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Single-cell transcriptome lineage tracing of human pancreatic development
identifies distinct developmental trajectories of alpha and beta cells
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ABSTRACT

In comparison to mouse, the developmental process of human islets has not been properly
elucidated. The advancement of single cell RNA-seq technology enables us to study the
properties of alpha and beta cells at single cell resolution. By using mitochondrial genome variants
as endogenous lineage-tracing markers, we found that human alpha and beta cells have different
lineage features. This finding suggests specific endocrine progenitors for alpha and beta cells,
which is different from mouse islet cells. This strategy was also applied to a study of chemically-
induced islet cell reprogramming and was used to help identify artemether-induced alpha-to-beta
trans-differentiation in human islets. The computational results of this study will inspire future
studies to establish, maintain, and expand beta cell-specific progenitors in vitro and in vivo.
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Introduction

Pancreatic islets are composed of a few distinct cell types, including alpha, beta, delta, pp,
and ghrelin cells. With mice serving as a model organism, Cre-LoxP based lineage-tracing
systems have previously been employed by developmental biologists to characterize pancreatic
islet development in mammals [1-5]. One important feature of mice islet development is that the
alpha and beta cells share the same endocrine progenitor. Currently, there is a lack of evidence
for the existence of cell-type-specific endocrine progenitors [6, 7].

Whether this feature of alpha and beta cells also exists in the development of human islets
has not been tested to date. Unlike mice models, it is nearly impossible to study human islet
development in vivo with lineage-tracing systems. However, the development of single cell RNA-
seq (scRNA-seq) technology can shed light on solving the mystery of human islet development
[8-10]. The advancement of computational algorithms such as pseudo-time analysis could provide
us with tools to understand such developmental processes [11-13]. Unfortunately, these
computational tools can only provide a hypothesis based on expression profiles, but not lineage-
tracing evidence.

The mutation of the mitochondrial genome in progenitors may be inherited by mature cell
types subjected to this development process. Thus, mitochondrial genome variants can be used
as an endogenous lineage-tracing marker to study cells [14, 15]. Such an analysis normally
requires single cell ATAC-seq or RNA-seq data of cells in different developmental stages.
Unfortunately, these data are particularly difficult to obtain from tissues like human islets in vivo.

In the current manuscript, we designed a computational method to describe the lineage
features and predict the developmental path of mature human islet cells. The mitochondrial
mutation sites, which are either group markers between two different cell types or contain high
variance among all cell types, are called in order to infer clustering and lineage information for
human islet cells (Fig. 1A). To deal with different datasets that resulted from various scRNA-seq
platforms, including both full-length scRNA-seq and end-counting methods, we developed two
procedures to analyze cell-level and cell group-level inferences. Using our method, we identified
the potential existence of cell-type-specific progenitors in human islet differentiation processes.
In addition, we applied our method to validate the chemically-induced transdifferentiation of alpha
cells to beta cells in primary human islets.

Results

Human alpha and beta cells show different lineage features

To explore the lineage features and predict the developmental paths of human alpha and beta
cells, we first employed Smart-Seq2 (SS2) data derived from human islets from donors at various
ages [16]; and secondly, inDrops data of Induced pluripotent stem cell (iPS) cell-derived human
islet cells [8]. Due to the low sequence coverage of the inDrops data, cells annotated as the same
type were analyzed as one sample. The basic information of these datasets, including the number
of cells assigned to different cell types, was summarized and is presented in Supplementary
Table 1 and Table 2. The single nucleotide variants of the mitochondrial genome were called by
comparing the aligned reads with the reference genome. The properties of mutations used in the
clustering are summarized in Supplementary Table 3 and Table 4. We found that there were
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both nonsense and missense mutations within the top variants. The mutation burden in alpha and
beta cells for both primary and iPS cell-derived cells are shown in Supplementary Figure 1.

For the SS2 data, the lineage-based clustering of these cells was executed using two different
strategies and visualized based on t-distributed stochastic neighbor embedding (t-SNE). For
clustering, we used the top 10 variance mitochondrial genome sites, among cells, firstly, and then
specifically between alpha and beta cells (defined as group marker sites). Surprisingly, we were
able to differentiate alpha cells from beta cells easily based on their mitochondrial genome
mutation information given either of these strategies (Fig. 1B and C). More importantly, the
clustering results were not affected by the age of donors, but rather the amount of alpha and beta
cells represented in the dataset (Supplementary Figure 2). We hypothesize that this clustering
might not work properly if there are vastly more cells of one cell type than the other. Similar results
were identified on the iPS cell-derived human islet cells (Fig. 1D). Based on the distinct lineage
features between alpha and beta cells, we predict that alpha and beta cells develop from different
progenitors.
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Figure 1. Clustering of alpha and beta cells based on lineage information.

A. Schematic overview of our lineage-tracing analysis with mitochondrial genome variants based
on scRNA-seq data. B. Clustering of primary human islet cells based on 10 sites with the highest
variants among all cells. C. Clustering of primary human islet cells based on top 10 marker sites.
D. Clustering of iPS cell-derived human islet cells based on high variance sites (left) and marker
sites (right) respectively.

Validation of alpha-to-beta transdifferentiation via chemical treatment on human
islets

The discovery of cell-type-specific lineage features also allows the lineage-tracing study of
mature human islet cells, which have undergone reprogramming. The inducible Cre-LoxP system
has been widely used to study islet cell reprogramming in mice [17-19]. However, such a system
is difficult to apply to intact primary human islets. For example, a previous study showed that
artemether treatment increased the expression of beta cell-specific genes in human alpha cells
[20]; but, the so-called artemether-treated “alpha cells” were assigned as alpha cells purely based
on their transcriptomes instead of lineage-tracing markers. Therefore, we used mitochondrial
genome variants to perform lineage-tracing studies on scRNA-seq data.

The lineage analysis was performed on mitochondrial genomes specifically between alpha
and beta cells before artemether treatment from the same donors. The variants are visualized in
Fig. 2A. K-means clustering was performed based on the six group marker sites, which show a
frequency difference greater than 0.05 among all of the five paired alpha and beta drug-untreated
samples. We identified a much clearer separation between alpha and beta cells, which might be
due to a spike-in of artificial RNA in this dataset to decrease the noise from cell-free RNA (Fig.
2B). Based on the six marker sites, alpha cells with or without artemether groups clustered
together, indicating that the artemether-treated alpha cells were derived from alpha cells and not
beta cells. In addition, the group marker sites are shown in Fig. 2C. The lineage features of
artemether-treated alpha cells were very similar to the DMSO-treated alpha cells, but not the beta
cells.
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Figure 2. Lineage-tracing study of artemether induced alpha-to-beta transdifferentiation.

A. Cell-type-specific mitochondrial genome variations were identified by calculating base
frequency differences among pairs of alpha and beta cell samples. B. Unsupervised hierarchy
clustering was performed with genotype variation. Colors indicate the frequency of corresponding
genotypes within the site. C. The level of major variation was shown as the ratio between two
bases in the group marker sites. D. Summary of the study. Human alpha and beta cells might
develop from different progenitors, and artemether induces alpha-to-beta transdifferentiation in
primary human islets.

Discussion
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The differences between mice and human tissues, including cellular composition and
functions, have been appreciated for a long time. However, it has never been studied whether
human islet cells have a significantly different in vivo developmental pathway in comparison to
mice. Our study, for the first time, provides computational evidence of cell-type-specific lineage
features on primary human islets and iPS cell-derived human islet cells. We found that human
alpha and beta cells show distinct mitochondrial variants of ScCRNA-seq data from two different
platforms in multiple donors. These findings also enable us to computationally validate
artemether-induced alpha-to-beta transdifferentiation. Therefore, we hypothesize that (1) human
alpha and beta cells develop from different progenitors; and (2) artemether induces alpha-to-beta
trans-differentiation in primary human islets (Fig. 2D).

The existence of alpha and beta cell-specific progenitors has long been speculated. In vitro
differentiation assay reveals the existence of an Nkx6.1+ stage between endocrine progenitors
and mature beta cells [8]. Single cell RNA-seq studies on the fetal pancreas of 9 weeks of
development have identified progenitors with potential correlations to either alpha or beta cells
[9]. However, these studies do not provide any lineage information. We are aware that there is a
lack of biochemical data from wet lab experiments in our current study and that these findings will
need verification in the future. However, our study provides clear lineage information based on
computational analysis of RNA-seq data and will serve to inspire research in the scientific
community. The potential existence of cell-type-specific progenitors makes it meaningful to
establish, maintain, and expand beta cell-specific progenitors in vitro and in vivo. These cells,
which might differentiate into functional beta cells upon induction, can serve as an important
resource for not only biomedical research but also cell therapies for insulin-deficient patients.

Methods

Data processing

All pancreatic islet datasets used in this study were obtained from the following accession
numbers: GEO: GSE81547(Smart-Seq2), GEO: GSE114412 (Stages 3 to 6 with Protocol x1
under GSM3141954-3141957, inDrops), GEO: GSE147203 (only human islet data is used, 10x)
and were aligned to the GRCh38 human genome and its associated annotations (GRCh38.98).
For the Smart-Seq2 [16], the reads were aligned using STAR version 2.7.1a with default
parameters. For inDrops[8], raw fastq reads were processed according to the custom inDrops
pipelines (www.github.com/indrops/indrops) using Trimmomatic to trim reads, Bowtie 1.2.3 to
map reads to the reference transcriptome, and the parameters were those in the
default_parameter YAML file. For 10x [20], the default cellranger [15] pipeline was applied.

Mitochondrial genotype matrix generation

MtDNA reads were extracted with samtools (version 1.9) from the alignment results to generate
a new bam file. Then, for each individual bam file, the total number of reads aligned per allele was
counted using a Python script[15]. In brief, aligned reads were filtered by the minimum alignment
guality of 30 and the minimum mean base-quality of 30. The allele frequency (AF) of a base b at
a specified position x on the mitochondrial genome was computed as:

Ry

AF,, = —————
b ZbE{A,G,C,T}Rb
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where Ry, is the number of reads holding the base b at position x; and Y ,e(a6.cr3Rp IS the
coverage of position x.

For Smart-Seq2, a mitochondrial genotype matrix was generated by taking all the A, G, C, T
variations for single cells in which a row represents each cell and a column represents each gene.
Owing to the low sequence coverage of inDrops and 10x, cells annotated as the same cell type
were processed as one sample. The assembled sample data were analyzed with the same
pipeline as for Smart-Seq2 data processing in order to extract a mitochondrial genotype matrix
with a row corresponding to each cell type and a column for each gene.

High variance site and group marker site identification

High variance site calling was conducted by identifying the sites with specific genotypes that
showed the highest standard deviation (SD) among cells/samples. Specifically, we defined 10
sites with the highest SDs as high variance sites for datasets generated from full-length
scRNAseqg methods (eg: Smart-Seq2). Sites with a SD greater than 0.3 among all samples were
defined as high variance sites for datasets generated from end-counting methods (eg: 10x,
inDrops). To screen the marker sites, which show high variance among different cell types,
receiver operating characteristic curves (ROC curves) were built based on the comparison
between genotype frequency in each site and cell type annotations. Ten sites with the highest
AUC (the area under the ROC curve) scores were defined as marker sites for datasets generated
from full-length scRNAseq methods. For datasets generated from end-counting methods, the
sites that showed phenotype frequency differences greater than 0.05 between all predefined
paired samples were defined as marker sites. Finally, alpha and beta samples (merged from cells)
from stage 5/6 and the drug-untreated stage of each donor were used as predefined paired
samples for the inDrops dataset and 10x datasets, respectively.

Clustering

For Smart-Seq2 data, we performed a 2D t-SNE visualization based on the high variable sites
and marker sites, respectively. For inDrops and 10x data, hierarchical clustering was applied to
infer the group and lineage information among cell types based on high variance sites and marker
sites, respectively.

Genetic variant annotation

To further explore high variance and marker sites, SnpEff v5.0 (http:/pcingola.github.io/SnpEff/)
was used to finish the genetic variant annotation and functional effect prediction.
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