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Abstract

The liver and pancreas are the prime digestive and metabolic organs in the body. After emerging 

from the neighboring domains of the foregut endoderm, they turn on distinct differentiation and 

morphogenesis programs that are regulated by hierarchies of transcription factors. Members of 

SOX family of transcription factors are expressed in the liver and pancreas throughout 

development and act upstream of other organ-specific transcription factors. They play key roles in 

maintaining stem cells and progenitors. They are also master regulators of cell fate determination 

and tissue morphogenesis. In this review, we summarize the current understanding of SOX 

transcription factors in mediating liver and pancreas development. We discuss their contribution to 

adult organ function, homeostasis and injury responses. We also speculate how the knowledge of 

SOX transcription factors can be applied to improve therapies for liver diseases and diabetes.

Keywords

Sox17; Sox4; Sox9; differentiation; homeostasis; regeneration

1. Introduction

Development of the liver and pancreas has been researched extensively in the past decade, 

owing to the drastic increase in the incidence of chronic liver diseases and diabetes and the 

urgent need for treatment other than organ transplant. Characterization of the molecular 

mechanisms underlying liver and pancreas development leads to the discovery of networks 

of transcription factors, including members of the sex-determining region on Y box (SOX) 

family of transcription factors. There are currently 30 SOX transcription factors in 

mammals, characterized by the possession of an evolutionarily conserved HMG DNA-

binding motif [1]. They are further divided into 9 subgroups. Members of the same subgroup 

have similar structures and overlapping functions, whereas members from different 

subgroups have little in common outside of the HMG motif. Depending on the binding 

partners they recruit, SOX transcription factors can act both as transcription activators and 
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repressors by directly binding to the promoter/enhancer region of their downstream targets. 

Because of this versatility, the same SOX factor may regulate pluripotency as well as cell 

fate decision during development. In this review, we focus on the recent insights into the 

function of SOX transcription factors in specification and maintenance of liver and pancreas 

progenitors, cell-type differentiation, and tissue morphogenesis. We also review the 

molecular regulation of SOX factor expression and the interactions between SOX factors and 

their partners in different steps of liver and pancreas development. In addition, we present 

the emerging investigation into the contribution of SOX factors to liver and pancreas 

homeostasis and regeneration postnatally.

2. SOX transcription factors in hepatobiliary development, homeostasis, 

and injury

The liver is the largest internal organ and possesses crucial function in detoxification, 

digestion, metabolism, and immunity. The basic architectural unit of the liver is the liver 

lobule [2]. Within the hexagonal-shaped liver lobule, the central vein is located in the center, 

and a portal triad composed of a portal vein, hepatic artery, and bile duct occupies each of 

the six corners. In between the central vein and portal triad are cords of hepatocytes that 

constitute ~80% of the liver mass. Extending along the hepatocyte cords are the sinusoidal 

capillaries. Mesenchymal cells, including Kupffer cells and hepatic stellate cells, also reside 

in the sinusoidal space. The liver is derived from the foregut endoderm. At mouse embryonic 

day 8.5 (E8.5), the ventral domain of the foregut endoderm adopts the hepatic fate upon 

receiving inductive signals from the neighboring cardiac mesoderm and septum transversum. 

The liver progenitor cells called hepatoblasts form a diverticulum at E9. They then change 

into a pseudostratified morphology and invade the surrounding mesenchyme to give rise to 

the liver bud at E10. Some hepatoblasts near the portal vein differentiate into cholangiocytes 

to form bile ducts and the rest hepatoblasts form hepatocytes. We will review the roles of 

SOX17, SOX9, and SOX4 in liver development. Hepatic expression and function of the 

other SOX factors remain largely unknown.

2.1 SOX17 in segregation of ventral foregut endodermal organs

Sox17 of SOXF family is expressed in the endoderm from the onset of gastrulation and 

serves as an important intrinsic regulator of endoderm formation across vertebrate species 

[3–6]. Sox17−/− mutant mice show severe deficit in gut endoderm [6]. During later 

endoderm development, Sox17 mediates segregation of the liver, biliary system, and ventral 

pancreas (Fig. 1A) [7, 8]. At the beginning of hepatopancreatic specification, Sox17 is co-

expressed with hematopoietically expressed homeobox Hhex and pancreas/duodenum 

homeobox protein 1/Pdx1 in the ventral foregut endoderm [8]. The first segregation occurs 

at E8.5 when the presumptive liver primordium downregulates Sox17 but continues 

expressing Hhex. The co-expression domain of Sox17 and Pdx1 in the posterior ventral 

foregut segregates at E9.5 so that the Sox17+ domain forms the extrahepatobiliary system, 

while the Pdx1+ domain develops into the ventral pancreas. Both global and ventral foregut-

specific knockout of Sox17 causes a complete loss of gallbladder and cystic duct, 

confirming its role in specification of the extrahepatobiliary system [7, 8]. Depletion of 

Sox17 in the ventral foregut from E8.5 onwards results in an expansion of Pdx1 expression 
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throughout the ventral foregut. Pdx1+ cells are aberrantly localized in the liver bud and 

ectopic pancreatic tissue is present in the common bile duct. Conversely, prolonged Sox17 
expression in the Pdx1+ domain suppresses pancreas development and results in formation 

of ectopic ductal tissue in the stomach and duodenum [7]. Ectopic expression of Sox17 in 

the Pdx1+ domain does not alter Pdx1 expression but reduces expression of pancreatic 

transcription factor Nkx2.2. This result suggests that SOX17 acts upstream of NKX2.2 to 

define pancreatic fate. Meanwhile, SOX17 does not directly suppress PDX1 expression 

during segregation of the biliary and ventral pancreas lineage. A negative feedback loop 

between SOX17 and hairy enhancer of split-1 (HES1), a transcriptional effector of Notch 

signaling, has been proposed to regulate segregation of the SOX17/PDX1 lineages [7]. 

SOX17 promotes high Hes1 expression in the Sox17+Pdx1+ progenitors. HES1 in turn 

restricts Sox17+ cells to the presumptive biliary domain to facilitate segregation of the 

Sox17+ biliary lineage and Pdx1+ ventral pancreas lineage. The proposed interactions 

between SOX17 and HES1/HHEX/PDX1 as well as the repressive effect of SOX17 on 

NKX2.2 are largely based on how these factors changes expression in Sox17 gain- and loss-

of-function embryos. The direct targets and binding partners of SOX17 in these processes 

have not been identified.

Although SOX17 is not required for liver specification, it is expressed in part of the liver bud 

[9, 10]. In mouse, SOX17 cooperates with another SOXF family member SOX18 to mediate 

neovascularization of the liver [9]. In zebrafish, Sox17 is thought to label a progenitor 

population that is responsible for the resumption of liver formation in wnt2bb mutant in 

which the initial liver formation is blocked due to impaired Wnt signaling [10].

In line with its role in extrahepatobiliary specification, dysregulation of SOX17 has been 

linked to congenital biliary atresia (BA), a severe progressive cholangiopathy of infancy due 

to defective biliary morphology and function. Sox17 heterozygous mice in C57BL/6 

background develop BA-like phenotype as the gallbladder epithelium becomes detached 

from the luminal wall [11]. Treating cholangiocyte spheroids with a plant toxin biliatresone 

induces BA-like syndrome in newborn lambs [12]. The expression of Sox17 is significantly 

decreased in the biliatresone-treated spheroids and knocking down Sox17 in the spheroids 

mimics the effect of biliatresone treatment [13]. It will be interesting to examine whether 

SOX17 is associated with BA pathogenesis in patients.

2.2 Sox9 in biliary development

SOX9 of SOXE family is one of the most studied SOX factors as haploinsufficiency of 

SOX9 in human is associated with Campomelic dysplasia (CD), a disorder characterized by 

severe skeletal malformation and sex reversals [14, 15]. During mouse liver development, 

Sox9 is first expressed in the endodermal cells lining the lumen of the liver diverticulum at 

E10.5 [16]. Its expression is lost as the hepatoblasts invade the septum transversum, but re-

emerges in the hepatoblasts near the portal vein at E11.5. Responding to signals from the 

portal mesenchyme, these Sox9+ hepatoblasts arrange into a single layer of cells 

surrounding the branches of the portal vein to form a ductal plate at E15.5. The primary 

ductal structures have an asymmetric composition of Sox9+ biliary cells on the portal side 

and Sox9− undifferentiated hepatoblasts on the parenchymal side. Such asymmetry resolves 
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as some of the hepatoblasts on the parenchymal side differentiate into biliary cells and join 

the periportal biliary cells to form a mature bile duct. The ductal plate cells that do not make 

bile duct differentiate into periportal hepatocytes [16]. Although SOX9 is the earliest marker 

for the intrahepatic biliary cells, it is dispensable for biliary differentiation. Mice with liver-

specific inactivation of SOX9 show a delay in the resolution of the asymmetric primary 

ductal structures [16], indicating that SOX9 controls the timing of intrahepatic bile duct 

morphogenesis. In zebrafish, the intrahepatic bile ducts are formed by direct joining of 

cellular processes among individual biliary cells rather than through ductal plate [17]. 

Zebrafish has two orthologs of mammalian Sox9 [18], but only sox9b is expressed in the 

intrahepatic biliary cells [19, 20]. Consistent with the mouse Sox9 mutant data, the 

intrahepatic biliary cells are specified in zebrafish sox9b homozygous mutant. However, they 

fail to undergo proper morphogenesis and remain clustered, resulting in a primitive ductal 

network [19, 20].

In human, mutations in Notch ligand JAGGED1 and receptor NOTCH2 cause Alagille 

syndrome, characterized by intrahepatic bile duct paucity and cholestasis [21, 22]. Notch 

signaling interacts with SOX9 in a positive feedback loop to regulate bile duct 

morphogenesis [16, 19, 23]. Sox9 and Hes1 mutant mice have similar defects in ductal plate 

remodeling [16, 24]. JAGGED1 produced by the portal vein mesenchyme induces Sox9 
expression in periportal biliary cells [23, 24]. SOX9 is likely a direct target of Notch 

signaling as its promoter contains ten consensus Rbpj binding sites [25]. Conversely, SOX9 

positively regulates the expression of Hes1 in biliary cells [24].

Sox9 expression is also detected in the extrahepatic biliary tract in mouse embryos at E13.5 

and persists through adulthood [26]. Yet it is difficult to investigate the function of SOX9 in 

this tissue as Sox9 homozygous mutant mice die at E11.5 [16] and there is no molecular 

marker to specifically target the extrahepatic biliary tract. Characterization of zebrafish 

sox9b mutant reveals that sox9b is required for the patterning and differentiation of the 

hepatopancreatic ductal (HPD) system. The mutant forms a dysmorphic HPD system with a 

smaller gallbladder and no clear morphological distinction between the cystic duct, 

extrahepatic duct, and common bile duct [19, 20]. It also contains misdifferentiated cells that 

express hepatic marker hnf4α or pancreatic marker pax6 [20], indicating that Sox9b is 

involved in the segregation of foregut-derived organs in zebrafish.

2.3 SOX4 and SOX9 cooperate to control bile duct development

The modest intrahepatic bile duct phenotype seen in Sox9 mutant mice implicate that other 

SOX family members may compensate for the loss of SOX9 function. Members of the same 

SOX subfamily often bind to the same DNA sequence and compensate for each other’s 

function [1]. However, the other two SOXE family members SOX8 and SOX10 are 

expressed at low levels in the developing liver [27]. Meanwhile, the SOXC family member 

SOX4 exhibits similar expression pattern in the ductal plate and developing bile duct as 

SOX9 [27]. Liver-specific inactivation of SOX4 results in delayed bile duct differentiation 

and morphogenesis, suggesting that both SOX4 and SOX9 control the timing of bile duct 

development. Strikingly, biliary differentiation and morphogenesis are completely blocked 

in Sox4/Sox9 double mutants (Fig. 1B). All the parenchymal cells surrounding the portal 
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vein persistently express hepatoblast/hepatocyte marker HNF4. They fail to establish apico-

basal polarity and lack primary cilia. Whereas Sox4 and Sox9 individual mutants resume 

bile duct development after birth, the double mutants exhibit dilated and truncated hilar 

ducts and develop cholestasis, fibrosis, and ductular reaction at 6 weeks postnatally. During 

normal biliary development, TGFβ, Notch, and Yap signaling pathways that are originated 

from the portal vein promote biliary differentiation and control bile duct formation [28]. 

Transforming growth factor β receptor II (TβRII) is initially expressed in developing 

hepatoblasts and becomes repressed as hepatoblasts differentiate into cholangiocytes. In 

Sox4 individual mutant and Sox4/Sox9 double mutant, TβRII is not repressed in biliary 

cells, indicating that SOX4 and SOX9 control TGFβ signaling during biliary development. 

SOX4 and SOX9 may repress TβRII expression through transcription factor HNF6, which is 

a known repressor of TBRII expression [27, 29, 30]. SOX4 and SOX9 also regulate Notch 

signaling as loss of SOX4 and/or SOX9 reduces HES1 expression in the developing biliary 

cells. SOX4 and SOX9 may act directly on Notch signaling. Alternatively, since abnormal 

HES1 expression occurs at a later stage than abnormal TβRII expression, perturbation of 

Notch signaling in Sox4/Sox9 mutants could also be secondary to impaired TGFβ signaling 

[27]. Lastly, Sox4/Sox9 double mutants show decreased expression of some Hippo/Yap 

target genes, yet the nuclear localization of YAP is not altered [27]. This suggests that SOX4 

and SOX9 are mediators of Hippo/YAP signaling, but Hippo/YAP signaling is not 

completely dependent on SOX4 and SOX9 [27].

2.4 SOX9 in liver homeostasis

Sox9 is continuously expressed in the adult liver [16, 26, 31]. Furuyama et al. crossed the 

Sox9IRES-CreERT2 knockin mice into the R26R reporter mice to lineage trace Sox9-

expressing cells. They reported that Sox9+ cells supply hepatocytes and intrahepatic biliary 

cells during normal liver homeostasis. Sox9+ cells that are located in the canals of Hering 

and glands of intrahepatic bile ducts express stem cell markers and are proposed to be 

hepatic progenitor cells (HPCs) [32, 33]. Sox9+ cells in the peribiliary glands of the 

extrahepatic biliary system have also been shown to differentiate into hepatocytes and 

cholangiocytes in vitro and after being transplanted into the liver [32]. Other groups 

conducted lineage tracing using the Sox9CreERT2 transgenic mice in which the Cre 

recombinase expression is driven by the Sox9 regulatory sequence from a bacterial artificial 

chromosome (BAC) [31, 34–37]. They did not detect colonization of Sox9+ cell in the liver 

over time. The contradictory results can be attributed to the different Sox9CreERT2 strains 

used: the Sox9IRES-CreERT2 knockin mice were made by insertion of IRES-CreERT2 into the 

3′UTR of the Sox9 gene, thus may affect the endogenous Sox9 expression [26]. The BAC 

Sox9CreERT2 transgenic mice, on the other hand, maintain the intact genomic Sox9 locus 

[36]. High dosage of tamoxifen may cause hepatic toxicity and induce ectopic expression of 

Sox9 in the hepatocytes [34, 37], raising the question whether the newly formed hepatocytes 

seen in the knockin mice are from the endogenous Sox9-expressing cells or from the 

hepatocytes that normally did not express Sox9. Two recent studies used adeno-associated 

virus (AAV) to drive hepatocyte-specific expression of Cre without the use of tamoxifen [38, 

39]. They lineage traced hepatocytes and showed that adult hepatocytes are generated by 

self-duplication, rather than differentiation from HPCs.
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2.5 SOX9 in liver injury and regeneration

The liver has remarkable regenerative capacity. Under most circumstances, liver 

regeneration is driven by proliferation of preexisting hepatocytes [40, 41]. However, when 

the proliferative capability of hepatocytes is severely compromised, facultative HPCs/stem 

cells may be activated to replenish the lost hepatocytes [42]. The presumptive HPCs/stem 

cells have duct-like appearance and express Sox9. Lineage tracing of Sox9+ cells in mouse 

liver injury models has yielded mixed results regarding whether they contain HPCs that 

contribute to regenerating hepatocytes [26, 31, 34, 35, 37]. It is likely due to the differences 

in lineage-tracing methodology and the type of liver injury. Lineage tracing of hepatocytes 

using AAV-Cre indicated that preexisting hepatocytes are the main source of new 

hepatocytes in most classic mouse liver injury models, arguing against the contribution of 

HPCs, biliary cells or mesenchymal cells to hepatocyte regeneration [38, 39, 43]. One 

propable explanation is that despite the severity of hepatocellular damage in these models, 

the surviving hepatocytes are sufficient to regenerate the organ. In Mdm2 mutant mice in 

which all hepatocytes undergo apoptosis, necrosis and senescence, Sox9+ HPCs contribute 

to liver regeneration [44]. In zebrafish, when all hepatocytes are killed by the nitroreductase-

mediated cell ablation system, Notch-active biliary cells convert into hepatocytes to 

regenerate the liver [45–47]. The conversion of Notch-active cells to hepatocytes is blocked 

in sox9b mutants and liver regeneration is perturbed [46]. It is noteworthy that these 

zebrafish studies were conducted at larval stage when the liver is still developing. It is 

plausible that some Notch-active cells are hepatoblasts rather than differentiated biliary cells 

and that they are the main supplier for new hepatocytes. Lineage tracing using biliary and 

hepatoblast-specific Cre lines will allow one to assess the contribution of either cell type to 

hepatocyte regeneration. Similar extreme hepatocyte ablation experiment should also be 

repeated in adult zebrafish liver.

Can hepatocytes also convert into biliary cells in liver injury? Two elegant lineage tracing 

studies showed that following 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) injury, 

hepatocytes gave rise to the intermediate cells that express both SOX9 and hepatocyte 

marker HNF4α (Fig. 1C). Whether they eventually form functional biliary cells is still in 

debate [48, 49]. Hepatocyte-to-biliary cell conversion has been suggested to contribute to 

intrahepatic bile duct regeneration in a mouse model of intrahepatic bile duct paucity. 

Albumin-Cre-mediated liver-specific double knockout of Hnf6 and Rbpjκ blocks the initial 

development of peripheral intrahepatic bile ducts [50]. With age, the double mutant liver 

exhibits ductular reactions and subsequently regenerates communicating peripheral 

intrahepatic bile ducts. The biliary cells in the ductular reactions and the regenerated 

peripheral intrahepatic bile ducts are derived from parenchymal cells as they do not express 

Hnf6 or Rbpjκ. They do not express marker for the hilar intrahepatic bile ducts at all stages, 

suggesting that they may be derived from hepatocytes. It has been shown that ectopic 

activation of Notch signaling is sufficient to induce expression of Sox9 and other biliary 

markers in hepatocytes without any injury [49]. Rbpjκ mutant liver contains fewer Sox9-

expressing cells upon DDC injury [49] and shows impaired biliary regeneration following 

partial hepatectomy [51], suggesting that Notch promotes Sox9 expression and hepatocyte-

to-biliary conversion. Meanwhile the few Sox9+ intermediate cells present in the 

Hnf6;Rbpjκ double mutant liver indicate that Sox9 expression can also be triggered by a 
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Notch-independent mechanism [50]. Hypoxia may induce Sox9 expression as the Sox9+ 

intermediate cells are often located near the focal necrotic regions in Hnf6;Rbpjκ double 

knockout mice [50]. Chromatin immunoprecipitation demonstrated direct binding of 

hypoxia-inducible factor 1 alpha (HIF1α) to the Sox9 promoter [52]. As described in 2.3, 

Sox4/Sox9 double knockout mice exhibit intrahepatic bile duct paucity [27]. It will be 

interesting to follow these double mutants to determine whether SOX4 and SOX9 are 

required for intrahepatic bile duct regeneration.

SOX9 expression has also been observed in activated hepatic stellate cells that generate 

scarring tissues to cause liver fibrosis (Fig. 1C) [53, 54]. Whereas SOX9 is not detected in 

quiescent hepatic stellate cells, its expression is drastically induced in culture-activated 

hepatic stellate cells [53]. Inhibition of SOX9 in culture-activated hepatic stellate cells by 

siRNA significantly reduces the expression of Collagen I. In vivo, SOX9 is colocalized with 

the activated hepatic stellate cell marker α-smooth muscle actin (aSMA) in the fibrotic area 

following chronic CCl4 treatment or MCDE diet [54]. Validating the regulation of collagen 

deposition by SOX9 in vivo will be necessary to determine whether SOX9 can be used as a 

molecular target for fibrosis therapy. Notably, the Sox9-expressing reactive ductules also 

exhibit some mesenchymal features [55]. Thus it is important to determine the origin of 

these Sox9+;aSMA+ cells to confirm the involvement of SOX9 in stellate cell activation.

3. SOX transcription factors in pancreas development, homeostasis, and β-

cell regeneration

The pancreas is composed of two morphologically and functionally distinct tissues [56]. The 

exocrine compartment contains acinar cells that secrete digestive enzymes and pancreatic 

ducts that transport digestive fluid. The endocrine pancreas is arranged as Islets of 

Langerhans that are populated by five hormone-producing cell types, including glucagon-

secreting α-cells, insulin-secreting β-cells, somatostatin-secreting δ-cells, ghrelin-secreting 

ε-cells, and pancreatic polypepetide-generating Y (PP) cells. From specification of 

pancreatic domain in the foregut endoderm to formation of functional exocrine and 

endocrine cells, pancreas development is a precisely orchestrated multi-stage process that is 

governed by hierarchies of transcription factors [56–60]. Expression of many Sox 

transcription factors has been detected in murine fetal pancreas and adult islets (Table 1) [61, 

62]. In this review, we will focus on the two most well characterized SOX factors SOX9 and 

SOX4.

3.1 Overview of pancreas development

Our understanding of pancreas development relies heavily on the studies of murine models. 

Pancreas development starts at around E9 in mouse as two epithelial buds emerge on either 

side of the foregut endoderm at the boundary between the stomach and duodenum [63–65]. 

Extensive proliferation of pancreatic progenitors rapidly increases the size of the dorsal and 

ventral buds, which at the same time undergo active tubulogenesis and patterning events 

[66]. At the end of this first wave of pancreas development, referred to as primary transition, 

the dorsal and ventral buds fuse by E12.5 to form a unified organ. The largely 

undifferentiated pancreatic epithelium is segregated into two distinct domains [56]: the tip 
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domain is marked by Ptf1a expression and contains multipotent progenitor cells that give 

rise to endocrine, duct, and acinar cells. The trunk domain expresses Nkx6.1 and only gives 

rise to duct and endocrine cells [67]. The second period of pancreas development, namely 

secondary transition, starts at E13.5 and is characterized by massive waves of organ 

morphogenesis and endocrine and exocrine differentiation. The topological organization of 

pancreas is set by the end of secondary transition, but the functional maturation of exocrine 

and endocrine cells continues postnatally [68].

3.2 SOX9 is a master regulator of pancreas development

The discovery that CD patients often show islet hypoplasia and reduction of endocrine 

hormone expression provides prevailing evidence for the requirement of SOX9 in pancreas 

development [69]. Studies of conditional Sox9 knockout mice revealed critical roles of 

SOX9 in every step of pancreas development (summarized in Fig. 2). Sox9 expression is 

first detected in the presumptive pancreas and proximal duodenum between anterior foregut 

and mid/hindgut at E8.75, prior to the emergence of pancreatic buds (Fig. 2A) [70]. Its 

expression in the pre-pancreatic domain overlaps with Pdx1. SOX9 and PDX1 reinforces 

each other’s expression as PDX1 occupies Sox9 regulatory sequences and vice versa [71, 

72]. Whereas pancreas remnants still arise in Sox9 and Pdx1 individual mutant mice, 

compound mutants carrying different combinations of the Pdx1 null and gut-specific Sox9 
mutant alleles exhibit a spectrum of defects in pancreatic buds, ranging from a smaller 

ventral bud in the compound heterozygous mutants to the absence of both dorsal and ventral 

buds in the compound homozygous mutants. In Sox9;Pdx1 compound homozygous mutants 

but not in the individual mutants, the intestinal marker Cdx2 becomes ectopically expressed 

in the pre-pancreatic domain. Conversely ectopic expression of Sox9 is sufficient to induce 

Pdx1 expression in intestinal progenitor cells. Thus PDX1 and SOX9 cooperatively induce 

pancreatic lineage and repress intestinal fate. Genomics analysis reveals that PDX1 and 

SOX9 function as direct activators of pancreatic genes and repressors of intestinal genes by 

binding to lineage-specific promoters and enhancers [70].

Sox9 continues being co-expressed with Pdx1 in uncommitted and pluripotent pancreatic 

progenitors during primary transition [73]. Sanders group generated Pdx1-Cre-mediated 

Sox9 knockout mice that abolish Sox9 expression in pancreatic progenitors from E10.5 

onwards [72, 73]. The pancreas in Sox9fl/fl;Pdx1-Cre mutants is hypoplastic due to impaired 

proliferation and survival of pancreatic progenitors. The remnant progenitors exit cell cycle 

precociously to differentiate into glucagon-expressing cells. Some of the surviving 

pancreatic progenitors in the mutant undergo a pancreas-to-liver cell fate conversion [72]. 

Consistently, genome wide DNA occupancy study suggests that SOX9 and PDX1 co-bind 

hepatic genes to repress their expression [70].

Several lines of evidence indicate that SOX9 maintains pancreatic progenitor pool through 

modulating Notch signal transduction: SOX9 and HES1 are co-localized in pancreatic 

progenitors; Hes1 mutant exhibits pancreas hypoplasia due to depletion of pancreatic 

progenitors similar to Sox9 mutant; Sox9-deficient pancreas contains fewer Hes1+ cells 

[73]. An Fgf10/Fgfr2b/Sox9 feed-forward loop that acts between pancreatic progenitors and 

neighboring mesenchyme is also essential for maintaining pancreatic progenitors [72]. 
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Specifically, SOX9 regulates the expression of Fgfr2b in pancreatic progenitors, and 

FGFR2b transduces Fgf10 signal from the mesenchyme. FGF10 in turn maintains Sox9 and 

Fgfr2b expression in pancreatic progenitors (Fig. 2B).

During secondary transition, Sox9 is expressed in multipotent pancreatic progenitors in the 

trunk epithelial cords that give rise to endocrine progenitors, differentiated endocrine cells, 

ductal cells, and exocrine acinar cells [36, 71, 73–75]. Its expression is eliminated from the 

lineage-committed progenitors and differentiated cells. Sox9fl/+;Pdx1-Cre heterozygous 

mutants show a 50% reduction of mature endocrine cells due to a decrease in endocrine 

progenitors, but no defect in exocrine differentiation [75]. This result implicates that 

differentiation of endocrine lineage is more sensitive to the reduction of Sox9 dosage.

Endocrine differentiation is governed by a molecular network involving SOX9, Notch 

signaling components, and neurogenin 3 (NGN3) (Fig. 2C) [65]. Notch signaling activates 

Sox9 expression in multipotent pancreatic progenitors, and Sox9 cell-autonomously induces 

Ngn3 expression either by direct binding or possibly by mediating Pdx1 expression [65, 71]. 

Once Ngn3 expression is initiated in a subset of pancreatic progenitors, it represses Sox9 
expression in the same cell so that Ngn3+ cells are seen intercalating with Sox9+ cells [73, 

75]. NGN3 positively enhances its own expression and is necessary and sufficient for 

endocrine differentiation. The remaining Sox9+ cells that do not express Ngn3 adopt a 

ductal fate. Notch signaling also induces expression of HES1, which acts as a repressor of 

NGN3. SOX9 and HES1 respond to Notch activity at different thresholds [65]. At high 

Notch activity, the repressive effect of HES1 on NGN3 is dominant and endocrine 

differentiation is blocked. Pancreatic progenitors instead turn on ductal markers. At 

intermediate Notch activity, HES1 expression is reduced and Sox9 expression is maintained, 

which derepresses NGN3 expression and allows endocrine differentiation to occur [65].

The islets from pancreatic Sox9-haploinsufficient mice, albeit small, show normal insulin 

secretion, indicating that SOX9 is not required for β-cell function [71]. These animals only 

develop mild glucose intolerance as the mutant β-cells undergo extensive proliferation 

between E18.5 and six weeks to partially compensate for the initial reduction in β-cell mass 

[71]. It has been reported that human β-cells have a much lower proliferative capacity than 

mouse β-cells [76]. Therefore reduced SOX9 expression may have a more confound impact 

on glucose homeostasis in human than in mice due to a lack of compensatory proliferation 

mechanism to restore the β-cell mass.

Sox9+ progenitors also give rise to exocrine lineages including acinar cells and pancreatic 

ductal cells, yet how it contributes to exocrine development is less understood. Notch over-

activation fails to induce ductal cells in Sox9-deficient mice, suggesting that Sox9 is an 

obligatory effector of Notch-dependent ductal cell differentiation [65]. In 

Sox9fl/fl;Rosa26CreER mice in which Sox9 is ablated at E12.5 by tamoxifen administration, 

the ductal network is disorganized and forms cysts postnatally. Cystic phenotype is observed 

when Sox9 is ablated in adult ducts, indicating that Sox9 directly mediates pancreatic ductal 

cell differentiation and maintenance. Gene expression profiling analyses show that SOX9 

controls the expression of putative ductal markers. It is required for primary cilia formation 

in the ductal epithelial cells likely through regulating the expression of polycystin 2 (PKD2). 
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The requirement of SOX9 in pancreatic duct differentiation and morphogenesis is conserved 

in zebrafish. In sox9b mutant, ductal cells are reduced in number and fail to undergo 

branching morphogenesis [19, 20]. The ductal network remains rudimental with clusters of 

cells along the main duct [19].

The involvement of Sox9 in exocrine acinar cell development is illusive. During early 

secondary transition, Ptf1a+Sox9+ cells are located at tip-trunk interface and inside the tip 

region, intermingled with Ptf1ahiSox9lo cells [77]. Whereas Ptf1ahiSox9lo cells are proacinar 

progenitors, Ptf1a+Sox9+ cells are multipotent progenitors that give rise to acinar, ductal 

and endocrine cells. Ptf1a+Sox9+ cells rapidly decreases between E12.5 and E15.5, with the 

exception of those at tip-trunk interface that remain multipotent throughout pancreogenesis 

[36, 75]. Given that HES1 also represses Ptf1a [78], it is plausible that a SOX9/NOTCH/

HES1/PTF1A network may control acinar cell development in a similar fashion as the 

SOX9/NOTCH/HES1/NGN3 network that regulates endocrine differentiation in the trunk 

region. However, pancreatic Sox9-haploinsufficiency mice and zebrafish sox9b mutants still 

form normal number of acinar cells [20, 75], thus SOX9 is not absolutely essential for the 

differentiation of acinar cells. Instead, SOX9 dosage may mediate the balance between 

proacinar and endocrine progenitors as Sox9 heterozygous mutants have more proacinar 

progenitors at the expense of endocrine progenitors [75]. Ablation of SOX9 at different 

embryonic stages using genetic mouse models may provide additional insights into the roles 

of SOX9 in exocrine development.

3.3 SOX9 in pancreas homeostasis and injury

Following secondary transition, SOX9 expression becomes restricted to ductal cells and 

centroacinar cells at trunk-tip interface [36, 75]. Two groups have performed lineage-tracing 

studies to evaluate the multipotency of Sox9+ cells during prenatal and adult stages. Kopp et 

al showed that when tamoxifen was administrated to the BAC Sox9CreERT2 transgenic mice 

at postnatal day 5, Sox9+ cells gave rise to predominantly ductal cells and few endocrine 

cells [36]. When tamoxifen administration was conducted at 3 weeks, Sox9+ cells 

exclusively formed ductal cells. These results suggest that Sox9+ cells are bipotent during 

early neonatal stage but become confined to ductal fate in adult. No acinar cells were labeled 

in either experiment, consistent with a previous report that new acinar cells are supplied by 

preexisting acinar cells [79]. Furuyama and colleagues performed lineage tracing using the 

Sox9IRES-CreERT2 knockin mice [26], and showed that in adult pancreas, Sox9+ cells gave 

rise to both ductal and acinar cells. The discrepancy between the two studies has been 

discussed earlier. Moreover, Sox9IRES-CreERT2 knockin mice, but not BAC Sox9CreERT2 

mice, show decreased endogenous pancreatic Sox9 expression at adult stage [80, 81]. This 

observation suggests that reduced SOX9 dosage may increase the plasticity of SOX9+ cells 

to allow “ductal-to-acinar” transition.

As SOX9 maintains multipotent progenitors during pancreas development, it has been 

proposed that Sox9+ pancreatic ducts contain facultative progenitors that form both exocrine 

and endocrine cells in both healthy and injured adult pancreas. In support of this notion, Jin 

et al showed that a subpopulation of Sox9+ ductal cells expressed progenitor marker CD133 

and formed insulin-producing β-cells, ductal cells, and acinar cells in vitro [82, 83]. 
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However, neither of the two SOX9 lineage-tracing studies detected endocrine neogenesis 

from Sox9+ cells in healthy adult pancreas [26, 71]. Melton group lineage traced β-cells and 

demonstrated that adult β-cells are formed by self-duplication rather than stem-cell 

differentiation [84].

The contribution of ductal cells to β-cell neogenesis during pancreatic injury is highly 

controversial. Heimberg group and Bonner-Weir group reported that partial duct ligation 

triggered ductal-lining cells to transdifferentiate into new β-cells in adult pancreas [85–87]. 

In contrast, Sox9 lineage-tracing studies found no evidence of β-cell neogenesis from Sox9+ 
cells after partial ductal ligation [26, 71]. Furuyama and colleagues examined additional 

pancreas injury models, including partial pancreatectomy, cerulein-induced pancreatitis, and 

streptozotocin diabetes, and did not detect Sox9+ derived β-cells following any of these 

injuries [26]. A recent study reported that a combination of medium hyperglycemia and 

long-term administration of low dose gastrin and epidermal growth factor induced Sox9+ 
ductal cells to transdifferentiate into β-cells in nonautoimmune diabetic mice [88]. The 

conflicting results from different studies implicate that the type of pancreatic injury as well 

as its primary cell target have critical influence on whether ductal cells contribute to β-cell 

neogenesis [89]. Zebrafish larvae regenerate primary islet after nitroreductase-mediated β-

cell ablation, and β-cell regeneration is blocked in sox9b mutant larvae [20]. However, these 

β-cell ablation experiments were conducted during the course of zebrafish pancreas 

development. The fact that sox9b mutants do not regenerate β-cells at this stage may reflect 

the requirement of Sox9b in endocrine differentiation rather than in β-cell neogenesis. sox9b 
adult mutant is not informative for studying β-cell neogenesis as it exhibits extensive 

necrosis and fibrosis in both exocrine and endocrine compartments [19].

While it is still under debate whether Sox9+ ductal cells in the pancreas participate in βcell 

neogenesis, Sox9+ cells in the liver can be reprogrammed into insulin-secreting ducts in vivo 
by introduction of three transcription factors PDX1, NGN3, and MAFa [90]. This is not 

surprising as the pancreas and liver arise from adjacent regions of the foregut endoderm. In 

adult liver, Sox9 is expressed in the periportal small intrahepatic ducts [16, 26], periportal 

hepatocytes [31], and peribilliary glands lining the large bile ducts [32, 33]. Which of these 

three cell types are capable of forming insulin-secreting ducts is yet to be determined. It will 

also be interesting to investigate whether Sox9-deficient liver cells can still be 

reprogrammed into insulin-producing ducts. Intriguingly, the insulin-producing ducts in the 

liver relieved diabetes in adult animal, thus reprogramming liver cells could potentially be 

used as a novel strategy for diabetes therapy.

3.4 Sox4 in endocrine cell differentiation and maturation

SOX4 is also expressed throughout pancreas development [61, 62]. During primary 

transition, Sox4 is expressed in both the tip and trunk progenitors [91]. During secondary 

transition, Sox4 expression gradually decreases from the pancreas epithelium but remains at 

high levels in the Ngn3-expressing endocrine progenitors and newly formed endocrine cells. 

At the end of gestation, Sox4 becomes restricted to the endocrine cells and this expression 

pattern maintains in adult. Sox4 global knockout mice show no morphological defects in the 

pancreas at stages up to E12.5 [62], suggesting that SOX4 is dispensable for the formation 
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of pancreatic progenitors during primary transition. The mutants die at E14.5 due to cardiac 

defects, preventing characterization of SOX4 function during later pancreas development. To 

overcome this issue, Wilson and colleagues isolated explants of pancreas from Sox4 mutants 

at E11.5 and showed that they continued to develop ex vivo [62]. During secondary 

transition, Sox4−/− pancreatic explants form fewer endocrine cells. The islets in these 

mutants lose the stereotypical organization with a core of β-cells surrounded by α-cells, 

indicating that Sox4 also mediates islet morphogenesis. Conditional knockout mice in which 

Sox4 is deleted from either pancreatic epithelium or endocrine progenitors exhibit reduction 

of all endocrine cells except for ε-cells [91]. It is not due to dysregulated cell division or cell 

death [62, 91]. Instead, depletion of Sox4 in endocrine progenitors keeps these cells in a 

“de-differentiated” state [91]. SOX4 also mediates adult β-cell function as two N-ethyl-N-

nitrosourea (ENU)-induced Sox4 missense mutations cause impaired glucose tolerance and 

reduced insulin secretion [92]. Whereas loss of SOX4 function in mouse causes a more 

drastic reduction of β-cells than α-cells [62, 91], knockdown of sox4b in zebrafish by 

injecting either an anti-sense morpholino oligonucleotide or a sox4b mutant mRNA lacking 

the transactivation domain causes severe reduction in α-cells without affecting β-cells [93]. 

Such a discrepancy may reflect a fundamental difference in endocrine pancreas development 

between the two species. In zebrafish, dorsal bud-derived β-cells are quiescent and express 

low level of insulin after embryogenesis [94]. Ventral bud-derived β-cells that emerge late in 

development are proliferative and maintain high expression of insulin postembryonically, 

thus are fully functional β cells. The study of sox4b mutants focused on the endocrine cells 

in the dorsal bud [93]. Whether loss of Sox4b function affects ventral bud-derived β cells 

remains to be determined. The difference between the fish and mouse data could also be 

attributed to the limitation of the knockdown strategy used in the fish study: the efficacy of 

both morpholino and mRNA decreases as the embryo grows older [95] and may not 

completely block Sox4b function during pancreas development. Furthermore, morpholino-

induced phenotypes do not necessarily always correlate with mutant phenotypes [96]. 

Therefore, it will be necessary to validate the endocrine phenotypes in a genetic mutant of 

sox4b.

Where does SOX4 fit within the cascade of transcription factors that control endocrine 

differentiation (Fig. 2D)? SOX4 is not required for maintaining the expression of Sox9, 

Nkx2.2, and Nkx6.1 in multipotent pancreatic progenitors [62]. Meanwhile, SOX4 can 

activate the Ngn3 promoter by direct binding. Thus it facilitates endocrine progenitor 

formation by enhancing Ngn3 expression in a subset of bipotent trunk cells [91]. Following 

secondary transition, SOX4 regulates the maturation of β-cells by binding to and activating 

the promoters of NeuroD1 and Pax4 transcription factors, both are NGN3 targets [91]. In 

zebrafish Sox4b is required for the expression of transcription factor Arx in α-cell 

differentiation, consistent with the fact that only α-cells are greatly reduced in sox4b 
mutants [93].

Although Sox4 is abundantly expressed throughout pancreas development, inactivation of 

SOX4 does not affect the formation of pancreatic progenitors [62, 91]. Ngn3+ endocrine 

progenitors and differentiated endocrine cell types are not completely absent in Sox4 mutant 

pancreas, suggesting that other transcription factors may compensate for the loss of SOX4 

function. Indeed, the two other SOXC family members, Sox11 and Sox12, are both 
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expressed in the fetal pancreas [61, 91, 97]. Whereas Sox12 mutants do not have obvious 

gross morphologic defects [98], Sox11 mutants exhibit hypoplasia of the pancreas [99]. 

More importantly, Sox11 expression is elevated in the Sox4 mutant pancreas, thus may 

compensate for the absence of Sox4 in these animals [62]. Moreover, SOX4 may partner 

with SOX9 to promote Ngn3 expression in the endocrine progenitors as both of them bind to 

and activate the Ngn3 promoter. Within the endocrine progenitors, SOX4 may cooperate 

with NGN3 to regulate the formation of mature β-cells by activating the NeuoD1 and Pax4 
promoters. Generation of pancreas-specific double knockout mice will allow one to confirm 

these interactions.

4. Conclusions

The liver and pancreas, two organs with distinct morphology and function but originated 

from close foregut endoderm domains, are the best examples to demonstrate the versatile 

function of SOX transcription factors in development. Prior to organ formation, SOX17 

interacts with HHEX and PDX1 to segregate the liver, biliary system, and ventral pancreas 

domains within the foregut endoderm. SOX9 and PDX1 function in a positive feedback loop 

to promote pancreas specification while suppressing intestine fate. During liver 

development, SOX4 and SOX9 are required for the differentiation and morphogenesis of 

intrahepatic biliary cells. In the pancreas, SOX9 interacts with FGF10 and Notch signaling 

to maintain pancreatic progenitor during primary transition. During secondary transition, 

SOX9 regulates the differentiation of endocrine and ductal cells in response to different 

levels of Notch activity. SOX4 mediates β-cell differentiation and maturation. SOX factors 

continue being expressed in the liver and pancreas beyond embryonic stage and play critical 

roles in adult organ homeostasis.

There are still many important questions that remain unanswered. The upstream signals that 

regulate the temporal and spatial expression of SOX factors are not well understood. SOX 

proteins undergo posttranslational modification, including phosphorylation, acetylation, 

SUMOylation and ubiquitination [1]. Given that SOX factors often act in a dose-dependent 

fashion, it will be interesting to study whether posttranslational modification mediates the 

dosage of their expression during liver and pancreas development. A systematic survey of 

SOX factor expression and function in the liver has not been reported. The pancreas 

expresses many other SOX factors besides SOX4 and SOX9, yet their function remains 

largely unknown.

No mutations in SOX genes have yet been associated with liver diseases or diabetes. 

However, the relevance of SOX17 in biliary atresia and SOX9 in liver fibrosis suggest that 

SOX factors may represent as important disease modifiers and thus are potential molecular 

targets for gene therapies. Directed differentiation of human pluripotent stem cells into liver 

cells and β-cells in culture could lead to new cell therapies for liver diseases and diabetes, 

respectively. The main challenges are the efficiency of directed differentiation and to what 

extend the stem cell-derived cells are able to carry out the physiological function of bona 

fida cells. In this regard, SOX factors could be the crucial missing pieces in the current 

methodology. Expressing the SOX factors that are key regulators of liver and pancreas 

development in stem cells may increase the efficiency of their differentiation. Given the facts 
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that SOX4 and SOX17 are required for making functional β-cells and SOX9 maintains 

pancreatic ductal epithelium, introducing SOX factors may improve the maturation and 

function of stem cell-derived cells. Lastly, although highly controversial, SOX9-expressing 

cells in the liver and pancreas have been proven to be able to contribute to hepatocyte 

regeneration and β-cell neogenesis in certain types of injury. Liver regeneration and β-cell 

neogenesis are perturbed in zebrafish sox9b mutants. These observations implicate that SOX 

factors may be attractive molecular targets in regenerative medicine for treating liver 

diseases and diabetes. To incorporate SOX factors in clinical therapies requires further 

characterization of their upstream regulators, binding partners, and the downstream 

molecular and cellular events.
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Abbreviations

AAV adeno-associated virus

Arx aristaless-related homeobox

BA biliary atresia

BAC bacterial artificial chromosome

BDL bile duct ligation

CD campomelic dysplasia

CDE choline-deficient, ethionine-supplemented diet

Cdx2 caudal type homeobox 2

DDC 3,5-diethoxycarbonyl-1,4-dihydrocollidine

ENU N-ethyl-N-nitrosourea

Fgf fibroblast growth factor

Foxa3 forkhead box A3

Hes1 hairy and enhancer of split 1

HHEX hematopoietically expressed homeobox

Hif1α hypoxia-inducible factor 1 alpha

Hnf6 hepatocyte nuclear factor 6

HMG high mobility-group

HPC hepatic progenitor cell
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HPD hepatopancreatic duct

HybHP hybrid periportal hepatocyte

IRES internal ribosome entry site

MAFA v-maf avian musculoaponeurotic fibrosarcoma oncogene homolog a

MCDE methionine choline-deficient, ethionine-supplemented diet

Mdm2 mouse double minute 2 homolog

NeuroD neuronal differentiation 1

Ngn3 neurogenin 3

Nkx6.1 Nk6 homeobox protein 1

Pdx1 pancreatic and duodenal homeobox 1

Pkd2 polycystin 2

PP pancreatic polypeptide

Ptf1a pancreas transcription factor 1 subunit alpha

Rbpjκ recombination signal binding protein for immunoglobulin kappa J region

Sox sex-determining region of Y chromosome-related high mobility-group box

TGFβ transforming growth factor beta;

TβRII transforming growth factor β receptor II.
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Fig. 1. 
Overview of SOX4, SOX9, and SOX17 in hepatobilliary development and injury.

(A) A proposed model of how SOX17 regulates the segregation of foregut endodermal 

organs. Initially foregut progenitors co-express SOX17 and HHEX. The first segregation 

occurs when SOX17 becomes downregulated in the hepatic progenitors. Next SOX17 and 

PDX1 expression segregates so that SOX17+ cells form the extrahepatobiliary primordium 

and PDX1+ cells generate the ventral pancreas primordium [modified from 7]. (B) A 

schematic showing that SOX9 and SOX4 cooperate to regulate differentiation of intrahepatic 

biliary cells and morphogenesis of bile ducts. (C) During liver injury, SOX9+ intrahepatic 

biliary cells can convert into HNF4a+ hepatocytes and vice versa. SOX9 is also upregulated 

in activated hepatic stellate cells that secrete extracellular matrix proteins (blue) to cause 

liver fibrosis.
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Figure 2. Overview of SOX4 and SOX9 function in pancreas development
(A) A schematic showing a positive feedback loop between PDX1 and SOX9 that promotes 

pancreatic specification while repressing intestinal fate at E8.75 [modified from 70]. (B) 

During primary transition, FGF10 from the pancreatic mesenchyme is transduced by 

FGFR2b to maintain SOX9 expression in the multipotent pancreatic progenitors. SOX9 in 

turn maintains FGFR2b expression in the same cell. SOX9 also regulates HES1 expression. 

The interplay between SOX9, FGF10, FGFR2b, and HES1 preserves the pancreatic cell fate 

[modified from 72]. (C) Different levels of Notch signaling control endocrine versus ductal 

cell fate through regulating expression of SOX9 and HES1 during secondary transition 

[modified from 65]. (D) A proposed model showing that SOX4 and NGN3 co-bind the 

promoters of downstream transcription factors to regulate differentiation and maturation of 

β-cells in mouse and α-cells in zebrafish.
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