained
552  with PNA to label the caudal domain in somites. (A'-D’). Hoechst was used as the counter stain.
553 Left is ventral and right is dorsal. n= denotes the number of biological replicates. DM,
554  dermomyotome.

555
556 Fig. 6: Myogenic differentiation is altered when TGFp signaling isinhibited. (A) Schematic

557  of the live cell imaging timeline. Chicks were injected with lipophilic dyes at E2.5 days then
558 isolated and imaged for 12hrs starting at 8pm on the day of injections. A different chick was
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isolated and imaged every 12hours over the course of 4 days from 8am-8pm or 8pm-8am until
E6.5. Movies are located in the supplemental figures section. (B,C) E6.5 embryos were
embedded in OCT, sectioned, and slides containing ribs and hypaxial muscle fibers were
selected and stained with MF20 (pink) and counter stained with Hoechst (blue). (B) DM SO
injected controls (B') zoomed in region from white box in B (n=4). (C) SB431542 injected
embryos (C') a zoomed in region from white box in C (n=6). (D) Average myofiber thickness
(white brackets) was measured using ImageJ, and averages were analyzed using an unpaired
two-tailed t-test in GraphPad Prism. * = p < 0.05. n= denotes the number of biological replicates.
Left isventral, and right isdorsal.
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