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Popular science summary of the thesis 
Mammalian animals, such as mouse and human, can generate different cell types during 
embryonic development. Yet, such capability dramatically declines soon after birth, which lead 
to inefficient tissue recovery or cell type restoration in a disease state. We are particularly 
interested in pancreatic β-cells as in either type 1 or type 2 diabetes, both diseases are featured 
by a massive loss of functional β-cells. Despite the emerging pharmaceutics that can alleviate 
diabetes symptoms, they cannot help cure the diseases and the β-cell functions would undergo 
irreversible deterioration along the disease progression. One promising strategy to replenish β-
cells is from the endogenous stem cell population. Harnessing the stem cell to give rise to the 
lost cells can avoid adverse drug reaction and risks of cell therapies. Zebrafish, the most widely 
used animal models in regeneration research, is recognized as the superstar in the field of tissue 
regeneration. Even in the adult stage, the zebrafish can replenish the extreme loss of β-cells and 
recover the blood glucose levels very rapidly. However, the underlying mechanisms remains 
the mystery, in particular, we have limited knowledge about stem cell properties in zebrafish 
pancreas and how the different cell types orchestrate together to restore the normal tissue 
architecture. The work presented in the thesis aims to address these questions by making new 
tools to identify the real stem cell populations that can continuously give rise to endocrine cells 
during development and introducing a drug discovery story which we identified a chemical in 
inducing β-cell differentiation. Leveraging these tools, we characterized the new pattern and 
the mode of action of β-cell development and regeneration and identify the molecular pathways 
that are crucial in β-cell differentiation or de-differentiation. The finding represents a valuable 
resource, not only it defines a refined principle in tissue remodeling and endocrinogenesis 
which for decades puzzle the researchers, but also it shed new light on the utility and advantage 
of using zebrafish to study human diseases. 
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Abstract 
Different subtypes of diabetes are all featured by the deterioration and loss of functional β-cell. 
Currently, there is still lack of therapeutic strategies to cure diabetes. However, harnessing the 
innate stem cell population to become functional β-cell could be a potential way for future 
treatment. Mammalian animals, including mouse and human, can barely replenish the lost β-
cell in the disease state; however, early vertebrates, especially zebrafish, has astonishing tissue 
regeneration capacity. In particular, zebrafish can quickly recover from the extreme β-cell loss 
and recovery body glucose level very quickly. Understanding the underlying cellular and 
molecular events is pivotal for the drug discovery in translational studies to treat diabetes. 

 

In Paper I, we introduced a compound, named CID661578, which we identified from a large-
scale chemical screening experiment. Combining yeast hybrid assay, biochemistry experiments, 
polysome sequencing, single-cell RNA-seq and genetic zebrafish mutant, we confirmed that 
mknk2b in zebrafish and MNK2 in human are the major functional target. Functional testing 
indicated that CID661578 can induce duct-to-β-cell neogenesis in both zebrafish and neonatal 
pig islet. 

 

In Paper II, we introduced a novel CRISPR/Cas9 knock-in method to generate zebrafish lines 
for multiple utility (i.e. cell labeling and lineage tracing). We creatively used double-stranded 
DNA with 5’ modification as the donor. Such clone-free, one-step knock-in strategy allow 
researchers to target different loci in a quick and scalable fashion. Using the newly generated 
lines, we are able to delineate the developmental paths of zebrafish pancreas and liver and 
explore the origins of the regenerative hepatocytes under different injury conditions. 

 

In Paper III, the newly developed knock-in tools allow us to decipher the developmental paths 
of zebrafish endocrinogenesis in normal and β-cell ablation conditions. Combining single-cell 
RNA-seq, lineage tracing, cell targeted ablation, immunofluorescence, in situ hybridization, 
we identified a previously unrecognized ductal heterogeneity in zebrafish pancreas as well as 
the endocrine precursor cells during β-cell development. We delineate the key cellular and 
molecular events in β-cell differentiation and de-differentiation and pinpoint the distinct origins 
of β-cells during the development and regenerative conditions. This study offers a good 
resource and provides novel mechanistic insights into β-cell development and regeneration in 
zebrafish.  
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1 Introduction 
Similar to mammalian pancreas, zebrafish pancreas is primarily composed of exocrine and 
endocrine cells. In exocrine pancreas, ductal cells gradually form luminal structure to facilitate 
the transportation of digestive enzymes, which are secreted by acinar cells, to the intestine. The 
endocrine cells cluster together and construct the delicate tissue structure named pancreatic 
islets. Within the islets, there are several endocrine cell types, including insulin-secreting β-
cells, glucagon-secreting α-cells, somatostatin-secreting δ-cells, ghrelin-positive ε-cells, and 
gastric inhibitory polypeptide (GIP)-positive cells. In addition, zebrafish pancreas is a highly 
vascularized organ with a substantial number of vascular endothelial cells, smooth muscle cells, 
and pericytes. The islet vasculature system is essential in regard with maintaining the whole-
body glucose homeostasis, as it can help the islet cells sense the blood glucose level. 
Consequently, it involves in regulating the paracrine/autocrine effects of islet cells and fine-
tune the balance of insulin and glucagon secretion. Zebrafish pancreas is also innervated by 
peripheral nervous cells. Although the major function of zebrafish pancreas innervation is 
largely unknow, it could be similar to that of mammalian pancreas in regulating vessel 
constriction and hormone secretion. The lymphatic system is also present in zebrafish pancreas, 
while its function is yet to be very well determined. Interestingly, researchers have found that 
the innate immune cells including macrophages and neutrophils serve as security guards and 
constantly pass in and out of islet to remove apoptotic cells during physiological conditions. 
Adaptive immune cells, such as T cells, NK cells, B cells begin to develop at 21 dpf; however, 
their function in the pancreas is still elusive. Mesothelial cells form out-layer sheath 
surrounding the whole pancreata. Various types of stromal cells intermingle with parenchymal 
cells and produce extracellular matrix as the scaffold. Such complex composition of many 
distinct cell types, all together, forms a delicate interconnected microenvironment, which are 
critical for both the normal physiological function (i.e. body glucose level control, food 
digestive enzyme production) and proper injury response for the tissue recovery.  

Here, I mainly summarize the major discoveries of zebrafish endocrine and exocrine 
pancreas development and regeneration; in the chapter 4, I will briefly discuss the cell-cell 
interactions within the pancreas from recent findings based on the state-of-the-art 
developmental genetic tools and single-cell RNA-seq. 
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2 Zebrafish pancreas development 

2.1 Gastrulation, foregut endoderm development and tissue 
patterning 

The primordium of zebrafish pancreas starts to develop at the 4-somite stage (12 hours post-
fertilization [hpf]). The pancreatic progenitor cells (PPCs) appear as a monolayer cells in the 
endodermal sheath, which is located at the ventral side of the embryo. These PPCs, which will 
eventually differentiate into endocrine pancreatic, lie closest to the midline (M) in the 
endodermal sheet; whereas Peri-pancreatic cells (Peri-PCs), which are destined to become 
exocrine pancreatic cells, as well as the progenitors of liver, intestine, swim bladder and 
hepatopancreatic duct, are located in the medium or lateral region (Figure 1) (1). 

 

Figure 1. The fate map of single-cells in the endodermal sheath at 4-somite stage zebrafish 
embryos. (Yang et al. 2021, PNAS) 

Multiple factors, including but might not restricted to secreted signals and cell cycle states, 
place combinatorial effects on the early pancreas fate decision. Evidence from swirl (bmp2b) 
and chordino (chordin) mutants indicated that bone morphogenesis protein (BMP) signaling is 
important for the expansion of pancreatic primordium during anteroposterior patterning period 
(2). Using photoactivatable lineage tracer DMNB-caged fluorescein dextran conjugate in 
transplanted zebrafish embryos, Chung et al discovered that Bmp2b, which is mainly produced 
in the lateral plate mesoderm, can promote liver versus pancreas/intestine fate determination 
(3). Furthermore, Chung et al also proposed that Hedgehog/Smoothened signals derived from 
the lateral part of endodermal sheath, can induce pancreatic β-cells formation in a cell non-
autonomous manner (4). Recently, with the help of dual fluorescence ubiquitination cell cycle 
indicator (FUCCI) system, Yang et al showed that PPCs are featured by a relatively longer G1 
phase compared with peri-PCs; intriguingly, tuning up the duration of G1 phase by morpholino 
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knock-down Geminin, a DNA replication inhibitor, can drive the peri-PCs towards PPCs fate 
(1).  

Retinoid acid (RA) signaling has been confirmed to be crucial in endoderm patterning and 
pancreas regionalization. RA, which is synthesized by Aldh1a2 (also known as Raldh2) from 
β-carotene, is present in the anterior paraxial mesoderm adjacent to the foregut. Upon binding 
to RA, the Retinoic Acid Receptors (RAR) would form dimer with Retinoid X Receptors 
(RXR), and such heterodimers can bind to DNA regulatory sequences, called “Retinoic Acid 
Response Elements” (RAREs), residing in the promoters or enhancers. Subsequently, they will 
recruit transcriptional co-activator and histone acetyltransferase (HAT) to activate gene 
expression (5). In early zebrafish embryos, the RA forms a two-tailed gradient with the highest 
levels in the mid-trunk region and relative lower levels towards the anterior and posterior 
regions, and such gradient pattern is crucial in regionalization of different organs (6), (7), (8). 
Disruption of RA signaling shown by neckless (nls) mutant (the disruption of aldh1a2) and 
embryos treated with RA chemical antagonist at the end of gastrulation stage can reduce the 
numbers of pancreatic precursors and eventually inhibit β-cell formation (9), (10). Conversely, 
exogenous RA administration or the disruption of cyp26a genes, which code for a RA-
degrading enzyme, can lead to a dramatic expansion of pancreatic endocrine cells in the 
anterior foregut, indicating that RA can induce early endodermal cells, which are normally 
destined to become other endodermal organs, towards the pancreatic endocrine cells at late 
gastrulation stage (11). Recent ChIP-seq data in zebrafish confirmed the auto-regulatory 
feedback loop of RA in the control of RA metabolizing gene (cyp26a, dhrs3) expression. 
Furthermore, it also identified the direct binding site of RAR, especially the cis-regulatory 
elements of pancreatic genes, including hnf1ba/b, gata6, insm1b, jag2b, and mnx1 (12). These 
studies, all together, suggested that RA is a mesoderm-to-endoderm instructive signal 
mediating the induction of endocrine precursors.  

Also, during this time period, the dominance of different Notch ligands play divergent 
roles in α- or β-cell determination (13). For example, the deltaA knock-down embryos lack α-
cells, while the jagged1b (jag1b) mutant embryos develop excessive number of α-cells (13). 
The mechanism of limiting pancreatic field in the posterior region will be discussed in the 
following chapter. 

 

2.2 Hepatopancreatic regionalization and liver versus pancreas 
development 

The Wnt, Hedgehog (Hh), RA, BMP, and fibroblast growth factor (FGF) signaling generate an 
intricate regulatory network and all together play interrelated and sequential roles in the 
endodermal organ induction and specification. Liver and ventral pancreas are descendants of 
common multipotent progenitor cells. A series of studies from Ober et al. reported that two 
Wnt ligands, Wnt2 and Wnt2bb, which originate from the lateral plate mesoderm, can activate 
frizzled homolog 5 (fzd5) receptor, and subsequently mediate liver versus pancreas fate 
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specification (14), (15). Additionally, Lu et al. showed that the membrane protein EpCAM is a 
Wnt de-repressor and can promote the endodermal cells to respond to Wnt2bb activation for 
the liver induction in a cell autonomous manner (16). Furthermore, Lancman et al showed a 
bidirectional role of Wnt signaling and emphasized an essential time window for the synergistic 
effects between Wnt signaling and hnf1ba-driven transcriptional network in the ventral 
pancreas specification. Lastly, the Wnt signaling is crucial for hepatopancreatic progenitor cells 
specification prior to liver bud formation and can also support liver expansion at a later 
developmental stage (17).  

The Hh signaling, however, play an opposite role in pancreatic progenitor and β-cells 
differentiation during gastrulation stage. Axial mesoderm derived Sonic Hedgehog (Shh) can 
specifically induce β-cells formation by restricting the effects of BMP signaling (18), (19). The 
proper localization of pancreatic tissue also relies on Shh, as zebrafish embryos with smoothen 
mutation or treated with Hh antagonist showed duplicated pancreatic primordium surrounding 
the gut (20). Further lines of evidence from betaine homocysteine S-methyltransferase (bhmt) 
morpholino knock-down and Shh-deficient mutant suggested that Shh functions downstream 
of Bhmt to promote β-cells development (21). Additionally, the overexpression of Shh ligand, 
rather than Bmp ligand, can rescue the reduction of endocrine cells led by accelerated cell 
turnover in PPCs (1). Nevertheless, at the end of gastrulation, Hh switches to a repressive mode 
for the β-cells differentiation, and facilitates exocrine pancreas development. On the contrary, 
during this time period, RA can induce β-cell differentiation by antagonizing Hh signaling (18). 

As described in the above chapter, RA confers its impact on pancreas specification starting 
from the end of gastrulation (9). RA signaling is crucial in establishing the anterior and midline 
β-cells convergence pattern as well as increasing β-cell numbers (22). Contrarily, transcription 
factor cdx4 expressed in the endoderm can prevent the RA signaling from the induction of β-
cells. The exogenous RA treatment in cdx4 mutant can induce the development of a large 
number of β-cells scattered throughout the posterior endoderm (22). 

The BMP signaling demonstrates multiple roles in several steps of pancreas development 
and hepatopancreatic regionalization. Bmp2b, which is secreted from the lateral plate 
mesoderm, acts through Alk8 (activin A receptor, type 1 like, also known as Acvr1l or Alk2) to 
promote hepatogenesis and to allow the foregut endoderm to retain differentiation competence 
into dorsal bud derived endocrine cells (3). This effect was, at least partially, mediated by Four 
and a Half LIM Domains 1b (Fhl1b), as the augmentation of Fhl1b in pancreatic and intestinal 
progenitor cells can cell-autonomously downregulate Pdx1, the master regulator in pancreas 
development, and subsequently divert the cells to liver lineages (23). Intriguingly, 
prostaglandin E2 (PGE2) was also shown to interact with BMP signaling to regulate liver 
versus pancreas cell fate (24). Genetically blocking BMP and FGF signaling by temporally-
controlled overexpression of dominant-negative BMP and FGF receptor can cause a severe 
reduction of the liver anlage without affecting the neighbouring endodermal and mesodermal 
tissues (25). Noggin2, an endogenous BMP inhibitor secreted from the notochord, can confine 
the inhibitory effect of BMP in pancreatic progenitor expansion and β-cells differentiation (26). 
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The inhibitory roles of BMP signaling in the induction of the ventral pancreatic bud, 
hepatopancreatic duct (HPD) formation and ductal-derived endocrinogenesis will be discussed 
in the following chapters.   

Lastly, slow-muscle-omitted (smu) mutants with Hedgehog signaling defects showed a 
universally decreased expression of endocrine markers without affecting ptf1a expression, 
indicating its differential roles in dorsal and ventral pancreatic anlagen specification (27). 

 

2.3 Two pancreatic anlagen formation, bud fusion and multipotent 
pancreatic progenitor cell formation 

Zebrafish pancreas originates from two buds. The first bud (also named first anlage or dorsal 
bud), is located at the dorsal region of the developing gut, and starts to develop at around 24 
hpf. The second bud (also named second anlage or ventral bud), is residing on the ventral side 
of the developing gut and located anterior to the dorsal bud, and it starts to develop at around 
40 hpf (28). These two buds fuse by 52 hpf. The dorsal bud only gives rise to endocrine cells; 
whereas the ventral bud can contribute to both exocrine and endocrine cells (28). 
Immunostaining of bacterial artificial chromosome (BAC) reporter line Tg(nkx6.1:EGFP) 
demonstrated that both the dorsal bud pancreas and ventral bud multipotent progenitor cells are 
nkx6.1 positive before 48 hpf; however, shortly afterwards, nkx6.1 only presents specifically in 
intra-pancreatic ductal cells and is absent in mature endocrine cells and acinar cells (29). The 
GFP signal can be detected in both Notch irresponsive extra-pancreatic duct (EPD) and Notch 
responsive intra-pancreatic duct (IPD) at 65 hpf (29).  

The BMP signaling is critical during bud fusion period. This was shown by the alk8 mutant 
and alk8 splice-blocking morpholino knock-down embryos, that displayed remarkable ventral 
bud pancreas developmental deficiency, as indicated by the inability to engulf the dorsal bud 
at 72 hpf (30). Moreover, lateral plate mesoderm derived Bmp2a is required in ventral bud 
development (31). The analysis of myosin phosphatase targeting subunit 1 mutant (mypt1sq181) 
showed a disruption of lateral plate mesoderm migration and hence impaired the Bmp2a-
producing cell position. Such disorganized structure can eventually compromise the proper 
distribution of BMP ligand sending to the adjacent exocrine pancreas, which ultimately leads 
to exocrine pancreas dysplasia (32), (33). Overexpression of Bmp2a can rescue such exocrine 
developmental defects led by mypt1 loss of function (32). One recent study showed that 12-
Lipoxygenase (12-LOX)-Gpr31 axis is critical in pancreatic bud fusion and pancreatic duct 
morphogenesis; however, whether this effect is mediated through BMP signaling is still 
inconclusive (34). Aside from BMP signaling, reciprocal endoderm and lateral plate mesoderm 
communications by Fgf24 and Fgf10 are crucial in the specification and growth of ventral bud 
pancreas (35). Fgf10-/-; fgf24-/- double homozygous mutant displays ventral bud agenesis and 
ectopic hepatocytes (31).  
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Yap/Tead signaling is critical in the expansion of multipotent progenitor cells in the 
endodermal organ (36). Genetically knock-down of Yap1 or overexpression of dominant 
negative Tead1 (protein fused to a transcriptional repressor domain Engrailed) showed a 
dramatic reduction of sox9b-expressing multipotent progenitor cells (36). Analysis of yap1-/-; 
taz+/- embryos demonstrated multiple endodermal organ developmental defects, such as smaller 
liver and pancreas as well as non-looped intestine (37). 

 

2.4 Hepatopancreatic duct development 

The HPD is a tissue structure connecting pancreas, liver, and the gut. This structure can be 
clearly observed at 48 hpf but its specification is pre-determined as early as 1-4 somite stage. 
Based on the high-resolution microscopy for single-cell fate mapping in 216 foregut endoderm 
cells, the progenitors of HPD are mainly located at two to three cells away from the midline 
(column 2 and 3) (1). The specification of HPD is determined by Fgf10 secreted from the 
adjacent mesenchyme, as fgf10 mutant showed severely dysmorphic HPD epithelium (38). 
Transcription factor sox9b is essential in the HPD identity maintenance. Homozygous sox9b 
mutant displays significant HPD dysmorphism, accompanied by cells dysregulated 
differentiation towards hepatic and pancreatic cell fates (39). Furthermore, sox9b expression 
in EPD requires various Fgf signals (Fgf10, Fgf24) from the surrounding tissue (40). Multiple 
Bmp ligands (Bmp2b, Bmp4, Bmp6) are produced from the mesenchymal cells surrounding the 
ventral bud pancreas and HPD; while the endogenous BMP inhibitor, including Gremlin1a and 
Noggin1, were also present in this region to restraint the effects of Bmp ligands. Although 
BMP signaling can inhibit dorsal and ventral bud derived β-cells formation, activation of Alk8 
is indispensable at an earlier stage for the HPD formation and ventral bud expansion, indicating 
a delicate spatiotemporal regulation of BMP signaling on HPD morphogenesis (30). Lastly, the 
EphB/EphrinB signaling can drive the de novo HPD remodeling, which starts from several 
nascent lumina and ultimately clump together and merge into a single-lumen structure, 
implicating that cell-cell contact might also play a role in HPD development (41).  

 

2.5 EPD and IPD specification, ventral bud derived β-cells in the 
principal islet 

The pancreatic ductal system can be subdivided into EPD and IPD based on their location and 
these two types of ducts are separately specified during development. Based on a nkx2.2a 
reporter line, the Argenton group showed that the common duct precursor cells can split into 
one group giving rise to EPD, with another group differentiating into IPD (42). Morpholino 
knock-down of ptf1a can dramatically reduce the number of nkx2.2a positive IPD cells without 
interfering with EPD, indicating distinct transcriptional regulatory networks in EPD and IPD 
development (42).  
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After ventral and dorsal bud pancreas fusion, the ventral bud can continuously contribute 
to endocrine cells in the principal islet. The most straightforward evidence came from time-
lapse imaging done by Kimmel et al. This was accomplished since the whole ductal system can 
be visualized by pan-epithelial and endocrine marker cldnb transgenic reporter, Tg(-
8.0cldnb:lynEGFP) (43). This study showed that neurod1 positive endocrine cells can 
continuous bud out from the EPD and migrate towards the principal islet during normal 
development (43). BMP signaling inhibition by dorsomorphin (a selective inhibitor of the BMP 
type I receptors Alk3, Alk6, and Alk8) treatment can lead to a substantial increased ectopic β-
cells formation from the EPD, implicating a latent competence of EPD as endocrine progenitors 
and such differentiation process is BMP dependent (30) (Figure 2). Overexpression of Fhl1b 
can repress the induction of ventral bud derived endocrine cells by inhibiting pdx1 expression; 
whereas inhibition of Fhl1b promotes β-cells formation by upregulating pdx1 and neurod1 
expression in HPD in both developmental and regenerative conditions (23). Of note, the Peers 
group showed that upon bud fusion, all ventral bud derived cells are nkx6.1 positive; during 
development, nkx6.1 positive cells maintained in both EPD and IPD. Together with previous 
findings, the nkx6.1 positive cells were multipotent at early stages and gradually restricted in 
bipotent progenitors which are capable of continuously differentiating into endocrine cells (29).  

 

Figure 2. Dorsomorphin treatment can greatly induce β-cell formation from EPD (Chung et 
al, 2008, PNAS) 

 

2.6 IPD elongation and pancreas expansion 

IPD, which is composed by Notch-responsive cells, is surrounding the principal islet and form 
delicate ductal network throughout the whole pancreas. The fully developed IPD is crucial for 
the expansion of the pancreatic mass. This is supported by several loss-of-function experiments. 
Zebrafish larvae with morpholino knock-down of jag2 displayed a remarkable agenesis of 
exocrine tissue and a decrease of exocrine-to-endocrine ratio (13). The jag1b/jag2b double 
homozygous mutant showed hypomorphic IPD and a dramatic reduction of pancreatic size (44). 
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Early inhibition (30-72 hpf) of Notch signaling using a gamma secretase inhibitor, LY-411575, 
phenocopied the above ductal and pancreas development deficiency (44). Another evidence is 
from the donuts908, a mutant contains a missense mutation disrupting the proteolytic maturation 
of hepatocyte growth factor (HGF) tyrosine kinase receptor, Met. It showed that apart from 
Notch signaling, PI3K/Akt and Stat3 signaling pathways are also essential in proper IPD 
morphogenesis (45). Lack of Met signaling can cell-autonomously block “tip cell” elongation 
in pancreatic tail region. Cell transplantation chimeric studies suggested the wild-type IPD can 
partially rescue the mutant phenotypes (44), (45). Sox9b, the transcription factor important in 
ductal cell development, is maintained by Notch signaling. Sox9b homozygous mutant 
demonstrated a deficit of ductal morphogenesis, which subsequently leads to the impairments 
of endocrinogenesis in response to Notch inhibition in the pancreatic tail, and β-cell 
regeneration in the principal islet (40). 

2.7 Secondary islet formation 

Notch-responsive ductal cells have been considered as ductal progenitors giving rise to all 
endocrine cells upon Notch inhibition at the larval stage. In physiological condition, higher 
calorie intake can induce β-cell replication as well as duct-to-endocrine differentiation (also 
named neogenesis). Short- and long-term lineage tracing experiment using the tp1 promoter 
(contains six concatemerized Notch-responsive elements including in total 12 RbpJ binding 
sites from the Epstein Barr Virus terminal protein 1 [TP1] gene) driving inducible Cre 
recombinase showed that Notch-responsive IPD (in larvae) or tp1 positive centroacinar cells 
(in adult), lying in between the large duct and acinar cells, can be mosaically labelled (46). 
These cells can differentiate into β-cells in the peripheral region of the principal islet as well as 
β-cells in the secondary islets in development, β-cell chemical ablation, and partial 
pancreatectomy models (47), (48), (49), (50). Mechanistically, nutrient-dependent ductal 
progenitor activation involved a key step involving downregulation of Notch signaling. More 
importantly, the levels of Notch activity (from high-Notch, intermediate-Notch and sustained 
Notch inhibition) have been proposed to define the phenotypic switch of IPD between 
quiescent, cell proliferation and initiation of cell differentiation (51). Upon calorie intake, 
mechanistic target of rapamycin (mTOR) is indispensable for β-cell neogenesis in response to 
glucose specifically, whereas insulin/IGF1 pathway mediates lipid-rich diet induced β-cell 
development (47), (52). Furthermore, genetic manipulation of fgf1 demonstrated that secreted 
Fgf1 can profoundly induce β-cell neogenesis with or without overnutrition condition (53). 
Moreover, an increased demand of insulin production by overnutrition can itself induce 
neogenesis (54). Modulating key genes in β-cell metabolism can also affect β-cell neogenesis. 
Genetically blocking or activating ATP-sensitive potassium (K ATP) channels can either 
potentiate or suppress β-cell neogenesis, respectively (54). Overexpression of hyperactive 
glucokinase gene can also induce β-cell neogenesis independent of nutritional states (54).  

As mentioned earlier, sox9b is crucial in hepatopancreatic biliary system development, 
however, contradictory results remain in terms of the functionality of sox9b in β-cells 
neogenesis in both physiological and β-cell ablation conditions (39), (40), (55). This might be 
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due to the facts that different studies used different sox9b mutant zebrafish lines. To avoid the 
innate limitations of different missense mutation and the early disruption of IPD development 
in such mutants, Huang et al. generated a spatiotemporal-controlled sox9b gain-or-loss of 
function model in IPD by overexpressing wild type or truncated version of sox9b (lack of 
transactivation domain) (55). This study showed that sox9b performs as a downstream mediator 
in both Notch and RA signaling pathway for the maintenance of IPD cell identity. The loss of 
functional sox9b showed synergistic effects upon Notch and RA inhibition. Unexpectedly, 
heterozygous sox9b mutant showed an accelerated β-cell regeneration in adult fish indicated 
by increased number of single β-cell per section (55). Other genetic defects, such as mutations 
pdx1, jag1b/jab2b, can all lead to developmental defects of IPD and ultimately have a negative 
impact on neogenesis in response to Notch inhibition. Pharmacological manipulation of RA 
also suggested that although RA is initially required for specification of the dorsal bud derived 
endocrine cells, it later functions as a gatekeeper to maintain ductal progenitors in an 
undifferentiated state and prohibit β-cell differentiation (56). Kimmel et al. put forward a two-
wave endocrinogenesis model, indicating that the first wave originates from pancreatic 
progenitor in the dorsal bud followed by a second wave from Notch-responsive latent 
progenitors located in the EPD and pancreatic tail (43).  

During the larvae stage, nearly all tp1 positive cells co-express nkx6.1 in pancreatic tail 
region (44), suggesting that nkx6.1 is a marker of IPD. In homeostatic condition, adult zebrafish 
ductal cells are mainly quiescent; however, upon β-cell ablation, nkx6.1 ductal progenitors will 
re-enter the cell cycle and begin to differentiation (more discussion in the following chapter). 
One recent study done by Rovira et al. reported that the transcriptional repressor, REST, is a 
major suppressor in endocrine differentiation across different species (57). Chemical inhibition 
by a selective REST inhibitor can promote a marked increase of α-cell differentiation in 
zebrafish, indicating a conserved role of REST in regulating ductal-derived β-cell neogenesis. 

 

2.8 β-cell proliferation and β-cell heterogeneity 

β-cell proliferation is a continuous process for the expansion of β-cell mass. In zebrafish larvae, 
β-cells rarely self-replicate due to Cdk4 mediated inhibition. Overexpression of mutant cdk4, 
which is insensitive to inhibition by cyclin-dependent kinase inhibitors, can enhance β-cell 
proliferation in zebrafish larvae and improved glucose tolerance at the expense of dampened 
β-cell neogenesis (58). Intriguingly, preceding studies also showed that the turn-over rate of β-
cells varies and it accounts for the β-cell heterogeneity. Most β-cells stay quiescence, whereas 
very few β-cells can keep dividing in a slow pace. Using hot-cre temporal labeling system, 
Hesselson et al. successfully distinguished the dorsal bud derived β-cells from the ventral bud 
derived β-cells (59). The dorsal bud derived β-cell normally sustain in a quiescent state 
indicated by limited EDU incorporation. Ventral bud derived β-cells are not fluorescently 
labelled but maintain proliferative. These findings were further extended to juvenile stage, by 
using the Tg(ins:CreERT2) transgenic line for temporal labeling β-cells, β-cell specific 
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multicolor betabow and β-cell specific Fluorescence Ubiquitin Cell Cycle Indicator (FUCCI) 
system. Based on the Tg(ins:CreERT2) temporally-labeling system to separate old and newly-
formed β-cells, Singh et al. proposed an “Hourglass model” demonstrating that the newly 
formed β-cells are located at the anterior region of principal islets showing elevated turn-over 
rate as compared with pre-existing β-cells located at the posterior region (49). However, these 
proliferative β-cells are less functional mature as manifested by less glucose responsive calcium 
influx. The maturity of these newly-formed β-cells will catch up when the fish grow up to 35 
dpf. This is indicated by the fact that the β-cells from both the anterior and the posterior regions 
of principal islet showed similar percentage of glucose responsive β-cells (49).  
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Figure 3A and B, The schematics of the “Hourglass” modeling indicating differential origin 
and features of pancreatic islet cells in zebrafish. 

There are several factors contributing to β-cell proliferation in zebrafish. One pilot study 
showed that high-calorie intake can accelerate β-cell proliferation (47). Mechanistically, higher 
nutrient metabolism can elevate the level of reactive oxygen species (ROS) production. A 
modest increase of intracellular hydrogen peroxide (H2O2) levels is sufficient enough to boost 
β-cell proliferation (60). Conversely, reducing H2O2 level can block β-cell proliferation 
induced by nutrients consumption (60). However, a marked increase of H2O2 above a certain 
threshold can also play inhibitory roles in β-cell proliferation, yet in the meantime, promote 
duct-to-β neogenesis (60).  

Aging and local immunological status can also affect the cell cycle state in β-cells (61). 
Old fish islets contain a higher proportion of nfkbhigh β-cells and can recruit more macrophages 
and neutrophils. Transcriptomics analysis showed that islets from older fish upregulate genes 
coding for protein machinery in cytokine release, ER (Endoplasmic reticulum) stress, and 
inflammation. Among them, Socs2 exerts a major inhibitory effect on β-cell proliferation (61). 

Lastly, β-cells can be further characterized according to their glucose responsiveness. In 
both mouse and zebrafish, leader cells were identified, which constitute a portion of β-cells that 
responding quickly to an increase of glucose levels in the first place, and subsequently 
coordinate other β-cell calcium influx within the whole islet. Photoablation of leader cells can 
disrupt the whole islet responsiveness to glucose (62). Single-cell RNA-seq analysis suggested 
that these leader cells highly express glucose kinase gene with less insulin expression (62).  

 

2.9 β-cell maturation 

The final step of β-cell development is β-cell functional maturation. In zebrafish, thyroid 
hormone can activate pax6b and mnx1 expression while downregulate arxa expression (63). α-
cell and β-cell maturation during the larvae-to-juvenile transition is shown as a thyroid 
hormone-dependent process by enhancing glucose sensitivity (63), (64). As described above, 
the old β-cells are functionally mature based on glucose stimulated calcium influx, and the 
newly formed β-cells are more prone to be proliferative and immature. However, such 
subcategories of mature and immature β-cell become blurry when the fish grows up (49).  
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3 Zebrafish pancreas regeneration 

3.1 Tools used in zebrafish pancreas injury models 

3.1.1 Nitroreductase-based system 

Nitroreductase (NTR) mediated cell ablation is a widely used chemo-genetic methodology in 
zebrafish research to deplete different cell types (such as hepatocytes, β-cells, cardiomyocytes) 
in a temporally-controlled fashion (65), (66). NTR is a bacterial enzyme which can convert the 
prodrug, MTZ (metronidazole), into a DNA cross-linking agent and cause cell death in a dose-
dependent manner. Once it is washed away, the cell toxicity effect can be discontinued. Such 
feature is crucial in zebrafish regenerative research as it allows tissue with high regenerative 
capacity (such as heart, liver, and β-cells) to recover right after ablation (65). Mechanistically, 
Anderson et al. reported that NTR/MTZ mediated cell ablation is a macrophage-dependent 
process as MTZ treatment can lead to a remarkable production of reactive oxygen species (ROS) 
and subsequently recruit immune cells (mainly macrophages) with peak infiltration observed 
6 hours after drug treatment (67), (68). Intriguingly, antioxidant agents can protect β-cells from 
MTZ induced cell death. In addition, blocking 12-lipoxygenase (12-LOX)-CXCR3 axis, which 
is responsible in myeloid cell migration, can efficiently reduce islet macrophage infiltration 
and preserve β-cell mass (67).  

The first-generation of NTR only exerts its effect with high concentration of prodrugs. 
Meanwhile, several cell types, for example macrophages, are proven to be resistant to such 
system. The next generation of NTR (NTR 2.0) was recently introduced based on rational 
engineering and cross-species validation demonstrated that the ablation efficiency is much 
improved (~100-fold) even with lower concentration of prodrug (69).  

Furthermore, to overcome the variability of cell ablation efficacy across different batches, 
Nifurpirinol, another nitroaromatic antibiotic, was introduced as a reliable alternative reagent 
with a working concentration ~ 2000 lower than MTZ. Nifurpirinol has been proved to be 
efficient across various cell types (β-cells, osteoblast, dopaminergic neurons) (70). More 
importantly, the working concentration of Nifurpirinol is three times below its toxic threshold. 
Thus, nifurpirinol provides another option in NTR based cell ablation model, particularly useful 
in MTZ/NTR resistant cell types (70). 

In summary, the NTR-based cell ablation system provides an easy and amenable way to 
deplete cell types in a reversible manner. Such method is of great value in regenerative research 
and has also been used as a genetic tool for mechanistic studies of cellular function and cell-
cell communications. 

3.1.2 DTR and DTA system 

Diphtheria toxin (DTA) is a cytotoxin, which inhibits protein synthesis in both proliferating 
and non-proliferating cells. It was firstly described in a transgenic mouse model with 
overexpression of human heparin-binding epidermal growth factor-like growth factor (hHB-
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EGF), which is an endogenous receptor of DTA, in hepatocytes. In zebrafish, overexpression 
of diphtheria toxin receptor (DTR) driven by acinar cell specific promoter (ela3l promoter) has 
been proven to kill acinar cells efficiently (71). However, the apoptosis process is slower than 
that shown in NTR/MTZ model. Alternatively, DTA has also been applied to deplete specific 
cell types in either constitutive or tissue specific manner. Transgenic lines with a DTA cassette 
downstream of a floxed terminator, and under the control of ubiquitous promoter (such as 
bactin2 promoter, heat-shock promoter) or tissue specific promoter have been generated. These 
lines can be crossed with tissue specific Cre lines for temporally-controlled cell specific 
ablation in cardiomyocytes, V1 neurons, β-cell, and enteroendocrine cells (72), (73), (74), (75).  

 

3.1.3 Caspase 8 system 

Direct activation of the apoptosis pathway is another useful approach to induce cell death. This 
is accomplished by the overexpression of membrane bound Caspase8 together with treatment 
of the dimerization agent AP20187 (Dim) (76). Schmitner et al characterized this system by 
generating an ela3l-expressing acinar cell depletion model. They found that Caspase8 induced-
apoptosis can be detected after 8 hours treatment in zebrafish larvae (71). This method can 
achieve 95%-99% ablation efficiency with 8 μM Dim treatment for 48-96 hours. Moreover, 
single dose of intraperitoneal injection of Dim can also induce massive acinar cell loss (71). 

 

3.1.4 Streptozotocin (STZ) treatment 

STZ is a commonly used reagent in ablating β-cells in rodents. In zebrafish, instead of adding 
the compound directly in water, intraperitoneal injection of STZ with very high concentration 
is needed to kill β-cells in adult zebrafish, which limits its usage (77). The utility of STZ in 
zebrafish larvae and juvenile fish has not yet been reported. 

 

3.1.5 Overexpression of truncated human BH3 Interacting Domain Death Agonist 
(BID) gene 

BID is a “BH3 domain only” pro-apoptotic subgroup of BCL-2 family member, which can 
induce cell apoptosis (78). Li et al. generated a zebrafish β-cells specific ablation model by 
overexpressing truncated human BID in β-cells with the design of tetracycline and ecdysone-
inducible system. The β-cells can be ablated with doxycycline hyclate (100 mmol/l in ethanol) 
and tebufenozide (50 mmol/l in DMSO) treatment for 48 hours (54), (79). However, compared 
with NTR-based system, this method is less potent in ablation efficiency, with on average 7.5 
cells remaining after the treatment.  
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3.2 Zebrafish islet inflammation model 

Insulitis, cytokine production and immune cell infiltration are key features of type I diabetes. 
Notably, RIPK3-dependent interleukin-(IL)1β induction in β-cells is a conserved instigator of 
islet inflammation (80). Overnutrition in a muscle insulin resistant zebrafish model (by 
overexpression of a dominant-negative insulin growth factor 1 receptor in the muscle) can 
cause islet inflammation, β-cell dysfunction, and β-cell loss (80). Nevertheless, a more 
straightforward way to stimulate islet inflammation is to overexpress proinflammatory 
cytokines in the islet. Delgadillo-Silva et al generated transgenic zebrafish lines with IL1β 
constitutively overexpressed in β-cells (81). Combining live imaging and calcium imaging, 
researchers observed the substantial macrophage infiltration and prolonged macrophage 
retention in the islet, which also leads to α-cell expansion and the deficiency of glucose 
stimulated calcium influx. In order to mimic islet inflammation in a reversible, 
spatiotemporally-controlled manner, Anderson et al. carried out a further optimization by 
generating a novel Cre-based tetracycline-inducible transgenic zebrafish line, named CETI-
PIC3. This system can switch-on and -off three main proinflammatory cytokines (TNFα, 
Interferon gamma and IL1β) specifically in β-cells and it showed major features of type I 
diabetes in the islet, including ROS-mediated oxidative stress, endoplasmic reticulum stress, 
and various immune cells infiltration (82). 

 

3.3 Partial pancreatectomy model and pancreatic ductal ligation 

Surgical removal of 90% pancreatic tissue has been commonly used in rodents as a model to 
study β-cell regeneration, and researches have reported a profound compensatory β-cell 
proliferation in the remaining pancreata (83). In zebrafish, partial pancreatectomy can 
dramatically induce β-cell and ductal cells proliferation (77). Additionally, lineage tracing 
experiments showed that centroacinar cells can contribute to regenerative β-cells to a small 
extent in adult zebrafish under this condition (50). Pancreatic ductal ligation, a severe injury 
model triggering an immune response, demonstrated that neurog3 positive endocrine 
progenitor cells may present in mouse pancreatic duct, indicating duct-to-β cell neogenesis as 
an important source for β-cell regeneration (84). However, this model has never been exploited 
in adult zebrafish model. 

 

3.4 β-cell regeneration 

Studies have shown that zebrafish keep several ways to replenish the loss of β-cells. 
Currently, zebrafish is considered as an excellent model to study cellular and molecular 
mechanism of β-cell regeneration. Additionally, zebrafish larva is widely used as an in vivo 
drug screening platform to identify potent small molecules inducing β-cell regeneration. 
These advantages have paved the new way for further translational studies in higher 
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organisms for drug discovery. Here, I summarize the preceding findings based on the 
different sources of β-cell regeneration and followed with the associated translational works. 

 

3.4.1 β-cell proliferation 

β-cell proliferation is considered as the major approach to replenish β-cell loss in mouse and 
human. In zebrafish, there was one systematic analysis examining cell proliferative state in 
three β-cell injury models (STZ, MTZ and pancreatectomy) in adult zebrafish (77). It showed 
that in STZ model, β-cell proliferation is rarely found within 7 days after ablation; however, 
the ins:GFP positive cells, indicating regenerative β-cells, can be identified in the ductal 
epithelium (77). Two weeks after STZ treatment, a number of scattered Pcna positive cells 
were present in the islets, in contrast to vehicle controls. In MTZ model, a large number of 
pdx1 positive dividing cells can be detected in both the islet and ductal epithelium. However, 
in two weeks after ablation, the Pcna positive cells are mainly restricted outside of islets; 
whereas the proliferative state within the islets is comparable to vehicle controls. In partial 
pancreatectomy model, we can see more prominent β-cell proliferation (77). These results 
suggested that distinct regenerative cellular responses can be stimulated by different injury 
models. 

In zebrafish, chemical screening is an unbiased method to identify novel drivers of β-cell 
proliferation. Several low-medium-throughput chemical screening studies reported that 
chemical inhibitors of non-canonical IκB kinases (IKKs), TANK-binding kinase 1 (TBK1), 
IκB kinase ε (IKKε), and serotonin modulator are potential inducers for β-cell proliferation 
(85), (86). Wang et al. developed a zebrafish high-throughput screening platform, named 
automated reporter quantification in vivo (ARQiv), for targeted chemical screening involving 
all FDA (Federal Drug Administration) approved drugs. They found that two chemicals 
targeting serotonin signaling, paroxetine and amitriptyline, which belong to 
norepinephrine/serotonin reuptake inhibitor, can increase the number of proliferating β-cells 
(87). More importantly, two large-scale chemical screening studies done by Andersson et al. 
and Charbord et al. identified 2 potent small molecules in zebrafish and demonstrated 
translational potential in mouse or human cells. In the first study, by screening more than 7000 
small molecules in the β-cell NTR/MTZ ablation model, Andersson et al identified several hits 
that converge on the adenosine pathway (88). In particular, 5’-N-ethylcarboxamidoadenosine 
(NECA), an adenosine receptor A2aa agonist, displays highest potency. Interestingly, the pro-
proliferative effect from NECA is very mild during normal development. More importantly, 
NECA can also promote β-cell proliferation in isolated mouse islet as well as in vivo mouse 
STZ model (88). In the follow-up study, using β-cell-specific adenosine receptor A2a mutant 
mice, Schulz et al. demonstrated a reduction of β-cell proliferation at the basal level and a 
deficiency of compensatory β-cell proliferation during pregnancy (89). Another study, which 
was conducted independently during the same time in the Melton lab, employed a cell-based 
platform and also identified that a class of adenosine kinase inhibitors can selectively enhance 
β-cell proliferation in three species (mouse, rat and pig) without affecting the proliferative state 
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in other cell types (90). The second study done by Charbord et al. creatively applied a novel 
luminescence cell cycle indicator, luminescence ubiquitination-based cell cycle indicator 
(LUCCI) system, under the control of ins promoter to indicate β-cell proliferative states using 
luminescence as the readout for in vivo drug screening. Using this system, the researchers 
screened more than 3,000 small molecules and identified that HG-9-91-01 is a potent driver of 
β-cell proliferation by inhibiting salt-inducible kinases (SIKs), which would induce activating 
transcription factor (ATF)6-dependent unfolded protein response (UPR) prior to cell cycle 
entry (91). Translational studies in mouse and human β-cells confirmed its conserved role (91) 
indicating a universal mechanism inducing β-cell proliferation.  

 

3.4.2 Trans-differentiation from other pancreatic cells 

In vivo direct reprogramming studies to convert committed cell types in the pancreas (α-cell, 
δ-cell, γ-cell, and acinar cell) to β-cells have been extensively studied in the mouse model (92), 
(93), (94), (95), (96), (97), 29025873 (98), (99), (100). In zebrafish, several lineage tracing 
experiments reported direct α-to-β conversion events exist after β-cell ablation using gcga:Cre 
and arx:Cre lines (101), (102), (103), (79). These studies showed that glucagon, the inhibition 
of TGFβ signaling, artemether or aspterric acid treatment can promote such process. However, 
evidence from strict temporally-controlled lineage tracing experiments are still lacking. In 
addition, given the fact that we cannot rule out the potential leakage problem with these 
transgenics and whether other cell types, in particular pancreatic ductal cells, could also 
accounted for the replenished β-cells (data unpublished). Nevertheless, two recent studies, for 
the first time, identified a novel endocrine cell type featured by specific expression of a sst 
homolog, sst1.1, in the zebrafish islet (104), (74). Sst1.1 (previously known as prss1) is an 
ortholog of mammalian somatostatin (with a conserved C-terminal sequence) and expresses in 
both the pancreas and the central nervous system; whereas sst2, another distinct version of 
somatostatin gene, shows exclusive expression in the pancreas (105), (106). Sst1.1 positive 
cells, which were defined as a subpopulation of δ-cell, begin to form at 24hpf (107). Combining 
single-cell RNA-seq (cell cluster profiling, pseudo-time analysis), transgenic zebrafish lines as 
well as immunostaining, the two groups suggested that sst1.1+ δ-cells are transcriptionally 
distinct from β-cells in the basal state, although they share several important transcription 
factors, such as pdx1. After β-cell ablation (by NTR/MTZ and DTA models), almost all 
regenerated insulin-producing cells are Insulin and Somatostatin double positive. However, 
due to a lack of sst1.1+ δ-cell specific Creert2 line for lineage tracing, one still cannot rule out 
the possibility that regenerated hybrid cells may originate from ductal progenitors. Lastly, one 
very recent study indicated that the ghrelin positive ε-cells are also capable to trans-differentiate 
into β-cell in extreme β-cell loss condition (108). Such process can be accelerated by the 
deletion of pax4. Mechanistically, Pax4 can bind to the cis-regulatory region of ghrelin and 
inhibit ghrelin expression. Pax4 deletion can derepress ghrelin expression and promote ε-cells 
to β-cells trans-differentiation.  
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By analyzing a hypomorphic ptf1a mutant, Dong et al. showed that a normal level of ptf1a 
is critical in acinar cell fate determination, while a mild decrease of ptf1a expression can result 
in an increased number of endocrine cells, indicating that the gradient of ptf1a can differentially 
regulate pancreatic endocrine and exocrine cell fate (109). Further experiments showed that 
inhibition of ptf1a at later stages (after ventral bud formation) can lead to direct acinar-to-β cell 
conversion in zebrafish (110). In addition, the state-of-the-art chromatin epigenetic profiling 
provides novel inputs on the transcriptional regulation of pancreas development. A series of 
study done by Bessa and colleagues did interspecies analyses between zebrafish and human, 
and tried to elucidate the functional outcome of human disease related genetic variants located 
in cis-regulatory elements on the developmental defects of the pancreas (111), (112). Using 
genome-wide epigenetic profiling, one study provided an atlas of functionally equivalent cis-
regulatory elements between zebrafish and human, regardless of sequence conservation. The 
deletion of one disease-relevant region located at the distal enhancer of ptf1a can lead to 
pancreatic agenesis, which is reminiscent of the phenotypes shown in human with mutations 
in a distal-enhancer of PTF1A. Such line of evidence further supports the conserved functional 
role of ptf1a/PTF1A in pancreas development (112).  

Lastly, cells from a different germ layer might preserve a competence for trans-
differentiation under certain extreme conditions. Using different mesodermal specific 
Cre/CreERT2 lines, Liu et al showed that drl+/etv2+ cells can become insulin-producing cells 
in avascular npas4l mutants upon β-cell ablation, although the detailed mechanism is still 
elusive (113).   

 

3.4.3 β-cell neogenesis from a ductal origin 

Immunostaining and lineage tracing experiment using tp1 promoter (a Notch-responsive 
element from the Epstein Barr virus) suggested that IPD, which are nkx6.1 positive and highly 
Notch active ductal cells, can give rise to β-cells in the chemical ablation model. Delaspre et al 
firstly introduced the concept of centroacinar cells as Notch-responsive cells in adult zebrafish 
pancreas using tp1 transgenic line (50). Using Tg(tp1:CreERT2) lines together with β-actin 
driven Cre responder lines with early 4-hydroxytamoxifen treatment, they showed that up to 
75% of Notch-responsive ductal cells can be fluorescently labelled in the adult stage. At 10 
days post ablation, 43% β-cell can be lineage traced, suggesting a large number of regenerative 
β-cells are of Notch-responsive duct origin. In partial pancreatectomy model, however, β-cells 
can hardly be traced back to tp1 positive duct origin, suggesting that duct-to-β neogenesis event 
is injury model dependent and much less likely to happen when there remains a substantial 
number of pre-existing β-cells (50). Ghaye et al. further confirmed the latent progenitor 
potential of Notch-responsive IPD using TgBAC(nkx6.1:EGFP) lines (which normally label 
ductal cells) when co-stained with insulin in MTZ ablation model (29). On day 9 after ablation, 
scattered insulin positive cells can be observed at the core of islets and in the periphery of islet 
adjacent to the duct. Some insulin positive cells showed very weak EGFP signals, suggesting 
that these newly formed β-cells are of nkx6.1+ duct origin.  
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Identifying small molecules boosting ductal-derived β-cell neogenesis is of great value, as 
it might be a promising strategy in the discovery of new drugs for the compensation of β-cell 
loss, i.e. from a duct origin and it might offer mechanistic insight into ductal-to-β differentiation. 
The first chemical screening searching for drugs inducing ductal-derived β-cell neogenesis was 
done by Rovira et al, with a focus on FDA-approved drugs for repurposing (56). Mechanistic 
studies showed that the suppression of cellular GTP levels and the inhibition of RA synthesis 
can induce precocious secondary islet formation (56). Another study conducted large-scale 
chemical screening to identify compounds demonstrating a synergistic effect with low-dose of 
Notch inhibition (114). In this study, Liu et al. discovered that a selective Cdk5 inhibitor can 
dramatically promote IPD to differentiate into β-cells in the secondary islet in both larvae and 
juvenile fish. Genetic loss-of-function experiments in zebrafish confirmed that Cdk5 is the 
major drug target. Further experiments using the pancreatic ductal ligation model in adult 
mouse as well as human induced pluripotent stem (iPS) cells consolidate the findings showing 
that Cdk5 performs as an endogenous suppressor of duct-to-β cell neogenesis across different 
species (114).  

In addition, reverse genetic screening has also been done for the discovery of druggable 
targets (115). By analyzing RNA-seq data to identify differential expressed genes upregulated 
after β-cell ablation, Karampelias et al. carried out a small-scale reverse genetic screening of 
candidate genes, which code for soluble and membrane-bound gene products upregulated after 
β-cell ablation (115). This study found that both folate receptor 1 (folr1) overexpression and 
exogenous treatment with folinic acid can stimulate β-cell formation from a tp1 positive duct 
origin. Interestingly, such effect was also seen in neonatal pig islet (116), suggesting that one-
carbon metabolism is an evolutionarily conserved pathway for duct-to-β-cell neogenesis (115). 
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4 Transcriptional network, translational and 
epigenetic regulation in zebrafish pancreas 
development 

4.1 Transcriptional regulation 

The development of endodermal organs cells relies on a series of coordinated transcriptional 
regulatory events that take place at different stages (117). Such transcriptional regulatory map 
governed by transcription factors (TFs) is depicted by a large number of studies employing 
mutant lines or morpholino knock-down to disrupt TFs and associated signaling pathways. For 
example, sox4b, a member of the SRY-like HMG-box (SOX) family, is specifically required 
for α-cells differentiation, since knocking-down sox4b can lead to a downregulation of α-cell 
specific homeobox TF, arxa (118). The depletion of pax6b can markedly reduce β-cells and δ-
cells, but significantly promote ε-cells. Nevertheless, a mild knock-down of pax6b can cause a 
rise in α-cells, suggesting that its distinct role in endocrine cell development is dosage-
dependent (119). The expression of pax6b is transcriptionally regulated by homeoproteins pdx1, 
pbx and prep according to a gel shift assay showing the direct binding to regulatory elements 
(120). In addition, pax6b is a potent transcriptional activator of mnx1, which acts downstream 
of RA signaling to promote β-cells and repress α-cell fate (121), (122). Isl1, instead of 
isl2a/isl2b, has been shown to play distinct roles between the first and second wave of 
endocrine cell development, while the isl2 genes can non-cell autonomously regulate exocrine 
pancreas expansion (123). Cdx4 is specifically expressed in sst2 positive δ-cells and is crucial 
for their specification (124). Clustered regularly interspaced short palindromic repeats 
(CRISPR)-Cas9 mutagenesis and myt1bulg029–/– mutant showed prominent α-cell developmental 
impairments with no significant impact on insulin expression (124). The disruption of a 
maturity-onset diabetes of the young (MODY) gene, rfx6, can remarkably dampen non β-cell 
differentiation (125), (126). 

Notably, there are also some major species differences between mouse and zebrafish. For 
example, ascl1b and neurod1, rather than neurog3 in mammalian organisms, are endocrine 
progenitor markers and function as dual master regulators to confer ductal cells with 
differentiation competence towards the endocrine cell fate (127). It was shown that neurod1 
deficient fish fail to develop endocrine cells. In particular, α-cells are more sensitive to a mild 
reduction of neurod1 (128). Unlike rodents and human, pax4 is not required for β-cell and δ-
cell development in zebrafish. Rather, it acts through a mutual repression model with arxa to 
negatively regulate α-cell formation (129). Other than that, most of TFs display conserved roles 
in endocrinogenesis across different species (127). 
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4.2 Posttranscriptional regulation 

Posttranscriptional regulation, including non-coding RNA (microRNA, long non-coding RNA, 
circular RNA) and mRNA translational initiation and elongation, are also involved in the 
pancreas development. The overexpression of pre-miR-21 in zebrafish β-cells exhibited a 
reduced glucose tolerance, an attenuation of peak GSIS, a downregulation of β-cell identity 
and maturity markers, and an increase in insulin and glucagon hybrid cells. The overall effects 
were partially determined by targeting tgfb2 and smad2 mRNAs, implicating that the 
dysregulation of microRNAs can contribute to β-cell dysfunction and the impairment of β-cell 
differentiation (130).  

Polyamine synthesis is essential in exocrine tissue growth and the maintenance of β-cell 
mass in zebrafish pancreas by the posttranslational modification of eIF5A, a mRNA translation 
initiator (131). The hyperactive protein synthesis is required for digestive organ development. 
One study reported that the urb1cq31 mutant, which demonstrated a disruption of a key ribosome 
protein biogenesis, showed hypoplastic liver and pancreas; the phenotypes also resembled the 
mtor and raptor morphants (132). Lastly, the overexpression of urb1 can efficiently rescue 
mtor and raptor morphants phenotypes, suggesting that urb1 acts downstream of mTOR 
complex 1 in liver and pancreas development (132). 

 

4.3 Epigenetic regulation 

Epigenetic modifications are key modulators in pancreas and islet cell differentiation. The 
histone deacetylase 1 (hdac1), which performs as a transcriptional repressor, is critical in 
several sequential steps in endoderm organogenesis (133). The hdac1 mutant line displayed a 
wide range of developmental defects, including ectopic endocrine clusters displayed anterior 
to the main islet, exocrine pancreas dysplasia, an impairment of HPD morphogenesis, and an 
expansion of the foregut endoderm (133). Likewise, the med12 mutant also demonstrated 
multiple digestive organ developmental defects. This is because med12 functions as a 
regulatory subunit of transcriptional Mediator complex activating the transcription of sox17, 
which is a master regulator in endoderm development (134). DNA methyltransferase 1(dnmt1) 
mutant lines can develop pancreas and liver at an early developmental stage, but acinar cells 
begin to degenerate after 84 hpf via apoptosis, whereas the endocrine cells and ductal cells can 
maintain intact (135). Most interestingly, the dnmt1 deficiency can enhance the restoration of 
insulin-producing cells in the NTR/MTZ model, indicating that epigenetic reprogramming is a 
crucial drug target for β-cell regeneration (135)).   
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5 Microenvironment -- vasculature and pancreas 
innervation 

As described in the previous chapters, factors from neighboring tissues (such as mesoderm, 
notochord, and other endodermal organs) exert complex cell-cell signaling to regulate early 
pancreas specification and growth. Notably in later development, the vasculature and 
peripheral nervous system have been shown to play distinct roles either in the maintenance of 
stem cell quiescence or in the stimulation of stem cell activation across different stem cell 
niches. More specifically, in the zebrafish pancreas, β-cell specific overexpression of dominant 
negative of vegfaa (dnVegfaa) can lead to pancreas vascular deficiency and endocrine cell 
disruption without a severe impairment of β-cell function (136). In contrast, the overexpression 
of the soluble isoform of human Vegf receptor 1 (sFlt1) in β-cells can greatly suppress the 
formation of the vasculature in the pancreas. Meanwhile, sFlt1 can induce large sheets of β-
cell formation. These β-cells reside along the pancreatic ducts, indicating accelerated duct-to-
β cell neogenesis. Moreover, such alteration consequently disturbs the glucose response and 
tolerance. These phenotypes were not phenocopied in mutants lack of vegfaa, vegfab, kdrl, kdr 
or flt1 function, indicating that such prominent phenotype was derived from the interference of 
multiple ligand/receptor pairs (136). Interestingly, the pancreas vasculature system is also 
required for the proper pancreatic innervation (137). These peripheral autonomic and sensory 
neurons have close connections with islets and then migrate away. Specific ablation of these 
neurons can partially inhibit other neurons moving away from the islet, which ultimately leads 
to a diminished islet innervation (137). In one study, combining live imaging, calcium imaging, 
chemogenic inhibition of neuronal activity, two-photon cell ablation, as well as optogenetic 
cell activity manipulation, Yang et al. performed a comprehensive analysis of neuronal-islet 
coupling status in acute and chronic neuronal activity loss condition (138). They, for the first 
time, describe that all endocrine cells are in connectivity with peripheral neurons. The 
abolishment of neural activity in either acute or chronic manner can dramatically diminish the 
β-to-β and α-to-β activity coupling. More interestingly, they identified that a subset of δ with 
detectable peri-islet neural activity coupling displayed higher homotypic coupling activity 
compared with their counterparts, suggesting that some δ-cell receiving the input from the 
peripheral nerves function as the hub in coordinating the δ-cell activity (138). And such 
functional pattern seems to be conserved and reminiscent of β-cells. As a previous study 
described, a subset of β-cells worked as leader cells in coordinating β-cells calcium influx as 
responsiveness to low- and high-blood glucose level in both zebrafish and rodents (62). 
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6 CRISPR-Cas9 genome editing in the construction 
of zebrafish models 

With the advent of genome editing, various related techniques have been applied to generate 
genetically modified animals. Among these methods, the CRISPR-Cas9 system has become 
the most popular method to generate either knock-out mutant or knock-in animals due to its 
remarkable versatility compared with Zinc finger nucleases (ZFNs) and TAL effector 
nucleases (TALENs) (139), (140). Knock-in animal models are particularly useful in the field 
the developmental and regenerative biology research, as the integrated genetic cassettes can be 
driven by the endogenous regulatory elements and thereby recapitulate the natural gene 
expression pattern, which is often hard to accomplish by classical promoter-cloning transgenics 
and Bacterial Artificial Chromosome (BAC) cloning. Currently, multiple knock-in strategies 
have been devised and refined for the construction of non-human primate (141), (142) , and 
zebrafish models (143), (144). In zebrafish, the knock-in approaches vary with the respect to 
the targeting regions (such as 5’ non-coding region upstream of ATG, exon, intron, or 3’ end) 
(145), (146), DNA double-stranded break repair mechanisms (homology directed repair [HDR] 
or non-homologous end joining [NHEJ]) (147), the types of donor (148), the injection of Cas9 
protein or Cas9 mRNA, and the application of chemicals in promoting HDR (149), (150).  

In zebrafish, the 5’ knock-in methods have been explored independently in different labs. 
Researchers usually target the loci upstream of the ATG coupled with donor plasmids with or 
without in vivo linearization site(s) on either one side or both sides of insertion sequences (147), 
(151). The single linearization site upstream of the insertion sequence can facilitate the NHEJ-
mediated integration (144), (152), (153); while the HDR can also be achieved by adding long 
homologous arms (HAs) flanked by two I-SceI/gRNA recognition sites on both sides (143). 
Currently, several fluorescent reporter lines, and CreERT2 lines, have been generated using 
such methods (154), the widespread applications are still hindered in several aspects, such as 
the disruption of one allele of the targeted gene, the cumbersome molecular cloning, low 
scalability and low efficiency of genetic integration. Similar to generating knock-in in mouse 
models and human cell lines, the 3’ knock-in method has also been employed coupled with 
circular plasmids as the donor, with either long or short homologous arms flanked by two in 
vivo linearization sites (155), (156). The advantage of 3’ knock-in using HDR method is that 
it can keep the knock-in cassettes in-frame and thereby more likely to retain the functionality 
of the targeted gene. However, in certain cases, insertion or deletion changes (of a few amino 
acids) might still occur when using the NHEJ strategy with donors in the absence of 
homologous arms (157). Several studies reported that the HDR mediated 3’ knock-in efficiency 
is highly dependent on the length of the HAs (> 500 bp HAs are favorable), in particular when 
the gRNA targeting region is located upstream of the stop codon (143), (144). In addition, one 
recent study showed that the introduction of short HAs in the donor plasmids flanked by two 
linearization sites can facilitate microhomology-mediated end joining (MMEJ) and can also 
achieve promising knock-in efficiency (158). However, such methods are still limited in use 
due to the low scalability and the tedious constructs preparation steps. Recently, intron-based 
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and exon-based knock-in approaches have remarkably expanded the knock-in toolkits by 
targeting genetic loci beyond the 5’ or 3’ end (159), (160), (161). These methods rely on the 
NHEJ method and the targeted genes can be either destroyed or rescued (depending on whether 
or not the exon sequences downstream of the insertion site are added into the donor). Such 
methods are particularly useful to introduce loxP sites for generating genetic conditional knock-
outs. Considering that all the above methods are compromised by certain drawbacks and are 
labor-intensive with limited scalability, the development of a straightforward and efficient 
knock-in methodology is still warranted in the zebrafish field. An ideal method should address 
on the following issues, including the disruption of the targeted gene allele (knock-in/knock-
out), the complex pipeline in molecular cloning, low efficiency of precise recombination, 
limited germline transmission rate, and high workload in screening for founders. 

Recent studies in mouse and in vitro systems have demonstrated several approaches that 
strikingly improve homology mediated end joining (HMEJ). The Tild-CRISPR (targeted 
integration with linearized dsDNA-CRISPR) strategy has been successfully applied in 
generating knock-in mouse lines (162). This method used PCR-amplified or enzymatic-cut 
donors with 800 base pairs HAs as the direct donor, indicating that nude double-stranded DNA 
(dsDNA) can serve as an effective donor in eukaryote embryos. Furthermore, 5’ modified 
dsDNA with short HAs (roughly 50 base pairs) demonstrated impressive knock-in efficiency 
in an in vitro culture system (163). In this study, by systematic comparisons among 13 
modifications on dsDNA with gRNA targeting the 3’ untranslated region (UTR) of the 
GAPDH gene in HCT116 cells, the researchers observed that C6 linker (AmC6) or C12 linker 
(AmC12) as well as moieties by adding on secondary modifications out-performed the nude 
dsDNA as the donor with a marked increase of knock-in efficiency (> 5-fold). Although the 
mechanism is still elusive, it is proposed that the 5’ modification can assist in preventing donor 
degradation and multimerization and thus circumvent stochastic NHEJ, indicated by less NHEJ 
events and random insertions. 

Inspired by the progress of knock-in strategies in different systems, we tried to leverage 
the advantages of various improvements in an effort to generate knock-in zebrafish lines for 
multiple utility in a scalable fashion. Considering that during early development, the zebrafish 
zygotes undergo very rapid cell division indicating an unfavorable microenvironment for 
genetic integration, to tackle this problem, we combined 5’ modified dsDNA with short 
homologous arms as the donor combined with Cas9 protein, and we manage to knock-in large 
piece of DNA (~ 3,000 bp) without disrupting the endogenous gene products. To date, we have 
successfully made ~30 knock-in lines targeting ~20 genetic loci and used these genetic tools to 
answer key questions in endodermal organ development and regeneration, which I elaborate 
more on in the result and summary session. 
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7 Single-cell technology in developmental biology 
and regenerative medicine 

In the past decades, single-cell transcriptomics analyses have opened up new avenues in 
elucidating key biological questions, particularly in developmental biology and tissue 
regeneration. By profiling the transcriptional signatures of thousands of cells, researchers are 
able to identify novel cell types or cell states, interrogating the cellular behaviors in cell state 
conversion, cell communications and unravel the gene regulatory networks in key biological 
processes. The rationale of single-cell transcriptomics is to capture the messenger RNA 
(mRNAs) from individual cells, converting them to cDNA and amplifying them with PCR for 
sequencing. Starting from 2009, Tang and colleagues for the first time seek to provide the 
transcriptional signature of hundreds of cells in the human embryonic blastomere (164). In the 
following years, the major improvement of single-cell technologies appear in the aspect of (1), 
capturing more amount of mRNA (2), accomplishing more accurate quantification of number 
of transcripts with RNA spike-in or UMI (3), achieving higher throughput with the aim to 
sequence more than ten thousand or millions of cells with relatively low cost (from low- and 
intermediate-throughput well-based method to droplet based high-throughput techniques 
which can sequence millions of cells) (4), multiomics analyses involving epigenetic states 
profiling, such as chromatin accessibility (Assay for Transposase-Accessible Chromatin, 
ATAC-seq) (165) and histone modifications (Cleavage Under Targets and Tagmentation) 
(166), (167), metabolic states, lipidomics (168), genomics (169), as well as integrating tissue 
architecture and spatial information of the whole tissue in parallel (170). With the emergence 
of these techniques, a large variety of analytical tools have been created to disentangle the 
complexity of the data.  

 

The single-cell technology has become a powerful tool and adds on novel information on 
the basis of various genetic tools. In the field of developmental biology and regenerative 
medicine, the single-cell transcriptomics can decode the composition of numerous cell types 
and states in various conditions (such as heathy states, disorders, drug treatment states). By 
comparing the transcriptomics among different cell states in different conditions, we can 
identify the key signaling pathways in driving the distinct molecular signatures and discovered 
favorable or detrimental factors in tissue regeneration. As the cell fate transition is a continuous 
process, capturing cells in transitional states enable us to infer the developing trajectory and 
gain more mechanistic insights on the key molecular event governing cell fate conversion and 
acquisition. For this purpose, enormously valuable tools have been created, such as monocle2, 
3, PAGA, slingshot, RNA velocity, CellRank and the recently published dynamo. These tools 
applied mathematical modeling and machine learning algorithms. Some of them also leverage 
mRNA splicing/unsplicing or nascent RNA information to infer cell vectors and to predict the 
cell fate determination of each cell. Further, as the development of organs and tissue 
regeneration are precisely orchestrated processes involving numerous cell types to coordinate 
with each other, the cell-cell interplay based on the physically direct contact and secreted 
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factors play pivotal roles in directing the organization of tissue development and tissue 
recovery from injury. Currently, new strategies committed in sequencing neighboring cells 
with the downstream computational deconvolution step (such as PIC-seq, CIM-seq) allow 
researchers to identify the direct cell-cell contact and signaling pathways (171), (172). Also, 
other information such as ligand-receptor pairs, the expression the co-receptors, and the 
transcriptional activity of the signaling pathways' downstream genes have also been widely 
employed to screen for potential cell-cell communication (CellphoneDB, iTalk, Cellchat, 
Nichenet). This is particularly useful when researchers try to mimic the endogenous biological 
process in vitro. The spatial transcriptomics was firstly introduced by Stahl and colleagues. 
Although the commercialized version 10x visium still cannot reach single-cell resolution, the 
technique has been applied in elucidating the cell composition as a good complement to the 
tissue dissociation single-cell RNA-seq (173), (174). Apart from that, other spatial 
transcriptomics methods have been introduced (Slide-seq, Slide-seq2, in situ sequencing) and 
optimized (MERFISH, osm-FISH, ELL-FISH). Currently, a new technology named Stereo-
seq manage to profile the transcriptomics signature in single-organelle resolution with 
preservation of spatial information. This technique can achieve roughly 4000 dots for each cell 
and has been used to decipher the mouse embryonic development, non-human primate brain 
development, zebrafish early development, salamander brain regeneration and etc. Multiomics 
assessments with epigenetic profiling in single-cell resolution have become a striving topic in 
single-cell technology as it can provide another layer of evidence accounting for how the 
transcriptomics is settled. The chromatin accessibility analysis in single-cell resolution 
(scATAC-seq) has been commercialized coupled with droplet based single-cell transcriptomics 
in 10x Genomics. This technique has been applied in investigating the development of brain, 
retina and limb regeneration. Many groups around the globe have been trying to go one step 
further in elucidating the histone modification and DNA methylation pattern in single-cell 
resolution. Two groups have combined the droplet-based microfluidics together with Tn5 
transposase in conjunction of antibody/nanobody treatment and created the single-cell CUT & 
Tag technology. These integrative analyses can help us understand the conservation and 
differences in embryo and organ development as well as during tissue regeneration programs 
among different species.  

 

The research of early zebrafish development has made great contributions in the application of 
single-cell technologies and nowadays we are able to portrait the cell developmental path 
within the first 24 hours with or without spatial information. As zebrafish is a powerful model 
organism in regenerative biology, large numbers of studies have been using single-cell 
transcriptomics in examining the lineage path of mesoderm, endodermal organ (including the 
pancreas, intestine, liver), central nervous system and pituitary gland, neural crest derive cells 
and hematopoietic stem cell. Tissue regeneration processes have also been intensively 
investigated, such as heart regeneration and epicardial trans-differentiation, β-cell regeneration 
after chemogenic β-cell regeneration, retina and fin regeneration as well as in various disease 
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models (alhzheimer’s disease, inflammatory bowel disease, liver fibrosis, tumorigenesis such 
as melanoma) (175), (176), (104), (177), (178), (179), (180), (181), (182). 
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8 Materials and methods 

8.1 Animals 

All animal work was permitted by the Ethical Committee on Animal Experiments 
(Stockholm North Committee) and conducted in accordance with the provisions and 
guidelines of the Swedish Animal Agency. 

 

The detailed information of the transgenic and knock-in zebrafish lines is listed below. 

Key Resources Table 

Reagent 
type 
(species) or 
resource 

Designation Source or 
reference 

Identifiers 
or 
Reference 

Used in study 

Strain, strain 
background 
(Danio 
rerio) 

Tüpfel long fin (TL) 

https://zfin.
org/ZDB-
GENO-
990623-2 

  

Genetic 
reagent 
(Danio 
rerio) 

Tg(ptf1a:GFP)jh1 PMID: 
16258076 

ZFIN: 
ZDB-ALT-
070531-2 

 

Genetic 
reagent 
(Danio 
rerio) 

Tg(ela3l:H2BGFP) PMID: 
28138096   

Genetic 
reagent 
(Danio 
rerio) 

Tg(Tp1bglob:eGFP
)um14Tg 

PMID: 
22492351   

Genetic 
reagent 
(Danio 
rerio) 

Tg(Tp1bglob:H2B
mCherry)S939 

PMID: 
22492351 

ZFIN: 
ZDB-ALT-
110503-3 

 

Genetic 
reagent 
(Danio 
rerio) 

Tg(-3.5ubb:loxP-
EGFP-loxP-
mCherry)cz1701 

PMID: 
21138979 

ZFIN: ZDB-
ALT-
110124-1 

 

Genetic 
reagent 

Tg(T2KTp1glob:cr
eERT2)jh12 

PMID: 
21208992   
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(Danio 
rerio) 

Genetic 
reagent 
(Danio 
rerio) 

Tg(ubb:LOXP-
CFP-LOXP-
zgc:114046-
mCherry)jh63 

PMID: 
25773748 

ZFIN: ZDB-
ALT-
151007-31 

 

Genetic 
reagent 
(Danio 
rerio) 

TgKI(krt92-p2A-
EGFP-t2A-
CreERT2) 

Generated 
by Jiarui Mi   

Genetic 
reagent 
(Danio 
rerio) 

TgKI(krt4-p2A-
mNeonGreen) 

Generated 
by Jiarui Mi   

Genetic 
reagent 
(Danio 
rerio) 

TgKI(krt4-p2A-
mNeonGreen-t2A-
iCre) 

Generated 
by Jiarui Mi   

Genetic 
reagent 
(Danio 
rerio) 

TgKI(krt4-p2A-
EGFP-t2A-
CreERT2) 

Generated 
by Jiarui Mi   

Genetic 
reagent 
(Danio 
rerio) 

TgKI(nkx6.1-p2A-
mNeonGreen) 

Generated 
by Jiarui Mi   

Genetic 
reagent 
(Danio 
rerio) 

TgKI(nkx6.1-p2A-
mNeonGreen-t2A-
iCre) 

Generated 
by Jiarui Mi   

Genetic 
reagent 
(Danio 
rerio) 

TgKI(nkx6.1-p2A-
EGFP-t2A-
CreERT2) 

Generated 
by Jiarui Mi   

Genetic 
reagent 
(Danio 
rerio) 

TgKI(id2a-p2A-
mNeonGreen) 

Generated 
by Jiarui Mi   

Genetic 
reagent 
(Danio 
rerio) 

TgKI(id2a-p2A-
mNeonGreen-t2A-
iCre) 

Generated 
by Jiarui Mi   
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Genetic 
reagent 
(Danio 
rerio) 

TgKI(id2a-p2A-
EGFP-t2A-
CreERT2) 

Generated 
by Jiarui Mi   

Genetic 
reagent 
(Danio 
rerio) 

TgKI(onecut1-p2A-
EGFP-t2A-
CreERT2) 

Generated 
by Jiarui Mi   

Genetic 
reagent 
(Danio 
rerio) 

TgKI(hes6-p2A-
EGFP-t2A-
CreERT2) 

Generated 
by Jiarui Mi   

Genetic 
reagent 
(Danio 
rerio) 

TgBAC(cftr:gal4)p
d1101 

PMID: 
25592226   

Genetic 
reagent 
(Danio 
rerio) 

Tg(uas:GFP)zf82 PMID:  
18202183   

Genetic 
reagent 
(Danio 
rerio) 

Tg(4xUAS:Cre) PMID: 
25214630   

Genetic 
reagent 
(Danio 
rerio) 

Tg(ins:FLAG-
NTR,cryaa:mCherr
y)s950 

PMID: 
22608007   

Genetic 
reagent 
(Danio 
rerio) 

TgBAC(neurod1:E
GFP)nl1 

PMID: 
18305245   

Genetic 
reagent 
(Danio 
rerio) 

TgBAC(pdx1:EGF
P)bns13 

PMID: 
31142539   

Genetic 
reagent 
(Danio 
rerio) 

TgBAC(ascl1b:EG
FP-2A-Cre-
ERT2)ulg006 

PMID: 
26329351   

Genetic 
reagent Tg(kdrl:dsRed) PMID: 

26109203   
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(Danio 
rerio) 

Genetic 
reagent 
(Danio 
rerio) 

Tg(nkx2.2a:mEGF
P)vu17 

PMID: 
17099706   

Genetic 
reagent 
(Danio 
rerio) 

Tg(ins:LOXP-
mCherry-LOXP-
Hsa.HIST1H2BJ-
GFP,cryaa:Cerule
an)s934 

PMID: 
21497092   

Genetic 
reagent 
(Danio 
rerio) 

Tg(ins:Hsa.HIST1
H2BJ-GFP)s960 

PMID: 
25117518   

Genetic 
reagent 
(Danio 
rerio) 

Tg(sst2:Cre; 
cryaa:YFP)s963 

PMID: 
25852199   

Genetic 
reagent 
(Danio 
rerio) 

Tg(sst2:NTR,cryaa:
Cerulean)KI102 

PMID: 
27516442   

Genetic 
reagent 
(Danio 
rerio) 

Tg(gip:Cre)    

Genetic 
reagent 
(Danio 
rerio) 

Tg(Hsa.CTGF:NLS
-mCherry)ia49 

PMID: 
29976931   

Genetic 
reagent 
(Danio 
rerio) 

Tg(-
2.5cadherin17:mC
herry) 

PMID: 
25401745   

Genetic 
reagent 
(Danio 
rerio) 

Tg(-
5.2foxj1a:EGFP) 

PMID: 
27284198   

Genetic 
reagent 
(Danio 
rerio) 

Tg(neurod1:CreER
T2, cryaa:Venus) 

Generated 
by Jiarui Mi   
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Genetic 
reagent 
(Danio 
rerio) 

Tg(ins:CreERT2, 
cryaa:Venus) 

Generated 
by Jiarui Mi   

Genetic 
reagent 
(Danio 
rerio) 

Tg(foxj1a:iCre; 
cryaa:Venus) 

Generated 
by Jiarui Mi   

Genetic 
reagent 
(Danio 
rerio) 

Tg(ins:loxP-dsRed-
terminator-stop-
loxP-DTA) 

Generated 
by Jiarui Mi   

Genetic 
reagent 
(Danio 
rerio) 

Tg(ins:loxP-CFP-
stop-loxP-
H2BmCherry) 

Generated 
by Jiarui Mi   

Genetic 
reagent 
(Danio 
rerio) 

Tg(ins:TagRFP-T-
P2A-sflt1)bns286 

PMID: 
31597659   

Genetic 
reagent 
(Danio 
rerio) 

Tg(ins:TagRFP-T-
P2A-
dnvegfaa)bns284 

PMID: 
31597659   

Table 1. Zebrafish lines used in this thesis 

 

8.2 Antibody list 

The detailed information of antibodies used in this thesis is listed below 

Key Resources Table 

Reagent 
type 
(species) or 
resource 

Designation Source or 
reference Identifiers Additional 

information 

Antibody Anti-GFP (chicken 
polyclonal) Aves Labs  GFP-1020 (1:500) 

Antibody 
Anti-mNeonGreen 
(mouse 
monoclonal) 

Chromotek 32F6 (1:50) 
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Antibody Anti-tdTomato 
(goat polyclonal) 

MyBioSour
ce MBS448092 (1:500) 

Antibody Anti-Insulin (rabbit 
polyclonal) 

Cambridge 
Research 
Biochemica
ls 

Customised (1:100) 

Antibody 
Anti-Glucagon 
(mouse 
monoclonal) 

Sigma-
Aldrich G2654 (1:100) 

Antibody Anti-Vasnb (rabbit 
crude sera) 

PMID: 
26492970 

Customised 
(a gift from 
Dr. Paolo 
Panza) 

(1:1000) 

Antibody Anti-Cdh17 (rabbit 
polyclonal) 

PMID: 
27401686 

Customised 
(a gift from 
Prof. Cao 
Ying) 

(1:1000) 

Antibody Anti-Cldnc (rabbit 
polyclonal) 

PMID: 
27401686 

Customised 
(a gift from 
Prof. Cao 
Ying) 

(1:200) 

Antibody Anti-Sst1.1 (rat 
monoclonal) 

PMID: 
35088828 GTX39061 (1:50) 

Table 2. Antibodies used in the thesis 

 

8.3 Sequence reagent list 

Key Resources Table 

Reagent type 
(species) or 
resource 

Designation Source or 
reference Identifiers Additional 

information 

Recombinant 
DNA reagent 

krt92-donor-p2A-
EGFP-t2A-CreERT2 
(plasmid) 

GenScript Synthesized 

p2A-EGFP-t2A-
CreERT2 flanked by 
950 base pairs 
homologous arms to 
the krt92 3’ end 
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Recombinant 
DNA reagent 

nkx6.1-donor-p2A-
EGFP-t2A-CreERT2 
(plasmid) 

GenScript Synthesized 

p2A-EGFP-t2A-
CreERT2 flanked by 
950 base pairs 
homologous arms to 
the nkx6.1 3’ end 

Recombinant 
DNA reagent 

nkx6.1-donor-p2A-
mNeonGreen-t2A-
iCre (plasmid) 

GenScript Synthesized 

p2A-mNeonGreen-
t2A-iCre flanked by 
950 base pairs 
homologous arms to 
the nkx6.1 3’ end 

Sequence-
based reagent 

long 
HA_common_FWD This paper  PCR primer  CTCGGTACCCGG

GGATC 

Sequence-
based reagent 

Long 
HA_common_REV This paper  PCR primer  GCAGGTCGACTC

TAGAGGATC 

Sequence-
based reagent krt4_common_FWD This paper PCR primer  

CCAGTGTCACCA
CCGTCAGCAGTA
AACGCTATGGAA
GCGGAGCTACTA
ACTTCAG 

Sequence-
based reagent 

krt4_ p2a-
mNeonGreen _REV This paper PCR primer  

CTGTGTCGGCTG
GGGGTTTGGACG
GGCTTCTCCTTAC
TTGTACAGCTCGT
CCATGC 

Sequence-
based reagent 

krt4_ p2A-
mNeonGreen-t2A-
iCre _REV 

This paper PCR primer  

CTGTGTCGGCTG
GGGGTTTGGACG
GGCTTCTCCTTAG
TCCCCATCCTCGA
GCAG 

Sequence-
based reagent 

krt4_ p2A-EGFP-
t2A-CreERT2 _REV This paper PCR primer  

CTGTGTCGGCTG
GGGGTTTGGACG
GGCTTCTCCTTAA
GCTGTGGCAGGG
AAACCC 

Sequence-
based reagent 

nkx6.1_common_F
WD This paper PCR primer  

ACACAGCTCTTAT
CATTCATACGTCG
GAAAACGAGAGC
TCGGGAAGCGGA
GCTACTAACTTC 



  34 
 

Sequence-
based reagent 

nkx6.1_ p2a-
mNeonGreen _REV This paper PCR primer  

GAAGAATCTGAC
AACCCATTTCCCG
TTTCCTTTTTACT
TGTACAGCTCGTC
CATGC 

Sequence-
based reagent 

nkx6.1_ p2A-
mNeonGreen-t2A-
iCre _REV 

This paper PCR primer  

GAAGAATCTGAC
AACCCATTTCCCG
TTTCCTTTTCAGT
CCCCATCCTCGA
GCAG 

Sequence-
based reagent 

nkx6.1_ p2A-EGFP-
t2A-CreERT2 _REV This paper PCR primer  

GAAGAATCTGAC
AACCCATTTCCCG
TTTCCTTTTTAAG
CTGTGGCAGGGA
AACCC 

Sequence-
based reagent 

id2a_common_FW
D This paper PCR primer  

ATCACAGAGGAC
AGCAGGACACTT
TACCGTGGAAGC
GGAGCTACTAAC
TTCAG 

Sequence-
based reagent 

id2a_ p2a-
mNeonGreen _REV This paper PCR primer  

ACATTGTATTTTC
AAGAAAACTTAC
CTGATTACTTGTA
CAGCTCGTCCAT
GC 

Sequence-
based reagent 

id2a_ p2A-
mNeonGreen-t2A-
iCre _REV 

This paper PCR primer  

ACATTGTATTTTC
AAGAAAACTTAC
CTGATTAGTCCCC
ATCCTCGAGCAG 

Sequence-
based reagent 

id2a_ p2A-EGFP-
t2A-CreERT2 _REV This paper PCR primer  

ACATTGTATTTTC
AAGAAAACTTAC
CTGATTAAGCTGT
GGCAGGGAAACC
C 

Sequence-
based reagent 

hes6_common_FW
D This paper PCR primer  

ACATTATACACC
AACAAGTCCATT
TGGAGACCCTGG
GGAAGCGGAGCT
ACTAACTTCAGC 
 

Sequence-
based reagent 

hes6_ p2A-EGFP-
t2A-CreERT2 _REV This paper PCR primer  

ACTTGAATGTTCA
TGAATCGGCGGA
GGTGAGCATCTG
TCTAAGCTGTGG
CAGGGAAACCC 
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Sequence-
based reagent 

onecut1_common_F
WD This paper PCR primer  

GCCAACTCCTCCT
CCTCCAGCACTTG
TACCAAAGCAGG
AAGCGGAGCTAC
TAACTTCAGC 
 

Sequence-
based reagent 

onecut1_ p2A-
EGFP-t2A-CreERT2 
_REV 

This paper PCR primer  

TTTTTTCTTTTTTT
CCCCACAATGCA
GCCGTTACTCCAT
CAAGCTGTGGCA
GGGAAACCC 
 

Sequence-
based reagent krt92_fwd This paper qPCR primer CCGAAACCCTCA

CCAAGGAA 

Sequence-
based reagent krt92_rev This paper qPCR primer CCTCGCTCGTAG

ATTGGGAG 

Sequence-
based reagent krt4_fwd This paper qPCR primer AACAAGCGTGCT

TCCGTAGA 

Sequence-
based reagent krt4_rev This paper qPCR primer GCGATCATGCGG

TTGAGTTC 

Sequence-
based reagent nkx6.1_fwd This paper qPCR primer CGTGCTCACATC

AAAAC 

Sequence-
based reagent nkx6.1_rev This paper qPCR primer CGGTTTTGAAAC

CACACCTT 

Sequence-
based reagent id2a_fwd This paper qPCR primer CAGATCGCGCTC

GACTCCAA 
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Sequence-
based reagent id2a_rev This paper qPCR primer CAGGGGTGTTCT

GGATGTCCC 

Sequence-
based reagent b-actin_fwd This paper qPCR primer CGAGCAGGAGAT

GGGAACC 

Sequence-
based reagent b-actin_rev This paper qPCR primer CAACGGAAACGC

TCATTGC 

Sequence-
based reagent EGFP This paper Sequencing 

primer 
CATGTGGTCGGG
GTAGCG 

Sequence-
based reagent mNeonGreen This paper Sequencing 

primer 
ACTGATGGAAGC
CATACCCG 

Sequence-
based reagent 

Chemically 
synthesized Alt-R®- 
Modified_tracrRNA 

IDT tracrRNA  

Sequence-
based reagent 

Chemically 
synthesized Alt-R®- 
modified_krt92_crR
NA 

IDT crRNA 

5’-
AACCTCGCTCGT
AGATTGGG 
(AGG)-3’ 

Sequence-
based reagent 

Chemically 
synthesized Alt-R®- 
modified_krt4_crRN
A 

IDT crRNA 

5’-
GTCAGCAGTAAA
CGCTATTA 
(AGG)-3’ 

Sequence-
based reagent 

Chemically 
synthesized Alt-R®- 
modified_nkx6.1_cr
RNA 

IDT crRNA 

5’-
AGAGCTCGTAAA
AAGGAAAC 
(GGG)-3’ 

Sequence-
based reagent 

Chemically 
synthesized Alt-R®- 
modified_id2a_crR
NA 

IDT crRNA 

5’-
AGGACACTTTAC
CGTTAATC 
(AGG)-3’ 

Sequence-
based reagent 

Chemically 
synthesized Alt-R®- 
modified_hes6_crR
NA 

IDT sgRNA 

5’- 
AGGTGAGCATCT
GTCTACCA(GGG)-
3’ 
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Sequence-
based reagent 

Chemically 
synthesized Alt-R®- 
modified_onecut1_c
rRNA 

IDT sgRNA 

5’- 
GCACTTGTACCA
AAGCATGA(TGG) 
-3’ 

Table 3. Sequence-based reagents used in the thesis 

 

8.4 Methodological approaches 

The following methodologies were applied (for details, please see the attached papers): 

• Animal experiment and sample preparation 
• Confocal microscopy and image analysis 
• Immunofluorescence staining 
• Hybridization chain reaction (HCR)3.0 in situ hybridization 
• Molecular cloning (Gateway, Infusion) 
• Flow cytometry 
• Quantitative real-time polymerase chain reaction 
• Genotyping 
• Bacteria culture and plasmid purification 
• Microinjection 
• Statistical analysis 
• CRISPR-Cas9 3’ knock-in 

 

The gRNA selection was based on the CHOPCHOP web-based tool 
(http://chopchop.cbu.uib.no/) with the reference genome “danRer11/GRCz11”. We selected 
“CRISPR/Cas9” and “knock-in” module after typing in the targeted gene. This tool would scan 
through the gene exon regions and order the gRNA based on 1) efficiency score, 2) self-
complementarity, and 3) the number of mismatches. Apart from the above in silico prediction 
results, we also manually examined the 3’ end of the targeted locus in Ensembl database 
(https://www.ensembl.org/Danio_rerio/Info/Index) to avoid polymorphisms included in the 
gRNA targeting site and to minimize the polymorphisms in the flanking regions. 

The chemically synthesized Alt-R-modified crRNA, tracrRNA, high-fidelity (Hifi) Cas9 
protein, and nuclease free duplex buffer were all ordered from IDT. The crRNA and tracrRNA 
powder were diluted into 100 μM with nuclease free duplex buffer. The 10 μL Hifi Cas9 protein 
were aliquoted in 1:5 dilution with Opti-MEM (ThermoFisher Scientific, 31985062) before 
use.  

Next, we prepared 10 μM crRNA:tracrRNA duplex solution by mixing 1 μL crRNA stock 
solution, 1 μL tracrRNA stock solution and 8 μL nuclease free duplex buffer and then incubated 
in PCR machine, in 95 °C for 3 minutes followed by natural cooling in room temperature for 
15 minutes. Afterwards, we prepared the Cas9/gRNA RNP by mixing 2 μL Cas9 protein 
solution and 2 μL crRNA:tracrRNA duplex solution in 37 °C for 10 minutes. In the last step, 
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we mixed 2 μL Cas9/gRNA RNP, 5 μL donor dsDNA and 0.8 μL phenol red (Sigma, P0290) 
and stored in 4 °C. Such mixed solution can be reused several times for up to 2 weeks if stored 
in 4 °C. 

The 5’ modified primers were ordered with AmC6 5’ modification from Integrated DNA 
Technologies (IDT). The primer powders were diluted with distilled water into 100 mM as 
stock solution. The 50 μL PCR mixture include: 

Forward primer: 2.5 μL 

Reverse primer: 2.5 μL 

Template plasmid: 1 μL 

Distilled water: 19 μL 

Q5 Hot Star high-fidelity 2× master mix: 25 μL 

We use the following PCR cycle setting:  

Pre-denaturing: 98 °C, 30 sec 

Denaturing: 98 °C, 10 sec 

Annealing: 58-60 °C, 20 sec 

Extension: 72 °C, 90 sec  

Final extension: 72 °C, 2 minutes and hold on 4 °C 

Next, we ran the PCR products in 1% agarose gel with 100V for 45-60 minutes. The 
corresponding bands were cut out and purified accordingly (Promega, A9282). The 
concentrations of purified PCR products were measured and diluted into 70-100 ng/uL with 
distilled water. The purified PCR products were stored in -20 °C before injection. 

We injected 1-2 nL Cas9 RNP and donor dsDNA (50-70 pg/nL) into zebrafish embryos at 
one-cell stage. We suggest to inject at the early one-cell stage (i.e. before the dome stage) based 
on our experience. The overall mortality rate should be around 30%-50% at the end of the 
injection day and we sorted out all dead embryos in the following days. We selected mosaic F0 
at 2-3 dpf based on the fluorescence in the skin (krt92 and krt4), hindbrain and spinal cord 
(nkx6.1) and hindbrain, spinal cord, and olfactory organ (id2a) under a widefield fluorescence 
microscope LEICA M165 FC (Leica Microsystems) using either the GFP (EGFP or 
mNeonGreen) or YFP (mNeonGreen) channel. Positive mosaic F0 were put into the fish 
husbandry system at 6 dpf. 

 

• Tissue dissection, Single-cell suspension preparation and FACS 
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We sacrificed the adult fish by putting them into 4 °C and used blunt forceps to remove 
the skin, kidney, eggs (female), liver and gallbladder to expose the pancreata. This step is 
critical to avoid krt4 positive cells contamination from other organs. We also removed 
adipocytes in order to have a better enzymatic digestion in the following step. Then, we cut at 
the anterior region of intestinal bulb and the hindgut, and moved the intestine and pancreas 
together to a new dish. We performed blunt dissection carefully to separate the pancreata from 
the intestine. Meanwhile, we also removed the spleen (shown in dark red) which is also 
attached to the intestine. We moved and immersed the whole pancreata into 5 mL HBSS at 
4 °C on ice. In each condition, we pooled 4-8 samples and enzymatic digested with 
1×TrypLE™ 600 μL (ThermoFisher Scientific) supplemented with 100× Pluronic™ F-68 
(ThermoFisher Scientific) 60 μL (to prevent tissue adhesion and cell aggregates) at 37 °C on a 
shaker with 125 rpm for 45 – 60 minutes. We also pipetted the solution every 5-10 minutes to 
promote a more complete digestion. After 1 hour digestion, we added pre-cooled 2% BSA 6 
mL to terminate the digestion reactions and centrifuged the sample at 500 g for 5 minutes. After 
removing the supernatant, we washed the pellets with 100-300 μL pre-cooled 1% BSA + 0.1% 
Pluronic F-68 + 0.1% DAPI and used Corning™ Falcon™ cell strainer (Corning™, 352235) 
to filter out undigested tissues and large cell aggregates. 

During the FACS, we selected single-cell populations based on forward scatter and side 
scatter signals. Next, we performed negative selection in BV421/DAPI channel to remove dead 
cells and cell debris. Lastly, we used PE/Cherry channel for the subsequent gating to collect all 
krt4 lineage cells (H2BmCherry positive) in a collecting tube as the single-cell suspension. 

 

• Library preparation, single-cell RNA-seq and data analysis 

Droplet-based scRNA-seq was performed using the Chromium Single Cell 3′ Library and Gel 
Bead Kit v3 (10× Genomics) and Chromium Single Cell 3′ Chip G (10× Genomics). 
Approximately 8,000-10,000 cells from each condition were loaded and encapsulated in a 
single v3 reaction. GEM generation and library preparation were performed according to 
manufacturer’s instructions. The 10× scRNA-Seq libraries were PCR amplified (13 cycles), 
pooled, denatured, and diluted in prior to paired-end sequencing on a NextSeq 500 according 
to manufacturer’s recommendations. Sequencing data was aligned to zebrafish reference 
genome (GRCz11) with the addition of mNeonGreen and mCherry sequence using Cell Ranger 
v5.0.1 (10× Genomics) to generate gene-by-cell count matrix with default parameters. 

The single-cell RNA-Seq data of adult zebrafish principal islet datasets were downloaded 
from the Gene Expression Omnibus (GEO) under accession number GSE106121 and 
GSE166052. The UMI counts matrix was imported into R and processed using the Seurat R 
package version 4.0.4 (183). Cells with a detected gene number less than 400 or above 7000 
genes were considered as low-quality cells or doublets and removed prior to downstream 
analysis. The counts matrix was then normalized and scaled with default parameters, followed 
by highly variable genes (HVGs) selection. Further doublet filtering was performed using 
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Doubletfinder R package (184). After regular dimension reduction using principal component 
analysis (PCA), we selected 8-30 PCs (depending on the anticipated cell types) for graph-based 
clustering (Louvain). We used the Uniform Manifold Approximation and Projection (UMAP) 
algorithm to display the relationships within and between different clusters and Harmony 
algorithm for batch correction (185). To unravel the molecular details and cellular trajectory in 
krt4 derived duct-to-endocrine and endocrine lineages, we manually annotated each cell 
clusters based on well-known verified marker genes and subset the clusters of interest followed 
by a series of normalization, scaling, dimensional reduction, batch correction and graph-based 
clustering. Average expression level for each gene was normalized to determine the proportion 
of expression in each cell states for ternary plotting using the R package “ggtern”. 

The descriptions for SCENIC, scVelo, CellRank and Enrichment analyses are shown in 
Paper III, with customized code deposited in Jiarui Mi’s Github webpage 
(https://github.com/JiaruiMi/zebrafish_Neogenesis_2022). The interactive web browser of 
zebrafish endodermal organ single-cell data query portal is accessible via the link 
https://olovanderssonlab.shinyapps.io/neogenesis/ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

  41 
 

 

9 Short summary and discussion 

9.1 Paper I 

Identifying chemicals which can promote ductal progenitors to become Insulin-producing cells 
might be a promising strategy to cure diabetes. From a previous large-scale chemical screening, 
we identified a compound, CID661578, which can markedly increase the amounts of β-cells in 
extreme β-cell loss condition. The yeast hybrid assay suggested that the zebrafish Mknk2b and 
human MNK2 have direct binding with the compound. The mknk2b gene is highly expressed 
in zebrafish pancreatic duct. Lineage tracing experiments using tp1 tracers indicated that the 
regenerative Insulin-producing cells are originated from a ductal origin. To genetically validate 
the biological functions of mknk2b in β-cell regeneration in vivo, we tested mknk2b and mknk2b 
morpholino knock-down and observed the increased number of β-cells after ablation. To 
investigate the molecular mechanism of CID661578, we performed metabolomics and O-
propargyl-puromycin (OPP) incorporation analysis and demonstrated that the levels of protein 
synthesis is altered after the drug treatment. Pull-down experiments showed that CID661578 
can directly bind to MNK2 and consequently prevent it from interacting with EIF4G. 
Ultimately, such drug-target binding can enhance the formation of EIF4E and EIF4G complex 
at the mRNA cap region to promote mRNA translation. Lastly, we tested the effect of the 
compound in neonatal pig islet aggregates and showed that treatment with CID661578 can 
induce an increased amount of CK7 and Insulin double positive cells, indicating β-cell 
differentiation.   

 

9.2 Paper II 

Although various genome editing tools have been applied to generate zebrafish knock-in strains, 
such methods are not yet widely used due to the following limitations: low integration 
efficiency, low scalability, disruption of the targeted genes and the complicated molecular 
cloning pre-processing to obtain the right construct as template. To tackle these issues, we 
developed a novel straightforward, clone-free 3’ knock-in strategy, which enable us to integrate 
large piece of DNA with multiple cassettes in a scalable fashion. Using the newly devised tools, 
we delineate the developmental paths of several endodermal organ and confirmed the duct-to-
hepatocyte trans-differentiation in an extreme liver injury model. 
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Figure 4 Schematics of the knock-in strategy and the discoveries 

1, In brief, we used PCR amplified double-stranded DNA with 5’ modification (5’ AmC6) as 
the direct donor. The 5’ modification was added by ordering primers with the corresponding 
modification. To facilitate early integration, we performed in vitro Cas9 protein and gRNA 
pre-assembly and co-inject with the double-strand donor into early one cell stage embryos. 

2, We did a systematic comparison and confirmed that the double-stranded DNA with 5’ 
modification out-performed the circular plasmid as the donor in the selected loci. Furthermore, 
the highly efficient early integration is aided by the 5’ modification as the nude double-stranded 
DNA showed much less efficient integration in F0 generation, as shown in the krt4 locus. In 
addition, when the gRNA spans over the stop codon region, the short homologous arm (~ 30-
40 nt) demonstrate better performance than the long homologous arm (~ 1000 nt). 

3, We successfully targeted four genetic loci and generated 10 knock-in zebrafish lines. Sanger 
sequencing results confirmed the precise integration without insertions and deletion in the 5’ 
region of the insertion site. Using immunostaining, in situ hybridization and publicly accessible 
single-cell RNA-sequencing results, we demonstrated that our knock-in lines are reminiscent 
of the endogenous gene expression without ectopic labeling and lack of labeling, which 
indicated great advantages compared to the conventional transgenics (as shown for krt4). 

4, Using nkx6.1 knock-in EGFP-t2a-CreERT2 and mNeonGreen-t2a-iCre lines, we, for the 
first time, provide concrete evidence indicating that the nkx6.1 positive cells are multipotent 
progenitors which can give rise to endocrine, ductal and acinar cells before 13 hpf; while these 
cells become gradually restricted to the bipotent progenitors, which can only give rise to 
endocrine cells and ductal cells in the pancreas. 

5, Lineage tracing experiments using id2a knock-in EGFP-t2a-CreERT2 and mNeonGreen-
t2a-iCre suggested that id2a positive cells are multipotent progenitors that can give rise to 
different types of ductal cells in the liver and hepatocytes during normal development and 
become gradually restricted to the ductal lineage upon 36 hpf. In alcohol induced severe liver 
injury, we observed few duct-to-hepatocyte trans-differentiation during liver regeneration; 
however, in the extreme hepatocyte loss model using NTR/MTZ system, we confirmed that 
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the duct-to-hepatocyte conversion takes place and make great contribution to replenish the loss 
of hepatocytes. 

 

9.3 Paper III 

Unlike mammals, zebrafish has very high potential in organ regeneration. In particular, 
zebrafish can regenerate Insulin-producing cells within a short time period and hence it has 
become an excellent model organism to investigate the β-cell regeneration. However, previous 
studies and putative concepts are still compromised by the lack of concrete and consistent 
evidence based on lineage tracing experiment. Thus, the real progenitor of developing 
endocrine cells is still undetermined. In addition, we still lack knowledge in the major cellular 
events during the process of β-cell regeneration. 

1, Analyzing public single-cell RNA-seq datasets of isolated principal islets from adult 
zebrafish, we, for the first time, characterize the unrecognized ductal heterogeneity within the 
zebrafish pancreas. Using immunostaining, in situ hybridization and a couple of transgenics 
lines, we confirmed that such heterogeneity indeed exists in both larvae and adult fish. We 
observed that in zebrafish larvae, the krt4 positive ductal cells are located anterior to the 
principal islet, while the canonical Notch-responsive ductal cells, which is labeled and 
visualized by tp1 driven transgenics, are krt4 negative. In the adult fish, we observed that the 
luminal ductal cells lining across the whole pancreata and feature a distinct molecular signature 
compared with Notch-responsive duct. 

2, Short-term lineage tracing experiments using tp1 tracers can barely label krt4 positive ducts 
in zebrafish larvae; while early-labeling long-term tracing suggested that a subset of krt4 
positive luminal ducts in the juveniles can be lineage traced back to the Notch-responsive duct 
origin. Lineage tracing using cftr tracer, which is able to label a subset of luminal duct anterior 
to the principal islet, showed a great amount of developing endocrine cells that are derived 
from the ductal lineage. 

3, Non-inducible and spatial temporal lineage tracing experiments using krt4 knock-in tracers 
confirmed that the endocrine cells in the anterior part of principal islet and the majority of 
endocrine cells in the secondary islet are originated from krt4 positive duct. Such ductal cells 
showed elevated endocrine progenitor master regulator, ascl1b and neurod1, expression at 
juvenile stage without β-cell ablation or larvae stage 0-2 days after β-cell ablation. 

4, Spatial temporal labeling using pan-endocrine tracer, neurod1:CreERT2, confirmed the 
existence of trans-differentiation upon a single period of β-cell ablation. Based on a variety of 
endocrine cell tracers, we concur that the sst1.1 positive cells can upregulate Insulin expression 
as the major compensatory strategy for the loss of β-cells. 

5, Combining various ductal tracers, we, for the first time, demonstrated a ductal remodeling 
process that is coupled with the neogenic event during development and growth. Such 
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remodeling process takes place at a critical period, i.e. roughly 1 month post-fertilization. In 
brief, the tp1 driven Notch-responsive ductal cells in the pancreatic tail region can gradually 
assemble together and form luminal structures and eventually become neogenic krt4 positive 
duct. The krt4 positive ductal cells expand and form large ducts in the pancreatic head region 
and ultimately connect to the remodelled tp1 derived krt4 positive luminal duct for the final 
construction of the pancreatic ductal tree.  

6, Using single-cell RNA-seq based in combination with the lineage tracing, we are able to 
characterize the molecular signatures of single cells in the krt4 lineage. We identified the 
endocrine precursor cells are dlb positive, showed multi-hormonal states and upregulate a wide 
range of endocrine-related transcription factors. These cells also upregulate the negative 
regulator of Notch signaling, hes6, indicating that the downregulation of Notch is a critical step 
in ductal-to-endocrine cells neogenesis. Furthermore, we delineate the dlb-to-Ins/Sst1.1 hybrid 
cell trajectory upon β-cell ablation. 

7, Regulon analyses showed that fev regulon is critical in the early transition cells state and 
various injury responsive regulons dominate in the late transition stage. In the Ins/Sst1.1 hybrid 
cells, pdx1, klf11b and tp53 are the major enriched regulon. RNA velocity analyses suggested 
a β-to-transition de-differentiation process takes place upon β-cell injury, while the 
differentiation process is accelerated in the acute phase after double ablation. The cells. 
undergoing differentiation upregulate genes that are involved in inflammatory response and 
EMT. Lastly, using pharmacological approach, we proposed the negative feedback loop of 
Insulin signaling in preventing endocrine precursors to differentiate into committed β-cells. 
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Figure 5 The summary of the major discoveries in Paper III 

 

 

 



  46 
 

10 Concluding remarks and future perspective 
In this thesis,  

1). In Paper I, we characterized a chemical, CID661578, which can greatly induce the duct-
to-β cell neogenesis. Using a yeast hybrid assay, biochemistry experiments, polysome-profiling 
and genetic zebrafish mutants, we determined that mknk2b (and MNK2 in human) is the target 
of CID661578. We also confirmed the efficacy of the compound in neonatal pig islet, 
indicating a translational potential to induce β cell differentiation from the duct. 

 

2). We devised a novel CRISPR/Cas9 knock-in strategy in zebrafish. Such clone-free strategy 
is based on PCR amplified DNA donors with 5’ modifications on each side as the donor. 
Moreover, we combined fluorescent protein with Cre recombinase together for genetic 
integration, which allow us to both label and lineage trace the cell type of interest. Injecting 
pre-assembled Cas9/gRNA complex into early single-cell stage embryos, we are able to 
generate knock-in zebrafish lines in parallel in a scalable fashion. In Paper II, we introduced 
10 newly generated zebrafish lines. By systematic comparisons, we concluded that the 5’ 
modified double-stranded DNA out-perform the circular plasmid in integration efficiency. 
Moreover, when the gRNA spanning over the stop codon, the short homologous arm has better 
integration efficiency than the long homologous arm. In additionally, we applied these lines to 
delineate developmental/regenerative paths in zebrafish pancreas and liver. We demonstrated 
that the nkx6.1 positive cells are multipotent and can give rise to endocrine, ductal and acinar 
cells at 13 hpf stage; while it becomes bipotent shortly afterwards. In the late larvae stage, 
nkx6.1 positive cells can only specifically label the ductal cells. Likewise, the id2a positive 
cells are bipotent progenitors which can give rise to hepatocytes and liver duct but gradually 
restricted to the duct at later stages. Lineage tracing experiments showed that the id2a positive 
duct can convert to hepatocytes in extreme hepatocyte ablation condition.  

 

3). In Paper III, using in silico single-cell RNA-seq, immunofluorescent staining and in situ 
hybridization, we identified a previously unrecognized ductal cell type in zebrafish pancreas. 
Such ductal cells are featured by krt4 expression and are tp1:EGFP negative. Lineage tracing 
experiments using the novel krt4 knock-in zebrafish lines indicated that such ductal cells are 
endocrine progenitors, which can give rise to the islet cells in the anterior region of principal 
islet and most endocrine cells in the secondary islet. Moreover, we observed that a ductal 
modeling process, i.e., the tp1 Notch-responsive duct-to-krt4 duct transition, is coupled with 
ductal-to-β cell neogenesis. Furthermore, we for the first time, using lineage tracing 
methodology and confirmed the existence of an endocrine cell trans-differentiation process 
taking place to replenish the loss of β-cells after β-cell ablation. Combining the lineage tracing 
and single-cell RNA-seq, we are able to delineate the developmental path from an 
unappreciated dlb positive endocrine precursor to Insulin-producing cell trajectory and 
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pinpoint the distinct regulon profile in each developmental stage. RNA velocity analysis 
suggested both differentiation and de-differentiation happen and cells shuffle during the 
process of β-cell regeneration. Blocking the Insulin signaling pathway can disrupt a potential 
negative feedback loop and promote endocrine precursor to β-cell differentiation. 

 

Together, these studies make up an analytical pipeline for characterizing and making use of an 
epithelial progenitor population for regenerative biology, a pipeline that may be of widespread 
use for other progenitor populations across the animal kingdom. 
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