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22  ABSTRACT

23  Rationale: Cardiac neural crest cells (CNCCs) contribute greatly to cardiovascular
24 development. A thorough understanding of the cell lineages, transcriptomic states and
25  regulatory networks of CNCC derivatives during normal development is essential for
26  deciphering the pathogenesis of CNCC-associated congenital anomalies. However, the
27  transcriptomic landscape of CNCC derivatives during development has not yet been

28  examined at a single-cell resolution.

29  Objective: We sought to systematically characterize the cell lineages, define the
30  developmental chronology and elucidate the transcriptomic dynamics of CNCC

31  derivatives during embryonic and neonatal development.

32 Methods and Results: We performed single-cell transcriptomic sequencing of 34,131
33  CNCC-derived cells in mouse hearts from eight developmental stages between E10.5
34 and P7. Through single-cell analyses and single-molecule fluorescence in situ
35  hybridization, we confirmed the presence of CNCC-derived mural cells. Furthermore,
36  we found the transition from CNCC-derived pericytes to microvascular smooth muscle
37  cells, and identified the genes that were significantly regulated during this transition
38  through pseudo-temporal analysis. CNCC-derived neurons first appeared at E10.5,
39  which was earlier than previously recognized. In addition, the CNCC derivatives
40  switched from a proliferative to a quiescent state with the progression of development.
41  Gradual loss of the neural crest molecular signature with development was also
42  observed in the CNCC derivatives. Our data suggested that many CNCC-derivatives
43  had already committed or differentiated to a specific lineage when migrating to the heart.
44  Finally, we characterized some previously unknown subpopulations of CNCC
45  derivatives during development. For example, we found that Penk+ cells, which were

46  mainly localized in outflow tract cushions, were all derived from CNCCs.

47  Conclusions: Our study provides novel insights into the cell lineages, molecular
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48  signatures, developmental chronology and state change dynamics of CNCC derivatives
49  during embryonic and neonatal development. Our dataset constitutes a valuable
50  resource that will facilitate future efforts in exploring the role of CNCC derivatives in

51  development and disease.

52  Key Words:

53  Single-cell RNA-seq, cardiac neural crest cell, cardiac mural cell, embryonic

54 development, neonatal development

55  Nonstandard Abbreviations and Acronyms:

56 CCS Cardiac conduction system
57 CNCC Cardiac neural crest cell
58 GEM Gel Beads-in-Emulsion

59 mVSMC Microvascular smooth muscle cell

60 NCC Neural crest cell
61 OFT Outflow tract
62 PCA Principal component analysis

63 smFISH Single-molecule fluorescence in situ hybridization
64 TF Transcriptional factor

65 UMAP Uniform manifold approximation and projection
66 UMI Unique molecular identifier

67 VSMC Vascular smooth muscle cell
68
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69 INTRODUCTION

70  Neural crest cells (NCCs) are a multipotent, migratory cell population that delaminates
71  from the dorsal part of the neural tube via epithelial-to-mesenchymal transition.! During
72  embryogenesis, migratory NCCs give rise to a plethora of cell lineages, and contribute
73 to the development of a variety of tissues and organs, such as the skull bones, adrenal
74 gland, enteric nervous system and heart.” While the heart is mostly of mesodermal
75 origin, NCCs, which are ectodermal derivatives, contribute greatly to heart
76  development.® The subpopulation of NCCs contributing to the heart are referred to as
77  cardiac neural crest cells (CNCCs).* Since these cells were first discovered by Kirby et
78 al.,” CNCCs have been demonstrated to play essential roles in cardiovascular
79  development including the remodeling of the pharyngeal arch arteries, cardiac outflow

¢ Genetic or

80 tract (OFT) septation, valvulogenesis and cardiac innervation.
81  environmental disturbance of the migration, survival and differentiation of CNCCs may
82  result in congenital cardiovascular anomalies. Various human syndromes involving
83  severe congenital heart defects have been associated with CNCCs, such as DiGeorge,
84  Noonan and CHARGE syndromes.*® A thorough understanding of the cell lineages,
85  transcriptomic states and regulatory networks of CNCC derivatives during normal

86  development is essential for deciphering the pathogenesis of these CNCC-associated

87  congenital cardiovascular anomalies.

88 In recent decades, significant advances in understanding the CNCC contributions to
89  heart development have been made by using lineage tracing mouse models such as
90  Wntl-Cre mice,’ although some aspects remain contentious. In these models, all
91 CNCCs and their derivatives are genetically labeled by the Cre-loxP recombinase
92  system and observed via LacZ staining or fluorescence imaging (imaging-based lineage
93 tracing).® After delamination from the neural tube (embryonic day 8.5, E8.5), CNCC
94  derivatives first colonize the pharyngeal arch artery and ultimately differentiate into

95  vascular smooth muscle cells (VSMCs) of the aortic arch.* Starting at E10.5, CNCC-

41735


https://doi.org/10.1101/759118
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/759118; this version posted September 5, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

96  derived mesenchymal cells migrate into the OFT and join the cushion mesenchyme,
97  where they participate in the formation of the aorticopulmonary septum for complete
98  separation of the pulmonary and systemic circulation.” These CNCC-derived
99  mesenchymal cells eventually give rise to part of the smooth muscle walls of the great
100  arteries.'” The remodeling of OFT cushions also result in the formation of semilunar
101  valvular leaflets, among which CNCC derivatives mainly contribute to the two leaflets
102  adjacent to the aorticopulmonary septum.’”!! CNCCs have also been suggested to
103  directly contribute to the smooth muscle walls of the proximal coronary arteries.”"!? In
104  addition to the entry point described above (i.e., the arterial pole of the heart), CNCC
105  derivatives enter the heart from a second entry point, the venous pole at E12.5, whereby
106  they penetrate the heart and migrate into the atrioventricular valves.'"!* All the

107  melanocytes in atrioventricular valves are derived from CNCCs.!!

108 In addition, neurons and glial cells derived from CNCCs contribute to the
109  parasympathetic innervation of the heart.!:'* CNCC-derived neurons in the heart were
110  first observed at E11.5.'%!> Although it has been suggested that CNCCs are required for
111  normal development of the cardiac conduction system (CCS), it remains contentious
112 whether CNCCs directly contribute to the CCS, which is known to be derived from the
113  myocardium (myocardial conducting cells).*® Likewise, the presence of CNCC-derived
114  myocardial cells remains controversial, although it has been suggested that CNCCs are

115  essential for normal myocardial development.*!¢

116  Mural cells include pericytes that discontinuously ensheath capillaries and
117  microvascular smooth muscle cells (mVSMCs) that cover larger-caliber vessels of the
118  microcirculation as well as their transitional cells.!”!® Neural crest-derived mural cells
119  have been identified in various organs, such as the brain, retina, head and thymus.'*-*
120 However, one previous study did not find any CNCC-derived mural cells in the heart

121  ventricle at E14.5 using lineage tracing.?! Given that only one developmental stage was

122  examined in the previous study, it remains an open question whether CNCCs contribute
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123  to cardiac mural cells.

124 It has become increasingly evident that even at the beginning of migration from the
125 neural tube, the NCCs are heterogeneous, comprising multipotent cells, cells whose
126  differentiation potential are restricted to varying degrees (fate-restricted cells), and even
127  precursors committed to a particular lineage.?? Although transcriptomic states have
128  been investigated for pre-migratory or early migrating NCCs in the dorsal neural tube
129  of the chick embryo,>** little is known regarding the states of CNCC derivatives with
130 respect to their differentiation potential and proliferative ability when they arrive at the

131  heart or during embryonic and neonatal development of the heart.

132  One obvious drawback of imaging-based lineage tracing is that it cannot provide
133 detailed molecular information about cell state transitions.® Recent technical advances
134  inlarge-scale single-cell RNA-seq have enabled the transcriptomes of tens of thousands
135  of cells to be assayed at a single-cell resolution.”> As a complement to conventional
136 imaging-based lineage tracing, large-scale single-cell RNA-seq allows unbiased
137  cellular heterogeneity dissection, molecular signature identification and developmental
138 trajectory reconstruction at an unprecedented scale and resolution. Large-scale time-
139  series single-cell RNA-seq is becoming a powerful tool for studying the development
140  of complex tissues, organs and even whole organisms.?®?” However, to our knowledge,
141  the transcriptomic landscape of CNCC derivatives during embryonic and neonatal

142  development has not yet been examined at a single-cell resolution.

143  Here, we performed single-cell RNA-seq of CNCC derivatives in mouse hearts from
144  eight developmental stages between E10.5 and P7 (postnatal day 7). We sought to
145  systematically characterize the cell lineages, define the developmental chronology and
146  elucidate the transcriptomic dynamics of CNCC derivatives during embryonic and

147  neonatal development.
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148 METHODS

149  The raw sequencing reads have been deposited in the Sequence Read Archive and are
150  available through project accession number PRINA562135. Detailed methods can be

151  found in the Supplementary Methods.

152 RESULTS

153  Single-cell transcriptomic sequencing of CNCC derivatives during embryonic and
154  neonatal development.

155  To investigate the transcriptomic landscape of CNCC derivatives during development,
156  we used the Wntl-Cre;Rosa26-tdTomato mouse model to specifically label CNCC-
157  derived cells (Figure 1A). Whole hearts were dissociated, and tdTomato-positive cells
158  were sorted for single-cell capture. The developmental stages we selected spanned from
159  the very early time when CNCC derivatives arrived at the cardiac OFT during
160  embryonic development (i.e., E10.5)° to neonatal stage P7 (Figure 1B). 10X Genomics
161  Chromium Single Cell 3’ transcriptomic sequencing libraries were constructed and
162  subjected to sequencing. The sequencing quality metrics were similar across samples,
163  reflecting relatively little technical variation (Online Table I). After the application of
164  stringent quality control, we obtained high-quality single-cell transcriptomes of 34,131
165 CNCC-derived cells from eight stages. To facilitate further data exploration, we
166  developed a web-based interface for our dataset (http://scrnaseqcnce.fwgenetics.org)

167  that permits interactive examination of expression for any gene of interest.
168  The spatial distribution of the CNCC derivatives.

169  The visualization of tdTomato-positive cells by single-molecule fluorescence in situ
170  hybridization (smFISH) enabled us to accurately obtain spatial distribution information
171  for the CNCC derivatives, which was not included in the single-cell RNA-seq data
172  (Figure 1C). At neonatal stage P7, we observed a large number of tdTomato-positive

173  cells in the walls of the aorta and pulmonary artery (Figure 1C-D) as well as the aortic
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174  and pulmonary valve leaflets (Figure 1E, Online Figure I), reflecting the great
175  contribution of CNCCs to the OFT development. Notably, our smFISH results indicated
176  that CNCC-derived cells only populated the inner medial cells of both the ascending
177  aorta and aortic root (Figure 1C-D), thus supporting the view put forth in the most
178  recent report about the distribution of CNCC- and SHF- derived VSMCs.!? Consistent

179  with previous reports,”!!

the CNCC derivatives were found mainly in the two leaflets
180 adjacent to the aorticopulmonary septum of aortic and pulmonary valves (i.e., right and
181  left leaflets) (Online Figure I). Compared with the aortic and pulmonary valves (Figure
182  1E), the CNCCs made a much smaller contribution to the atrioventricular valves (Figure
183  1F). In addition, tdTomato-positive cells were found to be embedded in the walls of
184  ventricles (Figure 1G). CNCC-derived VSMCs were observed in the coronary

185  wvasculature, as evidenced by the co-expression of td7omato and a specific marker for

186  mature VSMCs (i.e., Myhll) (Figure 1H).

187  Cell lineages and transcriptomic states of the CNCC derivatives during embryonic
188  and neonatal development.

189  After recognizing the spatial distribution of the CNCC derivatives, we systematically
190  dissected the cell lineages and transcriptomic states of the CNCC derivatives. The
191  unsupervised clustering of the 34,131 CNCC-derived cells from eight stages identified
192 21 cell clusters (Figure 2A). The data structure was visualized in a two- or three-
193  dimensional UMAP embedding (Online Data I). Six cell lineages were revealed by
194  hierarchical clustering of the clusters based on the average expression of 2,000 selected
195 features (Figure 2B) and the expression of established markers (Figure 2C). The
196  representative molecular signatures for each cluster are shown in Figure 2D (Online

197  Table II).

198  The VSMC (marked by the mature VSMC marker Myhl1?® and the immature VSMC
199  marker Cxcl/12*) and mesenchymal (marked by Pdgfia®® and Lum?®') lineages

200  constituted the two largest lineages of the CNCC derivatives (accounting for 50.4% and
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201  42.1% of the derivatives, respectively). Consistent with the differentiation of
202  mesenchymal cells into VSMCs during development, these two lineages were aligned
203  closely in the UMAP embedding (Figure 2A), and some intermediate subpopulations,
204 such as c4, expressed markers of both lineages (Figure 2C). As expected, we identified
205  CNCC-derived neurons (marked by the parasympathetic neuron marker Sic/8a3 and
206  the sympathetic neuron marker T/'#), Schwann cells (marked by Gfra3 and Cnp??) and
207  melanocytes (marked by Mlana®® and Dcr**). We did not find any CCS or myocardial
208  cell clusters, so our data do not support a direct contribution of CNCCs to the CCS and

209  myocardium in the mouse.

210  Intriguingly, we observed a cluster of mural cells (i.e., c19) based on the pericyte
211 markers recently reported from single-cell studies: P2ry14°* and Vin*® (Figure 2B-C),
212 thus supporting the existence of CNCC-derived mural cells. To further confirm their
213  mural cell identity, we examined the expression of canonical pericyte markers and
214  VSMC contractile markers (Figure 2E). Compared with the others, the c19 cluster
215  expressed higher levels of canonical pericyte markers including Pdgfrb, Cspg4 (NG2),
216  Rgs5, Des and Kcnj8.'%3¢ It also exhibited high expression of VSMC contractile
217  markers, including Acta2, Cnnl and Myhl11,*® reflecting a heterozygous microvascular
218 mural population comprising both pericytes and mVSMCs. Our smFISH results
219  ultimately validated the presence of CNCC-derived pericytes in the heart through the

220  co-expression of tdTomato and Vin (Figure 2F).
221  CNCC-derived pericytes transition to microvascular smooth muscle cells.

222  To understand the heterogeneity of the CNCC-derived mural cells, we performed
223  subclustering of the c19 cells from stage P7 (227 cells, accounting for 48% of the
224 cluster). Two subclusters were identified, scl and sc2, which correspond to pericytes
225 and mVSMCs, respectively, based on the expression of markers (Figure 3A-B). RNA
226  velocity analysis represents a computational framework that can infer the direction and

227  rate of cellular state changes based on the relative abundance of spliced and unspliced
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228  transcripts.’’” Our RNA velocity analysis revealed a transition from pericytes to
229 mVSMCs, which is in agreement with a previous report that pericytes serve as

230  progenitors for smooth muscle cells of the coronary vasculature.*®

231  The single-cell data provided a unique opportunity for interrogating the regulatory
232  changes during the transition. Pseudo-temporal ordering of the cells using Monocle2
233  resulted in the construction of a linear trajectory of cellular transition (Figure 3D-E).
234 We further identified 952 genes that were significantly regulated during the progression
235  of the transition (Figure 3F, Online Table III, adjusted P-value <1E-04). Hierarchical
236  clustering of the identified genes revealed three clusters. Gene cluster I represented the
237  molecular characteristics of pericytes and was mainly enriched for lysosomal
238  membrane organization, cellular response to platelet-derived growth, cellular response
239  to vascular endothelial growth factor stimulus and response to hypoxia (Figure 3F,
240  Online Table IV). Gene cluster II reflected the phenotype of transitioning cells and was
241  mainly enriched for mitochondrial electron transport, positive regulation of SMAD
242  protein signal transduction, negative regulation of vascular smooth muscle cell
243  proliferation and the response to fluid shear stress. Gene cluster III represented the
244 characteristics of mVSMCs and was mainly enriched for positive regulation of
245  transcription from RNA polymerase II promoter involved in smooth muscle cell
246  differentiation and substrate adhesion-dependent cell spreading. Figure 3G shows the
247  expression dynamics of the pericyte markers Vin and Pdgfrb as well as the VSMC
248  marker Myhll, reflecting a continuum of phenotypic changes in cells embedded in the
249  walls of the microvasculature. Interestingly, Notch3 signaling has been suggested to be
250  important in the pericyte to VSMC transition.>® We found that Notch3 was significantly
251  up-regulated specifically in the middle phase of the trajectory (Figure 3G, adjusted P-
252  value =0.031), while other Notch receptors including Notchl, Notch2 and Notch4 were
253  not significantly regulated. Moreover, we examined the transcription factors (TFs) that

254  were significantly regulated during the transition (Figure 3H). Notably, Fosb, Thx2 and
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255  KlIf2 were specifically up-regulated in the middle phase of the trajectory, implying that

256  they played roles in the transition.

257  Developmental chronology and transcriptomic state change dynamics of CNCC
258  derivatives during development.

259  The study of the developmental chronology of CNCC derivatives has previously been
260  limited by improper or limited cell markers for each developmental stage. The large-
261  scale single-cell RNA-seq dataset gave us an unpreceded opportunity, since the cells
262  were clustered in an unbiased manner based on the whole transcriptome, without the
263 need for a priori knowledge about the cell markers. Figure 4A and 4B show the
264  proportion of each cluster in each stage and the proportion of cells from each stage in
265  each cluster, respectively. As shown in cluster I of Figure 4B, the melanocyte lineage
266  first appeared at E11.5 and then greatly expanded at E14.5. These results are consistent
267  with a previous report that Dct (a melanocyte marker) expression is first observed at
268 EI1.5 and that a larger number of melanocytes are found in the atrioventricular
269  endocardial cushions at E14.5,> reflecting the reliability of our dataset. Surprisingly,
270  CNCC-derived neurons were found to appear first at E10.5, which was earlier than
271  previously recognized (E11.5).1>! Only six E10.5 neuron cells were captured, but they
272  all expressed neural markers (Online Table V), thus excluding errors from data

273  integration and clustering.

274 As expected, the VSMC lineage expanded mainly at the later stages of development
275  (after E14.5; cluster II in Figure 4B), and the mesenchymal lineage expanded mainly at
276  the early stages (before E14.5; cluster III in Figure 4B). Notably, the mural cells
277  expanded greatly postnatally (especially at P7), in line with the increase in capillary
278  growth during the postnatal development of the heart.** The transcriptomic state change
279  dynamics during development of the CNCC-derived lineages can be clearly visualized
280 in Figure 4C. Notably, the earliest sample from E10.5 included multiple cell lineages,

281  supporting the view that many CNCC-derivatives had already committed or
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282  differentiated to a specific lineage when they arrived at the heart.

283  Gradual loss of proliferation and the neural crest molecular signature with
284  development in CNCC derivatives.

285  We further characterized the CNCC derivatives with respect to their proliferation ability
286  and differentiation potential when they arrived at the heart as well as during embryonic
287 and postnatal development. We found that the CNCC derivatives were highly
288  proliferative when they arrived at the heart (E10.5) and switched from a proliferative
289  to a quiescent state with the progression of development (Figure SA). Some clusters,
290 such as cl8, cl12, ¢8, c¢5 and c7, were highly proliferative (Figure 5B). We further
291 investigated the differentiation potential of CNCC derivatives by examining the
292  expression of a list of markers for pluripotency and pre-migratory neural crest cells that
293  was compiled by a previous study.”> No cell clusters were found to exhibit high
294  expression of pluripotency genes such as Nanog and Pou5f1 (Oct4), suggesting that the
295  CNCC-derived cells generally did not possess stemness after migrating into the heart
296  (Figure 5C). Moreover, we observed gradual loss of the neural crest molecular signature
297  with development in the CNCC derivatives (Figure 5D). Notably, the CNCC-derived
298  cell lineages exhibited differences in the neural crest molecular signature (Figure 5E).
299  Surprisingly, the melanocytes, rather than the mesenchymal cells, were most similar to
300  pre-migratory neural crest cells. The melanocytes also showed high expression of other

301 neural crest markers, including Pax3 and Kit** (Online Figure II).

302  Characterization of interesting cell subpopulations of CNCC derivatives during
303  development.

304  Single-cell RNA-seq permits the identification of previously unrecognized
305  subpopulations, and we characterized some interesting subpopulations that deserve
306  further study. Cluster cl, ¢2 and c3 exhibited high expression of Myhll, thus
307  representing relatively mature VSMCs (Figure 2C). However, c2 was aligned distant
308 from cl and c3 in the UMAP space (Figure 2A, Online Data I), suggesting that c2

309  represents another branch of the VSMC lineage distinct from c1 and ¢3, while the last
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310 two clusters aligned together closely. Interestingly, compared with cl and c3, c2
311  expressed significantly higher levels of contractile markers such as Myhll and Cnnl as
312  well as pericyte markers such as Rgs5 and Kcnj§ (Figure 6A). Cluster cl and c3
313  expressed significantly higher levels of extracellular matrix genes such as E/n and
314  FbIn2 than c2. Taken together, c2 may represent the CNCC-derived VSMCs of the
315  coronary vasculature, while c1 and ¢3 may represent the CNCC-derived VSMCs of the
316  great arteries. The smFISH results confirmed that the coronary arteries expressed

317  significantly higher levels of Myhll than the great arteries (Figure 6B-C).

318  The mesenchymal cluster c11 showed high expression of the transcription factor Tcf2 1
319  (Figure 6D), which may indicate a subpopulation of CNCC-derived valve interstitial
320 cells based on the previous reports.>**! Our lab previously identified a Penk"
321 mesenchymal subpopulation in the developing OFT; however, whether this
322  subpopulation is derived from CNCCs was not answered.?’ In this study, we found the
323  mesenchymal cluster c9 showed high expression of Penk (Figure 6E), and the smFISH
324  results showed that the Penk® cells were mainly localized in the OFT cushions where
325  the aortopulmonary septum formed, and all the Penk" cells were derived from CNCCs
326  (Figure 6F).

327  Another interesting mesenchymal cluster is ¢S5, which mainly comprised cells from the
328  early stages (Figure 3A), suggesting that it may represent the early state of the CNCC-
329  derived mesenchymal cells. This subpopulation showed high expression of the Crabpl
330 gene, encoding cellular retinoic acid binding protein 1 (Figure 6G), which has been
331 reported as the top marker of CNCC-derived mesenchymal cells at E9.25.* It also
332  showed high expression of the Crabp2 gene, encoding cellular retinoic acid binding
333  protein 2 (Figure 6H). The expression of Crabpl and Crabp2, two important regulators
334  of retinoic acid signaling, decreased during development. These results indicate that
335 CNCC derivatives are more sensitive to retinoic acid signaling at early stages of

336  development.
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337  DISCUSSION

338  The neural crest is fascinating. The formation, migration and differentiation of NCCs
339 and NCC-associated pathologies have been the subject of intense research since the
340  discovery of these cells 150 years ago.** CNCCs play critical roles in the evolution and
341  development of the vertebrate cardiovascular system.* In this study, we systematically
342  investigated the transcriptional landscape of CNCC derivatives during cardiac
343  development at a single-cell resolution. On the basis of large-scale single-cell RNA-seq
344  analyses and smFISH validation, we reported the presence of CNCC-derived mural
345  cells associated with the microvasculature. Furthermore, we found the transition from
346  CNCC-derived pericytes to mVSMCs and identified the genes that were significantly
347  regulated during the transition through pseudo-temporal ordering analysis. We defined
348  the developmental chronology of the CNCC-derived lineages and found that the
349  CNCC-derived neurons first appeared at E10.5, which was earlier than previously
350 recognized. Our data indicated that many CNCC derivatives had already committed or
351 differentiated to a specific lincage when they arrived at the heart. We found that the
352 CNCC derivatives were highly proliferative when migrating into the heart, and
353  switched from a proliferative to a quiescent state with the progression of development.
354  Gradual loss of the neural crest molecular signature with development was also
355 observed in the CNCC derivatives. The CNCC-derived cell lineages exhibited
356  differences in the neural crest molecular signature. Surprisingly, the melanocytes were
357  most similar to the pre-migratory neural crest cells. Finally, we confirmed some
358 interesting subpopulations of the CNCC derivatives during development. For example,
359  we found that Penk+ cells were mainly localized in the OFT cushions where the
360  aortopulmonary septum formed, and confirmed that all the Penk+ cells were derived

361  from CNCCs.

362  Understanding the origin and regulators driving the development of the cardiac

363  vasculature is an important topic in developmental biology. Microvascular mural cells,
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364  comprising microvascular pericytes and microvascular smooth muscle cells, have
365 recently been recognized playing a critical role in cardiac vascular homeostasis and
366  disease.!® The plasticity of microvascular pericytes makes them promising cells for
367 application in cardiac regenerative medicine.'” Nevertheless, the phenotypes of
368  microvascular mural cells are variable, and canonical markers such as Pdgfrb, Des and
369  Cspg4 do not specifically label them, as also shown in our data (Figure 2E), thus
370  impeding the identification of the source and role of this important but heterogeneous
371  population of cells. Using lineage tracing and canonical markers, previous studies have
372 reported the embryonic origin of cardiac mural cells from epicardium or endocardial
373  endothelial cells.?'** Based on single-cell clustering and novel markers recently
374 reported from single-cell studies, we identified a third source of mural cells in the heart
375  (i.e., CNCC-derived mural cells) (Figure 2B-C). This finding makes sense because
376  NCCs have already been reported to give rise to mural cells in many organs, such as
377  the brain, retina and thymus.'*** We also found that the mural cells expanded greatly
378  postnatally (especially at P7, Figure 4B), in line with the increase in capillary growth
379  during the postnatal development of the heart.>* This may be one of the reasons why
380 the CNCC-derived mural cells were not identified in a previous study®' since the
381 CNCC-derived mural cells are relatively few at E14.5 (the stage that study only
382 examined). Consistent with the phenotypic heterogeneity of cardiac mural cells, our
383  results reflected a more complex embryonic origin of cardiac mural cells than
384  previously recognized. Whether cardiac mural cells of different origins behave
385  differentially during pathological processes of the coronary vasculature deserves further
386  study. Although a previous study indicated that pericytes can transition to mVSMCs,*
387  the gene expression dynamics underlying this transition are not yet fully elucidated.
388  Through pseudo-temporal ordering of single cells, we confirmed the linear trajectory
389  of the pericyte-to-mVSMC transition and, for the first time, elucidated the previously
390  unknown regulatory changes during the transition (Figure 3F). Our results support the

391 role of Notch3 signaling during the transition and provide candidate regulators

151735


https://doi.org/10.1101/759118
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/759118; this version posted September 5, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

392  potentially driving the process (Figure 3H).

393  Although our data do not support a direct contribution of CNCCs to the CCS and
394  myocardium, our results highlight the contribution of CNCCs to cardiac vessels of
395  different calibers, from the VSMCs of the great arteries to mural cells wrapping the
396  microvasculature. Moreover, we found that the phenotypes of the cells wrapping the
397  cardiac vessels may vary as a function of the caliber of the vessels. For example, the
398  coronary arteries expressed significantly higher levels of the contractile marker Myhl1
399  than the great arteries (Figure 6A-C). Our results reflect a continuum of cell phenotypes
400 along the cardiac vascular tree with VSMCs and pericytes at the two ends of the
401  phenotypic spectrum. The heterogeneity of the phenotypes of vessel-associated cells in
402  the brain vasculature has been dissected using single-cell RNA-seq.*® The phenotypic
403  heterogeneity of the cardiac vasculature is also complex and deserves to be explored at
404  asingle-cell resolution in the future by integrating single-cell RNA-seq data with spatial

405  transcriptomic data.*®

406  Due to the limitations of imaging-based lineage tracing used in the previous studies,”!!
407  we know little about the states of CNCC derivatives when they migrate to the heart or
408  the molecular change dynamics during development. The large-scale single-cell RNA-
409  seq dataset gave us unpreceded opportunity to explore these questions. Unexpectedly,
410  CNCC-derived neurons expressing mature neuron markers were found to first appear
411  at E10.5 (Figure 4B, Online Table V), which is earlier than previously recognized.!'>'*
412  Notably, the earliest sample investigated from E10.5 contained multiple cell lineages
413  and exhibited the expression of lineage-specific mature markers (Figure 4C). The
414  neuron, Schwann and melanocyte lineages aligned relatively distant from the
415 mesenchymal lineage in the UMAP embedding (Figure 4C), suggesting that most cells
416  of these lineages were not differentiated from the mesenchymal lineage after migrating
417  into the heart. No cell clusters were found to highly express the pluripotency genes such

418  as Nanog and Pou5fl, suggesting that CNCC-derived cells generally do not possess
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419  stemness after migrating into the heart (Figure 5C). Taken together, our results support
420  the view that many CNCC-derivatives have already committed or differentiated to a
421  specific lineage when they arrived at the heart. In addition, we observed that the CNCC
422  derivatives were highly proliferative when migrating into the heart, and switched from
423  a proliferative to a quiescent state with the progression of development (Figure 5A).
424  We also observed gradual loss of the neural crest molecular signature with development
425 in the CNCC derivatives. These findings revealed by single-cell analyses provide a

426  deeper understanding of the CNCC derivatives during development.

427  In conclusion, our study provides novel insights into the cell lineages, molecular
428  signatures, developmental chronology and state change dynamics of CNCC derivatives
429  during embryonic and neonatal development. Our dataset constitutes a valuable
430 resource that will facilitate future efforts to explore the roles of CNCC derivatives in

431  development and disease.
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598  Figure 1. Single-cell RNA-seq and spatial distribution of the CNCC derivatives.

599  (A) Schematic representation of the experimental procedure. (B) The developmental
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600 stages at which the hearts were sampled. Multiple hearts were pooled as a sample for
601  each stage. (C) The spatial distribution of the CNCC derivatives labeled by tdTomato.
602 (D-H) Magnified views of the rectangular regions in C. The same regions are indicated
603 by the same colors. In H, the vessel wall is indicated by the green fluorescence of the
604  VSMC marker Myhll. Ao, aorta; AoV, aortic valve; CA, coronary artery; LA, left
605 atrium; LV, left ventricle; MV, mitral valve; PA, pulmonary artery; RA, right atrium;

606 RV, right ventricle; TV, tricuspid valve
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Figure 2. Cell lineages and transcriptomic states of CNCC derivatives during
embryonic and neonatal development. (A) Single-cell transcriptomes of 34,131

610 CNCC derivatives projected on a two-dimensional UMAP embedding. Clusters are
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611  distinguished by different colors. (B) Hierarchical clustering of the clusters based on
612  the average expression of 2,000 selected features. (C) Expression of established
613  markers for each cell lineage in each cluster. (D) Representative molecular signatures
614  for each cluster. The area of the circles denotes the proportion of cells expressing the
615 gene, and the color intensity reflects the expression intensity. (E) Expression of
616  canonical pericyte markers and VSMC contractile markers. (F) smFISH validation of
617 CNCC-derived pericytes. Hearts from P7 mice were used. Arrows indicate the co-
618  expression of tdTomato and the pericyte marker Ven. MES, mesenchymal cell; MLA,
619 melanocyte; SWN, Schwann cell; UMAP, uniform manifold approximation and

620  projection; VSMC, vascular smooth muscle cell
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622  Figure 3. Cellular transition from CNCC-derived pericytes to microvascular
623 smooth muscle cells. (A) Subclustering of the mural cell cluster c19 reveals two

624  subpopulations. mVSMC, microvascular smooth muscle cells. Only P7 cells were
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625 considered in this analysis. (B) The expression distribution of the VSMC-specific
626  marker Myhll and the pericyte marker Vin. (C) RNA velocity analysis reveals a
627  transition from CNCC-derived pericytes to mVSMCs. The direction and length of the
628 arrow reflect the direction and rate of cellular state changes, respectively. (D) Linear
629 trajectory constructed via pseudo-temporal ordering of cells. (E) Transition trajectory
630 colored according to pseudotime. (F) Hierarchical clustering of the genes that were
631  significantly regulated during the progression of the transition. Only genes with an
632  adjusted P-value <1E-04 are shown here. The number in the parentheses represents the
633  percentage of genes associated with the Gene Ontology term for which the gene cluster
634  is significantly enriched (adjusted P-value <0.05). (G) The expression changes in
635 Myhll, Vin, Pdgfrb and Notch3 during the progression of the cellular transition. (H)

636  Transcriptional factors that were significantly regulated during the transition.
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638 Figure 4. The developmental chronology and transcriptomic state change
639 dynamics of CNCC derivatives. (A) The proportion of cells of each cluster in each
640 stage. (B) The proportion of cells from each stage in each cluster. All samples are
641 normalized to the same number of cells (2,026). The dendrogram shows the hierarchical
642  clustering of the cell clusters based on the proportion of cells from each stage. (C)
643  Dynamic changes in the transcriptomic states of CNCC derivatives during development.
644  The cells are colored according to the clusters. MES, mesenchymal cell; MLA,

645 melanocyte; SWN, Schwann cell; UMAP, uniform manifold approximation and
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646  projection; VSMC, vascular smooth muscle cell
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648  Figure 5. Gradually loss of proliferation and the neural crest molecular signature

649  with development in the CNCC derivatives. (A) Ridge plot showing that CNCC
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650 derivatives switched from a proliferative to a quiescent state with the progression of
651 development. The cycling score of each cell was calculated by summing the log-
652  normalized expression of the cycling genes (“g2m.genes” and “s.genes” in Seurat).
653  (B) Ridge plot showing the proliferative ability of each cell cluster. (C) The expression
654  of pluripotency and pre-migratory neural crest markers in each cell cluster. (D) Ridge
655  plot showing that the divergence in molecular signatures between the CNCC derivatives
656 and pre-migratory neural crest cells increased during development. The neural crest
657  molecular signature score was calculated by summing the log-normalized expression
658  of the pre-migratory neural crest markers (shown in C). (E) Ridge plot showing the

659  distribution of the neural crest molecular signature score in each cluster.
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661  Figure 6. Characterization of interesting cell subpopulations of CNCC derivatives
662  during development. (A) Heatmap showing the difference between VSMC clusters c2
663  and cl+c3. The significance threshold was set to an adjusted P-value < 0.05 and log2-
664  fold change > 0.25. (B) smFISH results showing significantly higher expression of the
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665  contractile marker Myhll in VSMCs of the coronary arteries than in VSMCs of the
666  greatarteries. (C) Quantitative analysis of the fluorescent intensity of Myhll expression
667  confirms significantly higher expression of Myhll in VSMCs of the coronary arteries
668  than in VSMCs of the great arteries. The bar height represents the average intensity of
669 five biological replicates (+SE). One-way ANOVA with Turkey’s post-hoc test. P-
670  value<0.001 (***). n.s. not significant. (D) Mesenchymal cluster c11 with high 7¢cf21
671  expression may represent valve interstitial cells. (E) Mesenchymal cluster ¢9 shows
672  high expression of Penk. (F) smFISH results showing that the Penk+ cells are mainly
673 localized in the OFT region and are derived from CNCC. (G) Crabpl shows high
674  expression in mesenchymal cluster ¢5 and its expression decreases with development.
675 (H) Crabp?2 shows high expression in mesenchymal cluster c¢5 and its expression
676  decreases with development. Ao, aorta; CA coronary artery; LV, left ventricle; OFT,

677  outflow tract; PA, pulmonary artery; RV, right ventricle.
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