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Abstract

Background: Pleuropulmonary blastoma (PPB) is a rare lung malignancy in children derived from mesenchyme. Single-cell

RNA sequencing is used to explore the heterogeneity of tumors. Here, we used this technology to classify PPB subpopulations

and predict their differentiation trajectory. Procedure: This study included 10 007 single cells from a girl with PPB. After

choosing malignant tumor cells with an inferring copy number variation, we used non-negative matrix factorization and Seurat

analysis to cluster the cells and divided the subgroups by their differentially expressed genes and Gene Ontology enrichment

analysis. Additionally, pseudotime trajectory analysis of PPB was conducted with Monocle. Results: Tumor cells were divided

into two major categories including muscle (DEShiTNNT1hiTNNI1hi) and cartilage (TWIST1hiHTRA1hiBMP4hi). In muscle

lineage, satellite myogenic cells (PAX7hiMYF5hiMSChi), which were subdivided into more primitive FABP7hi one and later

ITM2Ahi one, were the origin of muscle in PPB and gradually differentiated into myocytes (MYOGhiTTNhiMYL4hi). And

in the cartilage lineage, SOX9hiPAX1hiPAX9hi prechondrocytes generated MGPhiOGNhi chondrocytes and DKK2hiTNMDhi

chondrocytes. Conclusions: Our results demonstrated unrecognized heterogeneity in PPB at the single cell level and defined

its muscle and cartilage subpopulations together with their trajectories, which would provide some basis for the molecular

mechanism and treatment of PPB.

Introduction

Pleuropulmonary blastoma (PPB) is a rare (<2/1 000 000) primary pulmonary malignancy with a poor prog-
nosis in children1, which is a pulmonary soft tissue sarcoma. It is generally believed that PPB originates
from mesenchyme and might be related to pulmonary or pleural development2. PPB is related to DICER1
gene mutations (mostly biallelicDICER1 mutations, nonsense mutations, and code shift mutations)3 accom-
panied by overexpression of Neural cell adhesion molecule (NCAM) 1 and Fibroblast growth factor (FGF)
94 relevant to fetal lung development5. However, the cellular components of this tumor and the interactions
between the various cell types are unknown.

Single-cell RNA sequencing (scRNA-seq) is a sequencing technology that obtains genetic information of
a single cell. Compared with traditional technologies conducted at the multi-cell level, scRNA-seq has
a higher resolution that determines precise gene expression patterns of thousands of single cells, putting
more emphasis on the heterogeneity of genetic information. This technology is used in tumor research and
facilitates the isolation and definition of cell subpopulations. Moreover, the differentiation of histologically
similar cells, evolution of the tumor, and relationship between the tumor and its microenvironment can be
well understood and explored using scRNA-seq6,7.

Although some progress has been made in the study of gene mutations and pathological changes of PPB,
the heterogeneity of the tumor and its specific developmental process remain unclear. Here, we applied a
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PPB sample from the pediatric hospital affiliated to Fudan University to single cell sequencing to define the
approximate landscape of this tumor and explore the differentiation trajectory of PPB.

Methods

Patient

The sample was obtained from one girl with stage III pleuropulmonary blastoma (PPB). Imaging data (CT
and MRI) and pathology reports confirmed the clinical findings. The clinical information was shown in detail:
girl, 46 months, III pathological stage with scattered polygonal neoplastic cells. The patient’s privacy was
protected and the methods of the study were conducted in accordance with relevant guidelines and rules.

Acquisition of single cells

Tumor tissue obtained by surgery was enriched by Percoll-based gradient centrifugation. The specific ex-
perimental steps were as follows. Fresh tumor samples were fragmented and digested with collagenase IV
(Gibco) and DNase I (Sigma) to remove elastase at 37 °C for 30 minutes with stirring. After filtration,
washing, and centrifugation, cell fragments and red blood cells in the single cell suspension were removed
with Human lymphocyte separation fluid (CL5020; Cedarlane). The obtained single cells were placed in PBS
with 1% BSA. The viability and cell counts were determined using a Countess II FL instrument.

Single cell RNA sequencing

These single cells were loaded on a Chromium Controller instrument to generate single cell gel bead-in
emulsions. As the single cells lysed, the gel beads automatically dissolved and released a large number of
barcode sequences, followed by reverse transcription of the mRNA to generate cDNA with barcode and UMI
information8,9. The sequencing library was constructed after quality inspection and amplification of cDNA,
and then sequenced on an Illumina NovaSeq 6000 at a depth of 400 M reads. Using Cell ranger software
(10X Genomics, version 2.1.1), the data of raw basecall files were split, counted, combined mathematically,
and reanalyzed. Cells with less than 10% UMI in whole genes were filtered out.

Seurat analysis

For basic data visualization, a log-transformed gene matrix was imported into R Studio and analyzed by the
Seurat package (http://www.satijalab.org/seurat). Cells with fewer than 500 detected genes and greater than
10% mitochondrial gene expression were removed. Moreover, we eliminated genes detected (UMI count >0)
in less than three cells and deleted mitochondrial and ribosomal genes. The remaining genes were reduced in
dimension by principle component analysis. After quality control and normalization, we used T-distributed
Stochastic Neighbor Embedding (t-SNE) to visualize the characteristics of the continuity of subsets. Using
other functions of Seurat, including FindVariableFeatures, FindAllMarkers, and Doheatmap, every cluster
of collected cells was user-redefined for further analysis.

Comparison and definition of clusters

To distinguish tumor cells, we used inferring copy number variation (CNV)10,11 to compare our PPB data
with normal fibroblasts whose expression profiles were obtained from the open access repository of the Ge-
ne expression omnibus (Gse 128169)12. To further analyze tumor heterogeneity, the obtained clusters were
identified by cluster-specific marker genes. Gene Ontology enrichment analysis (GO analysis) was performed
with the ClusterProfiler package (https://bioconductor.org/packages/clusterProfiler) for functional compa-
rison of similar clusters. Moreover, secondary sparse-nonnegative matrix factorization (NMF) analysis was
applied to PPB to improve identification of both broad and rare cell clusters13.

Pseudotime trajectory analysis with monocle

Using Monocle 2 (http://cole-trapnell-lab.github.io/monocle-release) with differential genes of each clusters,
we reshaped the process of cellular changes over time by constructing trajectories between tumor cells. After
exclusion of non-tumor cells, the remaining cells were reduced dimensionality using the DDRTree method,
sequenced in pseudotime, and finally visualized.
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Results

Droplet-mediated scRNA-seq reveals cancer and non-cancer components of PPB

To fully understand intra-tumoral and inter-tumor heterogeneity of pleuropulmonary blastoma (PPB), deep
transcriptional profiles of the cancer cell status and gene expression were obtained by droplet-mediated
scRNA-seq platform (10× Genomics Chromium)14 to observe whether cell diversity existed (Fig.1A). We
sequenced 10 007 cells from the individual at an average of 400 M reads. After quality control filtering to
remove cells with low gene detection (<500 genes) and high mitochondrial gene coverage (>10%) with the
Seurat pipeline, we obtained a rough cell atlas of this sample, which was clustered into 14 clusters (Fig.1D).
This whole specimen had several classes of cells, including normal immune cells (cluster 12, PTPRChi),
fibroblasts (cluster 13, TAGLNhi ), endothelial cells (cluster 14, CLDN5hi ), and tumor cells (cluster 0-
11,NCAM1hiDICER1hiIGF1Rhi )4,15(Supporting Information Figure S1) with differentially expressed genes
(DEGs). To further verify such cell classification,TAGLNhi normal fibroblasts from a healthy adult lung
were used as a reference to analyze the inferring copy number variation (inferCNV) of all single cells in
PPB, because fibroblasts are derived from mesenchyme. We found coherent chromosomal aberrations in
tumor clusters (clusters 0–11) but not in the other defined non-cancer cells (clusters 12–14). Tumor clusters
contained chromosome 19 gain and chromosome 1, 5, 6, and 19 loss (Fig.1C)15. Interestingly, there were
both distinct gain and loss in chromosome 19, which were probably closely connected to tumorigenesis of
the chromosome variation.

Intratumoral heterogeneity of tumor cells

We divided the tumor cluster into two cell subtypes of muscle and cartilage based on pathological charac-
teristics of the sample and DEGs of each cell clustered by Seurat (mentioned more specifically in the next
parts). To further explore its intratumoral heterogeneity, we used nonnegative matrix factorization (NMF)
to rebuild 20 modules of each subtype and scored each cell for these expression modules using AddMo-
duleScore in Seurat. There were four programs (program A–D) with a relatively high Pearson correlation
(Fig.1E) associated with skeletal system development (such as SFRP1 and HTRA1 ), DNA packaging (such
as MKi67 and PTTG1 ), RNA transport (such as MALAT1 and NK1R ), and muscle tissue development
(such as MYLPF and ACTC1 ), respectively (Supporting Information Figure S2). In the scope definition
of program D, we proactively ignored some ribosomal gene-related modules (such as Mus v5 and Carti v14)
to obtain a clear function of cell subsets (Fig.1E). The classification of tumor cells was validated again by
NMF clustering. The top 30 highly expressed genes in bone- and muscle-related programs were separately
and highly distributed in both subtypes. Other cell cycle programs were expressed in several clusters of both
subtypes, which may be the only similarity between cell functions of the two subtypes (Fig.1F).

Skeletal muscle cells in PPB

Clusters 2, 4, 5, 6, and 9 (4 038 cells) were kinds of skeletal muscle tumor cells. Using t-SNE projection,
we found that classic muscle cell genes DES , NEB , TNNT1 , MYOD1 , TNNI1 ,ACTC1 , and RYR1
were highly expressed in these clusters (Fig.2A, Supporting Information Figure S3). Immunohistochemical
analysis of DES and MyoD1 protein expression confirmed their presence in these cells (Fig.2B). We con-
tinued to subdivide this group and found that it was roughly divided into two subpopulations including
mature differentiated myocytes (cluster 5,MYOGhiTTNhiENO3hiMYL4hi , 726 cells) and proliferating satel-
lite myogenic cells (clusters 2, 4, 6, and 9,PAX7hiMYF5hiMSChiSTC1hi , 3 312 cells). We found positivity
for anti-MYOG antibody staining in these minor differentiated myocytes, showing scattered brown nuclear
muscle cells (Fig.2C). Furthermore, these satellite myogenic cells, which were perhaps cells in transition to
myoblasts, were namedPAX7hiMYF5hi satellite myogenic cells, and clusters 6, 9 (1 149 cells) among these
satellite cells clusters expressed metabolic regulator FABP7 , while the other clusters (2 and 4, 2 163 cells)
had high expression ofITM2A , a gene expressed in a muscle cell line and associated with myogenesis16.
GO analysis verified the potential biological processes of these clusters. Cluster 5 had more precise muscle
characteristics such as participating in the muscle system process. The other clusters contained more cell
cycle genes at G2/M phase with the biological process of chromosome segregation (Fig.2C).
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Cartilage subpopulation in PPB

The other clusters were developing in the direction toward chondrocytes. Clusters 0, 1, 3, 7, 8, 10, and 11 (5
806 cells in total) exhibited high expression of TWIST1 , ANK3 , HTRA1 , and BMP4 , which are markers of
osteogenesis (Fig.3A, Supporting Information Figure S3). Subsets of chondrocytes were distinguished based
on further markers. A mature minor subset (cluster 7, 617 cells) was defined by chondrocyte markers that
emerge in late differentiation, such asITM2A , MGP , and OGN . Cluster 10 (402 cells) was characterized
by DKK2 and TNMD , which was possibly also at the terminal stage of their trajectory with the same
status as cluster 7. Another major stem cell subset, clusters 1, 3, 8, and 11, expressed decisive genes in early
chondrogenesis, including SOX9 andSOX9 -coordinated factor-like PAX1 , PAX9 and they maybe were a
group of prechondrocytes. Notably, these cartilages were more näıve in their differentiation compared with
the muscle subpopulation. Additionally, the characteristic cartilage structure was not observed pathologically
and the tumor was negative for immunohistochemical staining of S100 protein. GO analysis of these clusters
validated our presumed results. These cells participated in development of the skeletal system and functions
such as maintenance and rebuilding of the extracellular matrix17 (Fig.3B).

Constructing lineage hierarchies of the PPB tumor

To further understand the internal correlation of tumor cells in both subtypes, we constructed differentiation
trajectories of cells in pseudotemporal order using Monocle after renaming the clusters of two subtypes to
obtain two tightly connected differentiation tumor lineages. In the skeletal muscle lineage, FABP7hisatellite
myogenic cells (clusters 6 and 9,FABP7hiPAX7hiMYF5hiMSChi ) were more primordial and at the start of
their trajectory. Highly expressed genes, such as PAX7 and MYF5 , were stable in the early and middle
stages of the pseudotime and then declined rapidly (Fig.4B). ITM2Ahi satellite myogenic cells (clusters 2
and 4,ITM2AhiPAX7hiMYF5hiMSChi ) emerged slightly later, but were still more primitive thanMYOGhi

differentiated myocytes (cluster 5) that dominated on the terminal branch of the trajectory (Fig.4A,4B).
The cartilage lineage was similar to the muscle cells. NäıveSOX9hiPAX9hiPAX1hiprechondrocytes (clusters
1, 3, 8, and 11) drove sequential differentiation and generatedMGPhiOGNhi chondrocytes (cluster 7) and
DKK2hiTNMDhichondrocytes (cluster 10) (Fig.4C,4D). However, there was no evidence to order the time
sequence of these two chondrocyte subpopulations and we could not define the detailed difference between
them, although they converged on the same branch in the trajectory. Interestingly, whether in cartilage or
muscle subtypes, when primitive cells occupying the trunk of the trajectory developed into differentiated
daughter cells, they first produced a small branch filled with daughter cells and then a large branch again
from the trunk. The mechanism was not well understood and might be related to cell activation.

Discussion

Pleuropulmonary blastoma (PPB) is a rare malignant mesenchymal tumor in children. It usually presents
with sarcoma-like pathological changes18,19. However, there is a gap in the understanding of PPB heteroge-
neity at the level of single genes. A better understanding of its heterogeneity may facilitate further exploration
of the correlation with fetal lung development and the connection between PPB and other diseases such as
congenital pulmonary adenomatoid malformation. We used scRNA-seq to roughly define the subtypes of
muscle and cartilage in PPB as well as the trajectory of tumor development.

The development of muscle cells in PPB may be related to the differentiation of muscle satellite cells. By
clustering, we have easily found striated muscle cells defined by classic genes such as DES . These muscle
cells are refined intoMYOGhiMYOD1hi andPAX7hiMYF5hiMYOD1losubpopulations by DEGs. The direction
of PPB differentiation is controlled by PAX7hiMYF5hiactive satellite myogenic cells with the capacity for
self-renewal20,21. Highly expressed PAX7 is essential for maintenance of satellite stem cells and targets its
downstream gene MYF5 for conversion intoPAX7hiMYF5hi satellite myogenic cells without MYOD1 . More
precisely, this subpopulation in our sample is at the transition stage from satellite myogenic cells to myoblasts
(PAX7hiMYF5hiMYOD1hi ) because of its low expression of MYOD1 . These satellite myogenic cells in PPB
express MSC , which generally emerges between embryonic day 10.5 and 16.5 in mice 22 and coordinates with
MYF5 gene23 to participate in the proceeding myogenesis21,24. Cells expressing integral membrane protein
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2A (ITM2A ) marks a subset that emerges late among satellite myogenic cells and are in the middle of the
entire PPB differentiation trajectory. It controls calcium channels to regulate expression of MYOG protein25

and prepares for subsequent mature MYOGhi cells. TheMYOGhi subpopulation comprises mature myocytes
(MYOGhiMYL4hiTTNhi ) that exit the cell cycle25. MYOG protein is essential in late myogenesis26 without
functional overlap with MYLF or MYOD1 protein27. We have found that theseMYOGhi cells are at the
terminal stage of PPB tumor muscle cell development (Fig.4B). The trajectory of skeletal muscle cells in
PPB is similar to the differentiation and proliferation of active satellite cells, which is consistent with the
fact that the tumor originates from mesoderm.

The cartilage subpopulation is defined by some bone markers emerging in osteogenesis, such as TWIST1
(crucial regulator of the differentiation of skeletal progenitor/stem cell28,29) and HTRA1 (generally expresses
in hypertrophic chondrocytes30, but expresses in a large range in PPB). Such a population comprises näıve
prechondrocytes and relatively mature chondrocytes. The prechondrocytes with high expression of SOX9 ,
PAX1 , PAX9 , and SOX5 are at the departure stage of PPB chondrogenesis. Sox9 is a crucial gene in
chondrogenesis and initiates the chondrocyte differentiation program31. SOX9 together with SOX5activated
by SOX9 gene32 are regulatory markers of mesenchymal cells and prechondrocytes, but disappear after the
formation of prehypertrophic chondrocytes33. Paralogous transcription factors PAX1/9 regulate vertebral
column development34, activate chondrogenic mesenchymal cells to differentiate into prechondrocytes under
the combined action ofSOX9 , and are required for maintenance of BMP4 , a osteogenesis marker35,36. Un-
fortunately, we currently couldn’t subdivide the large group of prehondrocytes with DEGs further. Located
downstream of PPB chondrogenesis areDKK2hi chondrocytes andOGNhiMGPhi chondrocytes, as indicated
by the pseudotime trajectory and gene markers. MGP protein is a kind of calcification inhibitor37 synthesized
by late, but not telophase, chondrocytes38. DKK2also plays a role in the late stages of osteoblast differen-
tiation to produce mineralized matrices39,40. However, the occurrence time and relationship between the two
mature chondrocytes subtypes downstream remain unclear, perhaps because two subtypes have different
functions.

The cellular components of pleuropulmonary blastoma and its development trajectory suggest strong intra-
tumoral heterogeneity and the ability to differentiate in multiple directions to skeletal muscle and cartilage.
Our atlas of PPB may form the basis for further tumor detection and a more defined molecular mechanism of
PPB tumorigenesis. And more detailed cell subtypes and associations between subtypes require our further
research.
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Fig.1. NMF and Seurat analysis verify heterogeneity in PPB. (A) General process of droplet-enabled
single cell sequencing. (B). Heatmap of the top five marker genes for each cluster using Seurat. Yellow
indicates high expression of a particular gene, and purple indicates low expression. (C) Tumor inferCNV in
comparison with normal fibroblasts (fibroN) indicates the CNV changes of tumor cells. A reference group is
shown at the top, while the other clusters are below. Brown is chromosome gain, and blue is chromosome loss.
(D) Clustering of 10 007 cells and definition of cell types in PPB are displayed in t-SNE plot. (E) Pairwise
correlations between the expression modules of the two subtypes (rows, columns) were made to acquire four
positive correlated programs. Brown indicates a high Pearson correlation. (F) Top 30 genes in each program
were re-clustered and shown in a heatmap. Programs are shown on the y-coordinate and previous clusters
of cell types are shown on the x-coordinate.

Fig.2. Subsets of smooth muscle cells in PPB. (A) Feature plots of muscle-related genes revealed
the subpopulations of muscle cells. (B) Immunohistochemical staining of Desmin expression (brown) in
combination with other muscle proteins, MyoD1 (brown) and MYOG (brown), within PPB tissue sections
show striated muscle cells. (C) GO analysis of the selected top 20 GO terms for clusters 5 and 6 is shown in
bar plots.

Fig.3. Subsets of chondrocytes in PPB. (A) Feature plots of genes defining various subpopulations of
tumor cartilage. (B) GO analysis of the selected top 20 GO terms for clusters 1, 3, 7, and 10 are shown on
the bottom.

Fig.4.Two lineage hierarchies of the PPB tumor. (A), (C) Muscle and cartilage cells were respectively
divided into three cell subtypes and automatically shown in a Monocle-generated pseudotime trajectory.
Dark blue is the start of pseudotime. A proposed model summarizing the lineage hierarchies from relatively
stem cells to differentiated cells is shown. PAX7hiMYF5hiMYOD1himyoblast in (A) are defined transitional
cell during pseudotime and drawn by a dashed line. (B), (D) Trendgrams of highly expressed genes in the
cell subtypes during pseudotime.

Supporting Information Figure

Supporting Information Figure S1Feature and violin plots of genes defining the rough cell subtypes of
10 007 collected single cells.

Supporting Information Figure S2 (A)-(D) GO analysis of the selected top 10 GO terms for programs
A-D is shown in bar plots.

Supporting Information Figure S3 Feature plots of genes defining the subpopulations in muscle and
cartilage cells of PPB.
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Hosted file

Fig.2.pdf available at https://authorea.com/users/329689/articles/456637-single-cell-

transcriptional-profiling-identifies-heterogeneity-in-pleuropulmonary-blastoma
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