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Transcriptome analysis is used to study gene expression in human tissues. It can promote
the discovery of new therapeutic targets for related diseases by characterizing the
endocrine function of pancreatic physiology and pathology, as well as the gene
expression of pancreatic tumors. Compared to whole-tissue RNA sequencing, single-
cell RNA sequencing (scRNA-seq) can detect transcriptional activity within a single cell.
The scRNA-seq had an invaluable contribution to discovering previously unknown cell
subtypes in normal and diseased pancreases, studying the functional role of rare islet cells,
and studying various types of cells in diabetes as well as cancer. Here, we review the recent
in vitro and in vivo advances in understanding the pancreatic physiology and pathology
associated with single-cell sequencing technology, which may provide new insights into
treatment strategy optimization for diabetes and pancreatic cancer.
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INTRODUCTION

Sequencing technology is increasingly used to study the endocrine function of the pancreas under
physiological and pathological conditions, as well as the driving factors of pancreatic tumor
development. Whole-tissue RNA sequencing is mainly utilized to determine the main
differences in gene expression under disease and normal conditions. However, it provides the
average mRNA expression patterns associated with the mixed RNA signal from diverse cells within
the same tissue. Hence, it is greatly affected by cell number and type, and it is difficult to study cell
heterogeneity, rare cell populations, and cannot be used to analyze the associated tumor
microenvironment and underlying factors of cancer development. In the precision medicine era,
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the characterization of complex diseases and heterogeneous tissue
such as diabetes and pancreatic tumors require advanced
sequencing methods.

Recent technology has made it possible to map the RNA
expression of a single cell. This technology is called scRNA-seq.
Since Tang et al. (2009) first measured the transcriptome at
cellular level, scRNA-seq witnessed an explosive development
(Tang et al., 2009; Shapiro et al., 2013; Stegle et al., 2015;
Svensson et al., 2017). Compared to whole-tissue RNA-seq
methods, scRNA-seq can provide considerable insights into
cell heterogeneity which might carry profound implications
for biology (Tang et al., 2011; Janiszewska et al., 2015;
Saadatpour et al., 2015; Zeisel et al., 2015; Olsson et al., 2016;
Shekhar et al., 2016). For instance, Deng et al. (2014) showed
that alleles were randomly expressed in mammalian cells;
Buettner et al. (2015) discovered new cell subpopulations by
exploring scRNA-seq data. The scRNA-seq technology has
also been applied to the study of human pancreas (Table 1).
Such as it performed transcriptome analysis of human
pancreatic cells from healthy and type II diabetes (T2DM)
donors (Li et al., 2016; Wang et al., 2016b; Lawlor et al.,
2017a; Lawlor et al., 2017b). Xin et al. (2016) and Segerstolpe
et al. (2016) illustrated the expression heterogeneity in human
islet cells (e.g., apoptotic cells, mesenchymal cells, and α-cells).
In addition, compared to healthy individuals, alterations in
T2DM gene expression patterns and rich signaling pathways
were also analyzed.

In the scRNA-seq operation, the pancreatic tissue was first
dissociated, and single cells were captured. Several workflow
flowcharts for RNA sequencing are shown in Figures 1, 2.
The dataset generated by scRNA-seq is large containing

thousands of gene transcripts for each cell. These datasets are
often displayed in a 2D space, where cells can be clustered
according to similarity. In addition, single or multiple genes
can be plotted on a separate t-SNE map (Li et al., 2017)
(Figure 1A). Cell subpopulations, disease-specific cell types,
rare cell populations, and intercellular interactions can be
identified and studied using scRNA-seq. Furthermore,
associated computer analysis, such as RNA velocity or pseudo-
time-diffusion mapping (Figure 1B), allows tracing and
examining of developmental pathways between cell types
(Haghverdi et al., 2016; La Manno et al., 2018).

This review summarizes recent studies that used a single-cell
approach to improve our understanding of the pancreas and
pancreatic diseases (Figure 3).

FROM PANCREATIC TISSUE TO
SCRNA-SEQ

The initial procedure of the scRNA-seq studies includes tissue
lysis and single-cell separation, which can be acquired via
different methods, including micromanipulation, fluorescence-
activated cell sorting (FACS), laser capture microdissection
(LCM), and microdroplet-based microfluidic technologies
(Kolodziejczyk et al., 2015). Micromanipulation can be used to
capture individual cells from samples containing a small number
of cells. Although this method has a low throughput and is time-
consuming, it can ensure that a single cell is obtained during each
attempt (Grindberg et al., 2013; Xue et al., 2013; Yan et al., 2013).
LCM capture of individual cells from tissue involves the use of a
laser to attach individual cells from the tissue to a film, which can

TABLE 1 | Summary of scRNA-seq in pancreatic physiology and disease biology.

Events Disease Sample/Tissue Technology References

The development of pancreatic cells NA Normal pancreatic tissue scRNA-seq Gregg et al. (2012), Kimmel and Meyer (2010), Villani et al. (2019),
Zeng et al. (2017), Sharon et al. (2019)

The heterogeneity of endocrine cells NA Normal pancreatic tissue scRNA-seq Dorrell et al. (2016), Fang et al. (2019), Gu et al. (2002),
Grun et al. (2016), Qiu et al. (2017), Scheuner and Kaufman (2008)

The exploration of rare cells NA Normal pancreatic tissue scRNA-seq Cabrera et al. (2006), Muraro et al. (2016), Segerstolpe et al. (2016)
Changes of endocrine cells in
diabetes

Diabetes Pancreatic tissue in
healthy adults and type 2
diabetic patients

scRNA-seq Baron et al. (2016), Clark and Nilsson (2004), Dorajoo et al. (2017),
Fang et al. (2019), Ma and Zheng (2018), Nomiyama et al. (2007)RePACT

algorithm
Neonatal diabetes Diabetes β-like cells differentiated

in vitro
scRNA-seq Balboa et al. (2018), Huopio et al. (2016)

The relationship between rare cells
and diabetes

Diabetes Pancreatic tissue in
healthy adults and type 2
diabetic patients

scRNA-seq Arrojo e Drigo et al. (2015), Ranjan et al. (2009), Unanue (2016)

New strategies for diabetes
treatment

Diabetes NA scRNA-seq Bruni et al. (2014), Millman et al. (2016), Pagliuca et al. (2014),
Surguchov (2020)

The relationship between CAFs and
PDAC

PDAC PDAC cell lines scRNA-seq Amedei et al. (2014), Apte et al. (2013), Belle and Denardo (2019),
Erkan et al. (2012), Patel et al. (2014)Mouse model Single-cell

proteomicsHuman PDAC tissue
New findings in pancreatic cancer
metastasis

PDAC PDAC patient blood scRNA-seq Ankeny et al. (2016), Clawson et al., 2017,
Chaffer and Weinberg (2011)Mouse model

The relationship between acinar
metaplasia and PDAC

PDAC Mouse model scRNA-seq Delgiorno et al. (2014), Li et al. (2016), Menheniott et al. (2016),
Rotinen et al. (2018)

The relationship between genome
changes and pancreatic cancer

Pancreatic
cancer

Pancreatic tumor tissue scRNA-seq Biankin et al. (2012), Le et al. 2015, Waddell et al. (2015)

NA, not available.
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ultimately be removed (Frumkin et al., 2008). However, FACS
remains one of the most widely applied techniques to select
specific cell populations from tissues owing to its increased

throughput. Microfluidic technologies based on high-
throughput droplets, such as 10x chromium, are increasingly
being used because of their high capture efficiency and low cost.
Microfluidic technology first disperses single cells into water-in-
oil droplets containing unique primers and barcode beads, and
then uses continuous oil flow to separate them (Figure 2). The
choice of single cell capture method depends to a large extent on
the cell types of interest, cost, and number of cells in the tissue.

Following cell separation, the scRNA-seq library is produced
by cell lysis, reverse transcribed into cDNA, the second-strand is
synthesized, the cDNA is amplified using PCR or in vitro
transcription (IVT), and ultimately deep sequencing takes
place. These steps vary in different single-stranded nucleic acid
sequence schemes (Figure 2). Briefly, methods with good
technical support (such as smart-seq2) are more sensitive to
gene detection, but the cost per cell is higher. Smart-seq2 can
produce full-length transcripts and better detect low-redundant
transcripts. Furthermore, it is suitable for discriminating fine
distinctions in transcripts, which may be crucial for defining
intermediate cell populations and developmental trajectories.

Although droplet-based cell separation methods have the
remarkable advantage of being able to generate a large number
of cells from specific tissues at a lower cost, it is associated with
lower sensitivity. Hence, this method is suitable for obtaining rare
cells and determining cell composition in tissues, although its
accuracy in defining intermediate progenitor cells and
developmental pathways may be affected (Yu and Xu, 2020).

APPLICATION OF SCRNA-SEQ IN
PANCREATIC PHYSIOLOGY

Growth and Development of the Pancreas
The development of complex organs usually involves multiple
procedures for cell fate selection (Yu et al., 2019). Since the
pancreas is a unique organ in vertebrates and plays a crucial role
in energy homeostasis by secreting metabolic hormones and
digestive enzymes, a comprehensive understanding of the cell
lineage differentiation pathways during the pancreas
development, especially the regulation strategies of cell lineage
separation points, is essential for stem cell differentiation into cell
types required for regenerative medicine (Kimmel and Meyer,
2010). In recent years, scRNA-seq has been used to study
endocrine and exocrine pancreatic lineages, as well as the
developmental trajectories and regulatory strategies of
intermediate progenitor cells along the developmental
pathway. Yu et al. performed a scRNA-seq analysis on the
purified pancreatic ancestry of diverse transgenic mouse
strains from E9.5–E17.5, and defined four major branch
lineage options along the pancreatic development (Figure 4).
The first branching node was early multipotent progenitor (MP)
cells, whichmoved along a branch into the late-stageMP cells and
eventually differentiated into tip cells. Along the other branch,
MP-early cells eventually differentiated into α-first cells. Tip cells
represent the second node, which differentiated into acinar and
trunk cells. Because trunk cells were heterogeneous, early trunk
cells could be regarded as the third node, which branched into

FIGURE 1 | Single-cell RNA-sequencing analyses to study
pancreaspathophysiology. (A) Dissociate normal and/or diseased pancreatic
tissue into single cell suspension and scRNA-seq is perform. Thousands of
transcripts of each cell are compressed in a 2D space, where each cell is
a dot, and the distance between cells is a function of their similarity. Cells can
be gathered into clusters or groups of clusters with different colors, possibly
representing cell types or subtypes. The scRNA-seq allows the study of rare
cell types, cell state and subtype heterogeneity, disease-specific cell types
and cell-cell interactions via ligand-receptor analysis. (B) Computational
analysis, such as pseudo-time diffusion mapping or RNA velocity, analyze
pancreatic cell similarity and diversity, consent to track the differentiation
process, clonal evolution and cell state transitions of a specific cell type or
between different cell types.
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endocrine precursor (EP) cells and duct cells via the transient
stages of trunk-EP and trunk-duct, respectively. Surprisingly, we
found that EP cell differentiation involved four stages (EP1–EP4).
EP4 cells were the fourth branch node from which islet lineage
allocation was initiated (Yu et al., 2019). The identification of key
lineage branch points is of great importance in understanding the
regulatory logic and strategies used during cell fate selection in
pancreatic lineage differentiation. Furthermore, it is important to
study the dynamic changes in gene expression patterns in the

process of cell fate selection and determine the cell population-
specific transcription factors (TFs) as well as other genes related
to the establishment of cell identity for further understanding of
pancreatic development. Recently, Villani et al. (2019) identified a
multipotent cluster of SOX9+/PTF1A+ cells using scRNA-seq and
confirmed that human pancreatic SOX9+/PTF1A+ cells were
uncommitted multipotent progenitor cells located at the tip of
pancreatic epithelial cell expansion, directing self-renewal, and
inducing pancreatic organ genesis.

FIGURE 2 | Comparison of the main steps of the scRNA-seq workflow and the most widely used protocol. (A) Different methods of single cell separation. (B)
Smart-Seq uses polymerase chain reaction (PCR) for reverse transcription and cDNA amplification, while CEL-Seq uses in vitro transcription (IVT) for reverse
transcription and cDNA amplification. In the CEL-Seq protocol, UMI and cell-specific barcodes are added during the reverse transcription process. In Smart-seq2, the
gene coverage is full-length, while in CEL-Seq, only the 3′ part of the gene is sequenced. In addition, CEL-Seq reduces operating costs significantly compared to
Smart-Seq.
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Growth and Development of α- and β-Cells
Recent studies have found that pancreatic β-cell clumps for
proper glycemic control are established in the early postnatal
period, during which cell mass in humans was significantly
increased due to an explosion of neonatal cell proliferation
(Gregg et al., 2012). The outbreak was followed by a sharp
decline in the proliferation of β-cells in the early postnatal
period and a more gradual decline in the aging process. The
ability of β-cells to proliferate decreases after birth; however, the
intra- and extracellular signals that cause this decline remain
unknown. To further explore this question, Zeng et al. (2017)
used scRNA-seq to reconstruct the postnatal development
trajectory of pancreatic β-cells. They separated β-cells at five
different time points between birth and post-weaning, and then
generated a single-cell transcriptome. Subsequently, they sorted
all dissected β-cells based on transcriptional similarity, and
developed an algorithm based on one-dimensional (1D)
projections to construct a “pseudotemporal” trajectory of
postpartum β-cell development. The algorithm proclaimed
significant changes to have occurred in β-cell metabolism
during the early postnatal period. Their results showed that
the development of postpartum β-cells was associated with
reduced mitochondrial reactive oxygen species (ROS)
production and amino acid deprivation. Furthermore, they
demonstrated that ROS and amino acids play a crucial role in

the proliferation of postpartum β-cells. In addition, scRNA-seq
was utilized to acquire a strict track of islet development. Based on
this, Sharon et al. constructed a trajectory using a new algorithm
to describe the transcriptional changes that occur with the
endocrine progenitor cell islet formation. This figure shows
that islet morphogenesis and endocrine cell differentiation are
strongly related (Sharon et al., 2019). The combination of a
transcription map and visual analysis of the developing
pancreas provided a different explanation for the process of
shaping the islets. Contrary to the mainstream view that islet
formation does not involve the migration of multiple single cells,
differentiated endocrine precursors maintain cell contact
throughout the development process, and islets form an
expanding peninsula (Sharon et al., 2019). Early differentiated
α-cells appeared at the top of the peninsula, while later
differentiated β-cells were formed at the rear. It laid the
foundation for the final islet structure: the cells at the top of
the peninsula were ultimately located at the periphery of the islets,
while the β-cells that appeared at the bottom of the peninsula
formed the core of the islets (Figure 5). Notably, human islets are
composed of small core and shell components (Bonner-Weir
et al., 2015). When several small peninsulas merged, it seemed to
form a human structure. Through a single-cell spatiotemporal
study of the developing pancreas, we concluded that ROS was an
important driving force for β-cell proliferation and β-cell quality

FIGURE 3 | Application of scRNA-seq in the study of pancreatic physiology and pathology.

FIGURE 4 | Developmental model of mouse pancreas α/β lineage. Starting from the early cells of MP, there are four branch nodes along the path of pancreatic
development (1–4). Endocrine precursor (EP) cells can be divided into four stages (EP1–EP4).
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establishment in the early postpartum period, as well as the close
connection between pancreatic islet morphology and
endocrinology. Overall, this study provides a new framework
for understanding the development of islets. Moreover, we are
curious whether ROS drive the proliferation of β-cells during
metabolic adaptation. Can a reasonable framework be
constructed to induce islet formation in vitro?

Heterogeneity of β-Cells
Glucose homeostasis is regulated by insulin and glucagon. Both
α- and β-cells gathered in islets originate from Neurog3 (Ngn3+)
progenitor cells during embryogenesis (Gu et al., 2002). These
cells differentiate and mature functionally after birth (Qiu et al.,
2017). For a long time, β-cells were thought to be functionally
different, and the speed of insulin release and synthesis to differ
between cells. The main regulator of insulin secretion is glucose,
which stimulates insulin secretion at high levels and inhibits it at

low levels. However, other stimulating factors, such as fatty acids,
neuronal signals, amino acids, and hormones, also play a crucial
role in determining the insulin secretion of the β-cell population.
Are all β-cells equally responsive to all physiological signals? Are
there any subpopulations that respond differently to specific
signals? Increasing evidence (Roscioni et al., 2016) suggests
that β-cells are heterogeneous. Recent studies have shown that
β-cells can be divided into different subpopulations based on the
differential expression of cell surface antigens or marker genes
(Dorrell et al., 2016). Dorrell et al. (2016) and Bader et al. (2016)
used scRNA-seq to identify a set of markers capable to distinguish
β-cell subpopulations; however, in their studies, only two
subpopulations were identified among the immature β-cell
population. Further studies have shown that the two
populations represented cells at different stages of maturity,
and that the less mature cells might be generated by Ngn3+

endocrine progenitor cells. However, in adult β-cells, the

FIGURE 5 |Model of pancreatic islet development. (A) Ngn3 + cells appear and remain attached to the surface of epithelial cord. (B) α cells first appear at the tip of
the peninsula. (C) β cells form later and concentrate between α cells and cord. Newly formed endocrine cells continue to push out old cells and expand the peninsula.

FIGURE 6 | Pseudotime analysis shows the different states of β cells. Human β cells with active insulin biosynthesis and secretion (INS hi UPR lo) may become
strained and transition to a recovery period (INS lo UPR hi) that includes UPR activation and low INS expression. After recovery, β-cells transition to a state characterized
by low INS expression and low UPR activation (INS lo UPR lo), at which point they are almost ready to be actively secreted again. Among these states, the proliferating β-
cells are mainly in a state of low INS expression and high UPR activation.
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differences between subpopulations were delicate and determined
by only a few genes. In addition, the transcriptome profile of β-
cells at the samematurity stage suggested homogeneity (Qiu et al.,
2017). Therefore, we hypothesize that the heterogeneity of mature
β-cells may be controlled at the post-transcriptional level, and
that it can reflect different functional subpopulations.

Recent analysis of RNA-seq data has revealed that human β-
cell subpopulations may display a dynamic interchangeable state
and the following states have been identified: 1) high unfolded
protein response (UPR) and low insulin gene expression, 2) low
UPR and low insulin gene expression, and 3) low UPR and high
insulin gene expression (Xin et al., 2018) (Figure 6). In addition,
the latest developments in scRNA-seq technology allowed
unprecedented insights into gene expression patterns, which
ultimately led to the identification of periods of high insulin
biosynthesis activity associated with β cells and UPR activation
periods associated with ER stress (Muraro et al., 2016; Fang et al.,
2019; Wang and Kaestner, 2019). Under basal conditions, the
biosynthesis of insulin accounted for more than 10% of the total
protein production, while it was as high as 50% in the stimulated
state (Scheuner and Kaufman, 2008). Proinsulin is a misfolding-
prone protein, and 20% of synthetic proinsulin fails to reach its
mature configuration (Liu et al., 2010; Simpson et al., 2011; Wang
and Osei, 2011; Gorasia et al., 2016). If proinsulin misfolds, it can
degrade or refold. However, during high insulin demand,
misfolded proinsulin accumulates in the ER, leading to cell
stress. To offset ER stress, the UPR mechanism is activated,
protein folding activity is enhanced, ER workload is reduced,
and the proportion of misfolded proteins is reduced (Fonseca
et al., 2011). In this case, part of β-cells will be responsible for
meeting the body’s demand of insulin, while the other part will be
given time to recover from the pressure of its biosynthesis.
Further analysis of β-cell heterogeneity showed that ER stress
caused by UPR-mediated recovery and insulin production had a
significant effect on human β-cells. We hypothesize that under
pathological conditions the proportion of β-cells would change
with disease progression. Long periods of high insulin demand
during insulin resistance forces large numbers of β-cells to
actively secrete insulin, thus reducing the recovery time from
stress. Such continuous chronic cell stress increases the sensitivity
to apoptotic factors. When the number of β-cells is greatly
reduced and the necessary balance between activity and rest
cannot be maintained, a decrease in insulin secretion is
observed and T2DM develops (Dominguez-Gutierrez et al.,
2019).

Traditionally, studies on the pancreas have evaluated β-cells
and islets isolated from pancreatic tissue; however, their position
in the pancreas or pancreatic islet components is rarely
considered. Nevertheless, we found that in human type 1
diabetes, the loss of β-cells in the tail of the pancreas was
more severe than that in the head, while for T2DM, most of
the β-cell loss was observed in the head of the pancreas, indicating
a functional differences between islets from different regions of
the pancreas (Wang et al., 2013; Poudel et al., 2015).

In summary, β-cell heterogeneity highlights the potential for
islet plasticity and how this islet functional change affects
diabetes. However, to date, most studies examined dissociated

cells, in which numerous transcriptome/protein characteristics
may be altered. In addition, the molecular characteristics of
subpopulations have also been well characterized, although
little is known about their effects on the functional state and
protein expression. The key to a comprehensive understanding of
β-cell heterogeneity is the examination of a complete tissue,
integrating multiple aspects of cell information, and
establishing a model with better fidelity. This would provide a
better understanding of the dynamic gene and protein expression.
However, there are still some gaps in our knowledge: how can we
define cell subpopulations in a robust way?What is the functional
role and specific molecular basis of other endocrine cell
heterogeneity (δ- and α-cells)? Further exploration of this
topic might address these issues and potentially uncover new
pathways and genes that can be exploited for improved treatment,
induce β-cell regeneration, and discovery of novel technical
information regarding islets and islet transplantation.

Source of Acinar Cells
Most of the pancreas (95%) is composed of two types of exocrine
cells: ductal and acinar cells. Acinar cells produce digestive
enzymes, including lipase, amylase, and peptidase, while ductal
cells secrete bicarbonate and transport digestive enzymes to the
gastrointestinal tract (Steward et al., 2005; Whitcomb and Lowe,
2007). Although acinar cells account for most of the cells in the
pancreas, the source of new acinar cells remains unclear. To
explore this problem, Wollny et al. (2016) performed multi-
chromatographic line tracking and scRNA-seq on acinar cells.
They found progenitor-like acinar cells and confirmed that the
acinar subpopulation was the source of new acinar cells in steady
state, eventually producing terminally differentiation, post-
mitotic binuclear acinar cells, which indicates the clonal
heterogeneity among acinar cells (Wollny et al., 2016). Further
study of acinar cells at the single-cell level will reveal the
hierarchical relationship between acinar cell types, which will
undoubtedly be of great significance for understanding the adult
pancreas.

Exploration of Rare Cells
Among the five cell types of pancreatic islets, the most common
are α- and β-cells, which make up approximately 75–85% of
pancreatic islets (Cabrera et al., 2006). The other cell types are
represented by δ-cells, ε-cells and pancreatic polypeptide cells (γ-
cells, which are refered to PP cells), which mainly secrete the
pancreatic polypeptides ghrelin and somatostatin, respectively.
Transcriptome-wide studies are usually performed on islets,
which masks the contribution of rare cell types (Muraro et al.,
2016). The scRNA-seq technology facilitates the research and
analysis of rare cell types in pancreatic islets (Li et al., 2016).
Segerstolpe et al. (2016) examined the rare cell types of pancreatic
islets and found that δ-cells express leptin and ghrelin receptors,
while ε-cells express diverse receptor molecules for endorphins,
glycoproteins, and neurotransmitters. In brief, these results
indicate that δ- and ε-cells could act as pancreatic islet
sensors. In addition, MHC class II molecules were found to be
expressed in acinus cells, suggesting that pancreatic exocrine cells
such as antigen-presenting cells associated with immune
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interfaces may influence the pathogenesis of type I diabetes
mellitus (T1DM).

APPLICATION OF SINGLE CELL
SEQUENCING IN DIABETES

Diabetes can be classified into T1DM and T2DM, which
represents the seventh leading cause of death in the
United States of America (Menke et al., 2015). T1DM is
caused by the destruction of more than 80% of β-cells and
mediated by autoimmunity in the pancreas, while T2DM is
caused by the enhancement of insulin resistance, which
eventually aggravates the effects of dysfunctional β-cells,
rendering the remaining β-cells insufficient to meet the
homeostatic needs (Halban et al., 2014; Johnson, 2016).
Therefore, replacing the missing or abnormal β-cells remains
the most important goal in diabetes research. However, with the
development of scRNA-seq technology, it has been shown that
the occurrence and development of diabetes is not only related to
β-cells, but also α-cells and rare cells. Next, we will expand on the
occurrence and progression of diabetes and summarize the
potential new treatment methods.

β-Cell Associated Diabetes
T2DM is characterized by impaired insulin secretion and
insulin resistance. The insufficient insulin secretion is
associated with the dysfunction or loss of β-cells and the
development of insulin resistance, which refers to a decrease
in insulin sensitivity of insulin-targeted tissues or cells (Ma and
Zheng, 2018). Here, we focused on the relationship between β-
cells and diabetes.

Studies have shown that β-cell dysfunction is closely related
to obesity and T2DM. Nevertheless, since T2DM and obesity are
two highly correlated diseases, it is challenging to demarcate the
differences and similarities between them. Traditional

transcriptome analysis requires a large number of patients
with pure endocrine cell subpopulations to reach statistical
significance, which is difficult to obtain in practice. The
scRNA-seq technology allows transcriptome analysis in a
single cell and further deepens the analysis of complex or
rare tissues, including islets (Baron et al., 2016; Dorajoo
et al., 2017). Fang et al. (2019) developed a RePACT
algorithm based on scRNA-seq data. This is a universal
single-cell algorithm that can identify relevant disease genes
with high sensitivity, identify different cell changes in T2DM as
well as obesity, and further determine numerous specific and
common genes from β-cells. They confirmed 1,188 obesity locus
genes and 1,368 T2DM locus genes associated with β-cells (Fang
et al., 2019). Obesity is known to increase the risk of developing
diabetes. As hypothesized, there are various genetic
commonalities between these two diseases. For instance,
IAPP, SPP1, and GAPDH were downregulated in both obese
and T2DM patients. GAPDH is an important enzyme involved
in glucose metabolism and glycolysis. Both SPP1 and IAPP are
generally regarded as risk factors for diabetes and obesity. In
particular, IAPP forms amyloid, which was related to T2DM-
specific cytotoxicity (Clark and Nilsson, 2004). Alternatively,
SPP1 mediates the infiltration of obesity-induced macrophages
into adipose tissue and insulin resistance (Nomiyama et al.,
2007).

According to relevant reports, the β cell function of numerous
patients declined even before they were clearly diagnosed with
T2DM (Ma and Zheng, 2018). Additionally, other studies
confirmed that the number of β-cells in diabetic patients
decreases by 20–65% (Rahier et al., 2008; Meier and
Bonadonna, 2013) (Figure 7). Kahn (2003) studied the effects
of β-cell dysfunction and insulin resistance on the
pathophysiology of T2DM. Yoon et al. (2003) surveyed the
number of β-cells in T2D patients. Although these studies
were aimed at studying the functional and number
abnormalities of β-cells in T2DM, they were mainly based on

FIGURE 7 | β-cell associated diabetes. Compared with normal adults, patients with type 2 diabetes have β cell dysfunction, and the number of β cells is also
significantly reduced.
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a large number of cell analyses and provided only average
information about cell populations. To reveal the underlying
mechanism of β-cell dysfunctions in T2DM, Ma and Zheng
(2018) utilized scRNA-seq to analyze the β-cells of T2DM
donors. They found that the β-cells of T2DM donors can
normally express INS under low cell stress conditions;
however, they exhibit abnormal functionality under high stress
conditions. Healthy β-cells can maintain INS expression at
normal levels and handle high cellular pressures. Furthermore,
a correlation analysis indicated that oxidative stress might
represent a crucial factor affecting INS expression in T2DM
patients. BAX-, CAPN1-, CAPN2-, and TNFR1-dependent
pathways might represent effective therapeutic targets for the
treatment of β-cell apoptosis in T2DM. Caspase and INS are also
differentially expressed donors compared to healthy controls (Ma
and Zheng, 2018).

Neonatal Diabetes
Insulin gene mutations are a major cause of neonatal diabetes.
Neonatal diabetes usually occurs in the first 6 months of life
and causes the cessation of insulin production. Babies with
early diabetes usually exhibit mutations in the gene encoding
insulin. This implies that they can still synthesize some
insulin but are not sufficient to maintain blood sugar
stability, which ultimately leads to a gradual stop of insulin
production within a few months. It is believed that this is
because β-cells are affected by the toxic effects of mutant
insulin. The structure of insulin is influenced by the insulin
gene mutation. Consequently, insulin accumulates in the β-

cells, generating high cellular stress and finally causing cell
death (Balboa et al., 2018). However, the underlying
mechanism remains unknown.

Finnish people are known to carry the C96R (the same
cysteine as the Akita C96Y mutation) and C109Y insulin
mutations. Therefore, to further study the mechanism
underlying neonatal diabetes occurrence and development,
Balboa et al. (2018) extracted human induced pluripotent
cells (iPSCs) from Finnish donors, differentiated them into
β-like cells in vitro, and performed scRNA-seq analysis
(Huopio et al., 2016; Balboa et al., 2018). Their results
indicated that misfolded proinsulin in combination with
INS triggered the induction of ER stress, which affects the
growth of INS mutant β-cells by influencing their proliferation
but not apoptosis. In vitro and in vivo experiments showed that
reduced proliferation led to a lower percentage of INS+ cells in
INS mutant cells. Increased ER stress also led to decreased
mTORC1 signaling and mitochondrial changes, which are
essential for the proliferation and function of β-cells.
Importantly, their results suggested that the INS mutation
that caused neonatal diabetes was pathogenic in the
development of the pancreas because of the failure of
neonatal β-cell expansion. Theoretically, a new perspective
for future treatments of mutant insulin-related diabetes
might be achieved by briefly stimulating mTORC1, given
that the stimulation is performed during the neonatal period
(Balboa et al., 2018).

In summary, these findings may be related to the development
of T2DM later in life.

FIGURE 8 | The effect of rare cells on the development of diabetes. In addition to β cell dysfunction in patients with type 2 diabetes, the dysfunction of rare cells such
as δ cells is also a potential factor for the development of diabetes.
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Dedifferentiation of α- and β-Cells in
Diabetes
Recent studies have shown that α- and β-cells dedifferentiate
during the development of diabetes. To detect the state of rare
cells and reveal the population heterogeneity of cells, Wang
et al. (2016b) utilized scRNA-seq to investigate islets from
multiple deceased organ donors, including healthy adults,
patients with T1DM or T2DM, and children. According to
the relevant literature, the arrangement and types of endocrine
cells in islets vary greatly among different mammalian species
(Steiner et al., 2010). For example, a rodent islet core contains
as many as 90% insulin-producing β-cells, while human islets
show more heterogeneous endocrine cells with only
approximately 54% β-cells (Brissova et al., 2005). Through
scRNA-seq, the transcriptome of human pancreatic endocrine
cells has been determined and four different developmental
and physiological states were defined: infancy, normal
adulthood, T1D, and T2D. They found that the
transcription status of α- and β-cells was not fixed in
infancy, but matured with age. In addition, under diabetic
condition, α- and β-cells showed more immature genetic
characteristics, suggesting the dedifferentiation process
(Wang et al., 2016b).

One particularly striking result of their study was that both
α- and β-cell transcriptomics from T2DM donors exhibited the
expression profile characteristics of their juvenile counterparts,
which indicated that some of them had returned to an

immature state. Additionally, analysis of animal models
showed that the pancreatic islets of old mice had
enhanced insulin secretion compared to those of young
pancreatic islets. Therefore, the similarity between young α-
cells and β-cells and T2DM indicated that T2DM might be
partly due to a compensatory mechanism associated with the
failure to synthesize insulin, and often with age (Avrahami
et al., 2015).

Relationship Between Rare Cells and
Diabetes
Although islet separation is a common operation, the close
connection of all these auxiliary and endocrine cells in islets
complicates the separation and purification processes of
homogenous populations. We generally attribute changes in
gene and protein expression in intact islets to β-cells; however,
this obviously ignores the heterogeneous population of
endocrine cells, as well as macrophages, endothelial cells,
fibroblasts, and glial cells which together constitute islets
(Ranjan et al., 2009; Arrojo e Drigo et al., 2015; Unanue,
2016). In diabetic patients, it has been shown that
corresponding transcriptional and functional changes also
occur in α-cells, rare cells, and the vascular system (Dai
et al., 2013; Brissova et al., 2018; Lam et al., 2018).
Unfortunately, it is difficult to distinguish the changes in β-
cells in intact islets from other changes.

FIGURE 9 |New strategies for diabetes treatment. (A)Human islet transplantation has successfully become a treatment method for diabetic patients. (B) Inducing
cells in the adult pancreas or other metabolically active organs (such as the intestine or liver) into β cells that can secrete insulin. (C) Promote the replication of the
remaining β cells of the pancreatic islets. (D) Promote the maturation of immature β-cell subpopulations. (E) Reprogram other cell types into insulin-producing β-like cells
(such as pancreatic acinar cell and α cells). (F) Differentiate β cells from human stem cells in vitro.
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Along with the scRNA-seq development, high-throughput
analysis of transcriptomes across cell types, subpopulations,
and states has become feasible (Sandberg, 2014). Segerstolpe
et al. (2016) performed scRNA-seq on thousands of human
pancreatic islet cells from T2DM patients and healthy donors.
They found that although the number of ε- and δ-cells in
pancreatic islets is small, their transcriptome suggested that
they might have a previously unrecognized crucial role in
pancreatic islet homeostasis. Through a variety of receptors,
δ-cells can sense and respond to various hormone signals.
Moreover, they expressed GHRL receptors, which allowed
them to accept input from ε-cells or to release GHRL
during digestion. The transcriptome of δ-cells indicates the
expression of leptin receptors. In addition, Lawlor et al. showed
that in addition to β-cell dysfunction, δ-cell dysfunction was
also a potential factor in the development of monogenic
diabetes (Lawlor et al., 2017a) (Figure 8). However, there
are still various unresolved issues regarding the role of rare
cells in pancreatic islets, which urgently require further
research.

New Strategies for Treating Diabetes
Diabetes is characterized by causing chronic hyperglycemia and
systemic metabolic complications, and can cause multiple organ
damage in the long term (Surguchov, 2020). Although the incidence
rate of diabetes is increasing, the disease remains incurable, and our
understanding of the potential pathogenesis remains insufficient.
Although the current treatments can successfully alleviate the
symptoms, they cannot prevent the occurrence of long-term
complications and require patients to engage in life-long
therapy. Hence, great efforts have been made in the field of
diabetes research to develop new therapeutic strategies for the
regeneration of β-cells and prevention of disease progression.

Human islet transplantation represents a successful treatment
option for T1DM patients (Figure 9A). These patients do not
respond to conventional and intensive insulin therapy and exhibit
complications with renal failure (Bruni et al., 2014). Nevertheless,
due to the shortage of donors and the risks related to lifelong
immunosuppression, new alternative therapies need to be
developed. Currently, two main treatments are studied to restore
dysfunctional β-cells: 1) endogenous β-cell regeneration and 2)
in vitro stem cell differentiation into β-cells (Figure 9F). The latter
provides great hope for cell replacement therapy. In the past few
years, the differentiation of human embryonic stem cells from
patient-derived induced pluripotent stem cells into β-like cells that

respond to glucose has been achieved (Pagliuca et al., 2014;
Millman et al., 2016). Most importantly, these cells were shown
to secrete insulin in diabetic mice and restore normal blood sugar
levels (Russ et al., 2015). However, the differentiation efficiency and
function of β-like cells generated in vitro need to be further
improved before they can be used in humans. Therefore, a more
comprehensive understanding of the postpartum β-cell maturation
process and the identification of biomarkers associated with β-cells
at different maturation stages will greatly promote the development
of this field. Furthermore, their safety must be ensured, because
immature stem cells may have the potential to cause teratomas.

Inducing β-cell regeneration from cells in the pancreas or other
metabolic organs (such as the intestine or liver) is an attractive
method to overcome the aforementioned obstacles (Figure 9B).
The main ways to restore the quality of functional β-cells in situ
include promoting the maturation of immature β-cell
subpopulations (Figure 9D), accelerating the replication of
remaining β-cells (Figure 9C), and mobilizing other cell types
to reprogram into insulin-producing β-like cells [pancreatic acinar
cells showed plasticity in vitro and in vivo, and can be used as a
source of β-cell regeneration (Migliorini et al., 2014)] (Figure 9E).

Although single-cell genomics in the human pancreas is still in
its early phase, it has provided a novel insights into the
transcriptional program of pancreatic endocrine cells. The
expression of diabetes risk genes and leptin receptors in δ-cells
strongly suggests that δ-cells play a crucial role in maintaining
glucose balance, although they were present in relatively small
numbers (Baron et al., 2016).

The most promising method to restore β-cell quality is the
induction of β-cell maturation and/or replication. The scRNA-
seq data from postnatal rat cells further illustrated the immune
cell characteristics and suggested that ER stress, ROS, MAPK,
SRF, TGF, PDGF, and WNT signaling regulate post-natal cell
proliferation and maturation (Qiu et al., 2017; Zeng et al., 2017).
Surprisingly, PDGF and MAPK signal transduction as well as ER
stress were also associated with potential adult β-cell
subpopulations (Baron et al., 2016; Muraro et al., 2016; Wang
et al., 2016a). Therefore, regulating the above pathways might
represent a method to reactivate the expansion and maturation of
healthy β-cells in diabetic patients.

Reprogramming cells from islets into β-cells is another method
of β-cell regeneration. Previous studies suggested that the
transformation of α-cells into β-cells in mice contributes to a
steady-state β-cell renewal (Grun et al., 2016; van der Meulen et al.,
2017). Since severe β-cell exhaustion can trigger the differentiation
of α-cells into β-cells in mice, and α-cells are the most proliferative
type of endocrine cells, their use might be a promising way to
promote β-cell regeneration (Thorel et al., 2010; Wang et al.,
2016a) (Figure 9E). In this regard, it is crucial to identify the
transformation signals that drive α-cell proliferation and the
transformation of α-cells into β-cells during homeostasis and
injury. Using scRNA-seq technology, the adult proliferative α-
cells have been analyzed and SHH signaling has been confirmed as
a candidate pathway for regulating their proliferation (Wang et al.,
2016a; Wang et al., 2016b; Segerstolpe et al., 2016).

Single-cell research on pancreatic endocrine cells allowed for the
identification of several pathways and genes that were essential to

FIGURE 10 | The role of CAFs in PDAC. CAFs interact with PDAC cells to
induce PDAC cells to transform into PRO, EMT and DP subpopulations. TGF-
β, STAT3 and MAPK/ERK signal pathways promote the development of DP
population.
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drive the maturation and proliferation of β-cells, elucidated the
heterogeneity of endocrine cells, illuminated some of their potential
underlying mechanisms, and provided novel therapeutic targets
and subpopulations that can be used for β-cell regeneration.

APPLICATION OF SINGLE-CELL
SEQUENCING IN PANCREATIC CANCER

Pancreatic ductal adenocarcinoma (PDAC) is one of the most
common cancers worldwide, with a high mortality rate, a 5-year
survival rate of 10%, and little improvement in the last decade. It
is projected to become the second leading cause of cancer-related
deaths by 2030 (Clawson et al., 2017; Schlesinger et al., 2020).
Because PDAC lacks early symptoms, cannot be surgically
removed, and there is no effective alternative treatment, the
available treatments are only a short delay in disease
progression. PDAC is usually diagnosed late and most patients
will die within 1 year following diagnosis (Clawson et al., 2017;
Chan-Seng-Yue et al., 2020). Therefore, it is paramount to
investigate the development of pancreatic cancer from early
lesions to late-stage cancers. Further we will discuss the
progress made in single-cell pancreatic cancer imaging.

Role of Cancer-Associated Fibroblasts in
PDAC
In recent years, an increasing number of studies have shown
that CAFs are associated with the tumor development, including
tumor growth and metastasis, angiogenesis, immunosuppression,
and fibrosis (Clawson et al., 2017). Nevertheless, in the context of
cancer, the exact function of CAFs is still under debate, and this
debate is most relevant to PDAC, which is characterized by
tumor-related malignant hyperplasia (Belle and Denardo, 2019).

The stroma of PDAC is composed of a complex ecosystem of
endothelial cells, CAFs, and immune cells that provide the basis
for tumor cells to regulate tumor growth and invasion (Erkan
et al., 2012; Apte et al., 2013; Amedei et al., 2014; Patel et al.,
2014). CAF accounts for most of the tumor stroma, and depletion
of a specific subpopulation of CAFs slows PDAC progression and
improves anti-tumor immunity in some PDAC models (Hamada
et al., 2012; Ene-Obong et al., 2013; Feig et al., 2013; Ligorio et al.,
2019). However, studies in some mouse models have shown that
depleting CAFs leads to more aggressive PDAC behavior
(Ozdemir et al., 2014; Rhim et al., 2014). Thus, it has been
suggested that the relative change in CAF content could have
different effects on tumor progression (Moffitt et al., 2015).

In addition, the combination of protein analysis platforms and
scRNA-seq provided new solutions to deciphering the relationship
between transcriptional programs (epithelial-to-mesenchymal
transformation; EMT and proliferation; PRO) and signaling
pathways (STAT3 and MAPK) in the model system and
individual cancer cells of primary human tumors. For instance,
TGFB1 secreted by CAFs is believed to be a promoter of DP
(PRO+EMT, double-positive) phenotypes in various PDAC cell
lines, and TGFB1, which has been proven to be directly involved in
MAPK signaling in pancreatic carcinoma, hepatocellular

carcinoma, head and neck squamous cell carcinoma, as well as
lung carcinoma (Liu et al., 2014; Principe et al., 2017; Tang et al.,
2017; Wang et al., 2018). The combined effect of STAT3 andMEK
inhibitors in KRAS-mutant pancreatic cancer and colon cancer has
been confirmed (Zhao et al., 2015). Ligorio et al. (2019) showed the
effects of dual activation of STAT3 and MAPK on the phenotypes
of PDAC cells and the relationship between this signal
transduction and TGFB1 produced by CAFs. These results
highlight the significance of the changes in stromal CAF
composition and the sensitivity of drug combinations.

Furthermore, Biffi et al. (2019) used scRNA-seq to detect CAF
heterogeneity in PDAC tissues from mouse models. Based on
previous studies, they found that CAF could express two molecular
subpopulations, myofibroblast CAFs (myCAFs) and inflammatory
CAF (iCAFs) (Ohlund et al., 2017). Furthermore, IL1/JAK/STAT3
and TGFβ/Smad3 signaling in mouse tumors were shown using
scRNA-seq to be key regulatory pathways controlling the
heterogeneity and function of MyCAFs and iCAFs (Biffi et al.,
2019). Considering that there might be other endocrine
subpopulations within the PDAC stromal microenvironment,
scRNA-seq has been used to investigate the different CAF
subpopulations. A map of cluster enrichment was drawn by
analyzing the sequence data of the individual tumor cells.
Notably, new CAF populations have been discovered in both
mouse models and human PDAC tissues. This new CAF
subpopulation has specific molecular markers consistent with
MHC II and can induce CD69 and CD25 activation in T cells.
Therefore, these antigen-presenting cells were identified as antigen
presenting CAFs (APCAFs) (Elyada et al., 2019).

This study describes different types of PDAC cells from
circulating tumor cells and solid tumors. PRO phenotypes,
EMT phenotypes, and co-expression subpopulations were
found in PDAC cell populations (Ting et al., 2014). At the
same time, CAFs can also inhibit, reverse, or promote cancer
cells through a complex mechanism (Gore and Korc, 2014; Laklai
et al., 2016). Luo et al. used single-cell proteomics and scRNA-seq
to further investigate how CAFs affect PDAC primary cancer cell
mutations (Luo et al., 2020). Ligorio et al. (2019) demonstrated
that CAFs could induce PDAC cells to transform into PRO, DP,
and EMT subpopulations through interaction with PDAC cells.
MAPK/ERK, STAT3, and TGFβ signaling pathways have been
shown to be involved in the formation of PDAC subtypes
(Figure 10). Most importantly, they found that the
development of these specific PDAC cell phenotypes was
categorically influenced by the co-culture mode of different
proportions of CAFs and tumor cells. Additionally, the spatial
structure of tumors and the composition of cell types have been
shown to exhibit different effects on the growth and progression
of tumors (Ligorio et al., 2019).

New Discovery of Single Cell Sequencing in
the Metastasis of Pancreatic Cancer
Similar to most cancers, PDAC mortality is also caused by
metastatic dissemination. At all stages of PDAC, the proportion
of circulating tumor cells (CTCs) is high (Kulemann et al., 2015;
Ankeny et al., 2016). Although there are various models of so-
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called metastatic cascades, the characteristics of CTCs producing
metastatic lesions remain unclear (Clawson et al., 2017). Which
CTCs can induce metastasis-initiating cells (MICs), and howMICs
can discover suitable locations for the growth of metastatic lesions
(Chaffer and Weinberg, 2011)? As for the former, one inference is
that EMT-altered tumor cells around the primary cancer promote
the release of tumor stem cells, and these cells may represent MICs
(Chaffer and Weinberg, 2011; Karamitopoulou, 2012;
Karamitopoulou et al., 2013). Nevertheless, this inference does
not solve the problem of how MICs discover a suitable location to
establish metastasis and proliferate (Clawson, 2013). Another
metastasis theory involves the fusion of macrophages with
tumor cells (MTFs) (Dittmar et al., 2013; Lazova et al., 2013).
Tumor cells with a highly aggressivemacrophage phenotype can be
generated by sequencing, recombining, and/or reprogramming of
the genetic material (Powell et al., 2011) (Figure 11). This view is
supported by recent reports from human cancers, as well as a large
amount of support from animal models (Lazova et al., 2013).
Nevertheless, the mechanism of this phenomenon is unclear,
which seems to be inconsistent with the EMT/stem cell
hypothesis (Clawson, 2013).

Clawson et al. (2017) reported that similar MTFs cultured from
the blood of PDAC patients showed similar expression of
macrophage and epithelial/pancreatic/stem cell marker
combinations. At the same time, scRNA-seq analysis showed
that LINE-1 retrotransposons and diversified metastasis-related
markers (especially CXCR4/CD44/CD74/MIF signal axis) were
expressed at high levels. In related experiments, when cultured
PDAC MTFs were transplanted into the pancreas of mice in situ,

they formed well differentiated “islands,” while not forming visible
tumors in other faraway places. Nevertheless, they have been
detected to spread widely to various tissues, including the lung,
spleen, liver, and submucosa. They were discovered as small clusters
of cells or single-celled, usually irregular and large. There was no
significant increase in the number of cells in multiple tissues
between 4 and 12 weeks, although metastatic cells were detected
in the lungs at 12 weeks. MTFs also altered the expression of some
markers following propagation (Clawson et al., 2017). We speculate
that the expression of MIF within distant tissues via scatteredMTFs
may promote the colonization of metastatic cells.

In addition to CTCs, cancer stem cells (CSCs) have been shown
to play a crucial role in the treatment of drug resistance and
malignant tumor recurrence (Court et al., 2015; Lapin et al., 2017;
Agnoletto et al., 2019; Lytle et al., 2019). Lytle et al. (2019) used
scRNA-seq to determine the molecular expression profiles of
pancreatic CSCs (Luo et al., 2020). The MSI+ cell map
constructed by Lytle and Ferguson defines the characteristics of
CSCs and is consistent with the expression levels of Csf1r, IL34,
and IL10Rβ in stromal cells. These factors may be controlled by
retinoic acid receptor-related orphan receptor gamma (RORγ).
The scRNA-seq revealed that RORγ expression was significantly
upregulated in pancreatic CSCs, and was determined to be a
prognostic marker as well as a potential therapeutic target for
pancreatic carcinoma. Due to the unique molecular characteristics
and small number of CSCs, the scRNA-seq technique was highly
beneficial to uncovering the transcriptome of CSCs and providing
new insights into the metastasis of PDAC and the treatment of
drug resistance (Luo et al., 2020).

Role of Acinar Metaplasia in Pancreatic
Cancer
Acinar metaplasia is the first step in pancreatic carcinoma. The
scRNA-seq of mouse pancreases from the pre-invasion phase
until tumor formation has provided new insights into PDAC.
However, an overview of the events underlying the change of
acinar cells from normal to metaplasia and finally to malignant
cells, which is of high important for understanding the
development of PDAC, is missing (Schlesinger et al., 2020).

Dissecting the occurrence of PDAC has a huge potential to
improve early screening, which is challenging in pancreatic
carcinoma. Although acinar metaplasia is a crucial early step
in PDAC development, our understanding of the molecular
identity of the cells involved in this process and its
contribution to malignant tumors is incomplete. A previous
study used scRNA-seq on samples collected from a genetically
engineered mouse model and determined the uniquely expressed
genes in metaplastic cells in the diseased pancreas. Foxq1 and
Onecut2 are two of the main TFs identified to be expressed in
advanced metaplastic epithelial cells originating from acinar cells;
however, they were not expressed in any early metaplastic cells or
other cells in the pancreatic tissue. Onecut2 is a member of the
CUT homeodomain TF family and is expressed in metaplasmic
cells of mouse and human cancer cells. In addition, Onecut2 has
recently been shown to play a key role in prostate carcinoma,
although its function in PDAC has not been determined (Rotinen

FIGURE 11 | Macrophage-tumor cell fusion hypothesis. Macrophage is
attracted near tumor cell. The 2 cells begin to fuse with each other, and through
sequencing, recombination and/or reprogramming of genetic material, tumor
cell with a highly aggressive macrophage phenotype can be generated.
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et al., 2018). According to previous analyses, Onecut2 might
regulate the expression of genes that control Kras downstream
signal transduction. Furthermore, high Onecut2 expression was
associated with poor prognosis, and Onecut2 might represent an
underlying driving force for the development of early PDAC.

Foxq1 was shown to be expressed in several tumor types and
may facilitate tumor initiation, proliferation, metastasis, and
invasion; however, its function in PDAC remains unclear (Li
et al., 2016). Similar to Onecut2, Foxq1 is expressed in mouse
PDAC and KRT19+ humans cells, emphasizing its underlying
importance. Although a few genes, such as Sox9, Onecut2,
Foxq1, and Krt19 are expressed in all metaplastic cluster cells,
we detected metaplastic cells containing several subpopulations
with different transcriptional programs. By using large-scale
scRNA-seq at different time points, we can analyze the early
and late stages of metaplastic cells, accurately confirm their
various identities, identify previously unanalyzed metaplasia
types that are localized on pancreatic intraductular epithelial
tumors (PANINs), and explore their development over time.

In addition, Schlesinger et al. (2020) further analyzed the
cellular heterogeneity of vesicle cells identifying six vesicle
metaplasia cell types and states, including stomach-specific cell
types. The early metaplastic cells and acinar cells exhibited
continuous changes in one of the two fates: alternative
gastricization or tumorigenic. Therefore, gastric metaplasia
acinar cells may not have the potential for malignant
development. Moreover, GKN1, GKN2, and TFF1 expressed in
stomach pit-like cells were thought to be gastric tumor suppressor
genes, and since mouse TFF1 knockout could induce gastric
cancer, these findings support the anti-tumor effect of these genes
(Menheniott et al., 2016). Previous studies have shown that the
number of metaplastic tubule-like cells decreases as the
infiltrating pre-lesion transforms into a tumor (Delgiorno
et al., 2014).

In summary, we show that precancerous lesions include more
than one meta oncogenic cell type, and that the meta oncogenic
cells can interact with each other and with other cell types in the
tissue based on their expression profiles.

Genomic Changes in Pancreatic Cancer
According to the relevant statistics, most pancreatic cancer patients
have an effective response time from a few months to a year, while
others have no effective response and show tumor growth in first-
line chemotherapy (Le et al., 2015; Waddell et al., 2015). Patients
with resectable tumors (stage I or II) might progress to stage IV
within a few months, while others relapse several years later, and a
few patients are cured. However, genomic research continues to
support the view that the disease is homogeneous, with four genes
changing repeatedly: CDKN2A, TP53, SMAD4, and KRAS
(Biankin et al., 2012; Witkiewicz et al., 2015). It is not clear
why clinical heterogeneity occurs if most tumors grow through
the same mutation pathway. Therefore, Michelle et al. studied in
detail the relationship between the mutation process related to
genome instability and the clinical heterogeneity of pancreatic
cancer (Chan-Seng-Yue et al., 2020). The scRNA-seq and genomic
analyses revealed that there is heterogeneity between the basal-like
and classical-like pancreatic cancer subtypes. There were at least

two different molecular subclusters for each subtype. Basal-like
tumors were more aggressive and existed in two states known as
Basal-like A and B. The squamous expression pattern is the main
factor that distinguishes the two basal phenotypes. Clinical studies
have shown that Basal-like-A tumors accumulate in metastatic
diseases, while Basal-like-B accumulate in resectable diseases,
which supports the conclusion that the squamous expression
programs were selected for disease progression. According to
results obtained through scRNA-seq, most tumors have both
classical and basal-like tumor cells, but the scale of these cells is
distinct. A transcript continuum at the RNA-seq level has been
created, and the mixed tumors represented the main problem. In
addition, we found that copy number events in the genome were
associated with basal-like phenotypes to a certain extent. Both the
clinical stage and severity of the imbalance were associated with
this relationship. Most metastatic tumors had a certain degree of
KRAS mutation imbalance, and we hypothesize that this
phenomenon is associated to the high frequency of metastatic
genome doubling. Finally, our research revealed that the
heterogeneity of the disease was caused by genome instability
(Chan-Seng-Yue et al., 2020).

CONCLUSION

The scRNA-seq is a revolutionary technology, its advantage
lies in the successful use of unprecedented high resolution to
study the biology of diabetes and pancreatic tumors. This
technology showed the heterogeneity of rare pancreatic cell
types and cell populations, as well as characterize the
interactions between them. Although sRNA-seq and the
related computer analyses have transformed the study of
complex cells as well as tissues and brought great hope in
the field of pancreatic development, there are still issues that
need to be addressed. First, scRNA-seq has high operational
requirements. For instance, dissociation is a key step in sRNA-
seq technology. The degree of dissociation can directly cause
changes in the transcriptome. Therefore, further optimization
should be conducted to achieve a greater dissociation yield
without biasing the end results. In addition, scRNA-seq is
expensive, data analysis is time-consuming, and requires
skilled bioinformatic support. scRNA-seq has revolutionized
the understanding of pancreatic endocrine function, the
biology of diabetes and cancer, and has allowed the detailed
examination of tumor microenvironments. The current
challenge is to integrate the newly acquired knowledge and
translate it into effective new therapies that can alleviate the
clinical burdens associated with pancreatic related diseases.
However, throughout the review, we further developed
our understanding of diabetes and its treatments. Based on
existing studies, we identified the mechanisms that induce
the proliferation and maturation of β-cells and elucidated
the feasibility of endocrine cell trans-differentiation.
Furthermore, we emphasized the importance of changes in
the stromal CAF composition during tumor therapy and
provided a new therapeutic target for PDAC metastasis and
drug resistance. In conclusion, we believe that these novel

Frontiers in Cell and Developmental Biology | www.frontiersin.org January 2022 | Volume 9 | Article 73277614

Fu et al. Pancreatic Genomics

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


treatments have great developmental prospects and can
produce unprecedented curative effects on diseases.
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