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ABSTRACT
Developmental processes are remarkably well
conserved among species, and among the most
highly conserved developmental regulators are
transcription factor families. The Onecut transcription
factor family consists of three members known for
their single “cut” DNA-binding domain and an
aberrant homeodomain. The three members of
the Onecut family are highly conserved from
Drosophila to humans and have significant roles
in regulating the development of diverse tissues
derived from the ectoderm or endoderm, where
they activate a number of gene families. Of note,
the genetic interaction between Onecut family
members and Neurogenin genes appears to be
essential in multiple tissues for proper specification
and development of unique cell types. This review
highlights the importance of the Onecut factors
in cell fate specification and organogenesis,
highlighting their role in vertebrates, and discusses
their role in the maintenance of cell fate and
prevention of disease. We cover the essential
spatial and temporal control of Onecut factor
expression and how this tight regulation is
required for proper specification and subsequent
terminal differentiation of multiple tissue types
including those within the retina, central nervous
system, liver and pancreas. Beyond development,
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Onecut factors perform necessary functions in
mature cell types; their misregulation can contribute
to diseases such as pancreatic cancer. Given the
importance of this family of transcription factors
in development and disease, their consideration
in essential transcription factor networks is
underappreciated.
KEYWORDS: onecut, pancreas, liver, nervous
system, transcription factor
1. Introduction to Onecut factors
The history of the Onecut (Oc) family of
transcription factors begins, as does the history of
many transcription factors, in Drosophila. Work
carried out by Jan and colleagues discovered that
mutations in the cut locus in Drosophila resulted
in the transformation of external sensory organs
into chordotonal organs during embryonic
development [1, 2]. They subsequently showed
that the protein product of the cut locus was a
nuclear homeodomain-containing protein that was
necessary for the development of sensory precursor
cells within the extrasensory organ [1, 3]. The Cut
protein also contained a DNA-binding domain
distinct from, and unrelated to, the homeodomain,
thereafter called a “cut” domain. Since its initial
discovery, multiple transcription factors containing
cut domains have been identified, but many of those
factors contain multiple cut repeats. This review
will focus on the Onecut family of transcription
factors, all of which contain a single cut domain.
While Onecut proteins have been identified and
studied in many model systems since their discovery,
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this review will focus on their role in mammalian
systems.
The first identified mammalian paralogs of the
Drosophila cut domain were the murine Clox (Cut
like homeobox) factors, which contain three cut
domains in addition to a homeodomain and as
such are not Onecut factors [4]. However, much
of the earliest work on Onecut factors in mammals
focused on their role in the liver. During studies of
liver-enriched transcription factors, a protein was
identified that could bind to the 6-phosphofructo2-kinase/fructose-2,6-bisphosphatase promoter with
high affinity. It was named Hepatic nuclear factor
6 (Hnf6) based on its expression pattern and
unique DNA-binding characteristics, which separated
it from previously identified hepatic nuclear
factors such as Hnf1α and β, Hnf3α and β (FoxA1
and 2, respectively), and Hnf4α. Characterization
of the Hnf6 protein revealed that it contained a
single domain homologous to the Drosophila cut
domain at the N-terminus and a novel, divergent
homeodomain at the C-terminus [5, 6]. Based on
homology to Hnf6, a second and third Onecut
factor were identified in the liver: Onecut 2 (Oc2)
and Onecut 3 (Oc3), respectively [7, 8]. Hnf6 has
since been renamed Onecut 1 (Oc1). The expression
patterns of Oc2 and Oc3 frequently overlap with
Oc1 and they have some of the same transcriptional
targets, but the relationship between these factors
is context-dependent and will be covered in greater
detail in sections below.
Two Hnf6/Oc1 variants were identified in the rat,
namely Hnf6α and Hnf6β. Hnf6β contains an
additional 26 amino acids in the linker region
between the cut domain and the homeodomain
that are not present in Hnf6α. The resulting
structural difference does confer a slight variation
in DNA-binding affinity in vitro, but the presence
of more than one Oc1 isoform has not been
identified in other organisms. Therefore the
significance of the Hnf6β isoform in the rat is
unclear [9]. Further investigation into the function
of the Oc factors revealed that the homeodomain
was dispensable for binding to the DNA of some,
but not all, transcriptional targets. Conversely,
binding to some targets of Oc1 does not require
the cut domain and instead relies upon the
homeodomain. In many circumstances, the non-
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DNA bound DNA-binding domain participates
in the recruitment of transcriptional co-factors
such as the CREB-binding protein (CBP) or
CCAAT/enhancer-binding protein α (C/EBPα) for
transcriptional activation [10, 11]. Interestingly,
acetylation of the Oc1 protein itself by CBP is
necessary for increased Oc1 protein stability and
transcriptional activity and hence this recruitment
of CBP by Oc1 is necessary for its function [12].
Together, these data indicate that the function of
the Oc factors is complex and their role at a given
target gene is promoter context-specific [13].
As will become evident, this unique family of
transcription factors has an important role in the
development of several different organs. The
endodermally-derived hepatobiliary tract as well
as the pancreas both rely on the Oc factors for
proper differentiation of many mature cell types
(Figure 1). Likewise, the ectodermally-derived
retina and motor neurons require Oc factors for
development of full function. This review will
discuss the importance of these factors in each
context as well as the similarities and differences
between each system.
2. Oc factors control development of the
hepatobiliary tract
The hepatobiliary tract is composed of the liver,
gall bladder and associated duct network. The liver
performs vital functions in fetal hematopoesis,
xenobiotic detoxification, metabolism, glycogen
storage and glucose mobilization. The gallbladder
stores the bile produced by the liver prior to its
use in lipid digestion. The primary cell type of the
liver, the hepatocyte, performs many of the
functions essential to the liver, but the other cell
types also play vital roles including regeneration
and bile transport. The Oc factors are expressed in
hepatocytes as well as in the other primary cell
type in the liver, cholangiocytes, which make up
the hepatic bile duct [14]. A substantial body of
work in the liver has contributed to our knowledge
of the expression and function of Oc1, including
identification of both direct and indirect transcriptional
targets. The consensus DNA binding sequence for
Oc1 was identified through its activity in binding
to the FoxA2 (formerly Hnf3β) promoter, which in
turn regulates other liver-enriched transcription
factors [15]. Subsequently, Oc1 has been shown
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Figure 1. Implications of Oc1 loss in disease. The pancreas and liver, both endodermally-derived organs, are
impacted by loss of Oc1 during development and disease. Top: Oc1 heterozygosity causes defects in glycogen
breakdown, resulting in increased glycogen stores in the liver, as shown by Periodic Acid Schiff staining in 3-week
old mouse livers (pinkish purple). Bottom: Oc1 is expressed in the nuclei of normal, healthy ducts and acini of
human pancreas. Its expression is lost entirely from lesions of pancreatic ductal adenocarcinoma (PDAC).

to be a regulatory factor for many genes regulating
hepatic development and function, thus implicating
it as a critical factor regulating hepatocyte and
cholangiocyte identity (Figure 2) [16, 17]. This
section will focus on the important role of the
Oc factors in development and disease of the
hepatobiliary system.
2.1. Liver development

The mouse liver is specified from the definitive
foregut endoderm via signals derived from
the cardiac mesoderm and septum transversum
mesenchyme (STM) at approximately e8.5. At
that time, the endodermal cells initiate a program
of hepatic gene expression that includes Oc1/2,
FoxA2 and Hnf4α amongst others. Early hepatoblasts
in the primordial liver bud proliferate and expand
into the surrounding mesenchyme. Oc1/2 perform
partially redundant roles in this process as
inactivation of both factors resulted in a hypoplastic
liver by e9.5 in spite of normal hepatoblast
numbers between e8.5 and e9.5. Rather, it appears
that Oc1/2-deficient livers fail to expand due to
impaired hepatoblast delamination and invasion

of STM. Indeed, delayed degradation of the basal
lamina surrounding the hepatic bud was evident at
e9.5 and possibly explained by increased expression
of Thrombospondin-4 (a pro-adhesion glycoprotein)
and reduced expression of osteopontin (a promigration glycoprotein) [18]. By e11.5, hepatoblasts
do begin to invade the STM, but degradation of
the basal lamina never reaches the same extent as
controls.
In addition to regulating genes associated with
hepatoblast migration, Oc1/2 regulate many of the
genes necessary for differentiation of hepatoblasts
into hepatocytes and further regulate their mature
function (Figure 2). Indeed, Oc1/2 activate expression
of other hepatic nuclear factor (Hnf) transcription
factors essential for liver development (although
these are not, in fact, structurally related proteins).
These include the winged helix transcription
factors FoxA1 and 2 (Hnf3α and β, respectively)
and the fatty acid-binding nuclear receptor Hnf4α
[15, 19]. Oc1 directly binds to and activates the
promoters of FoxA2 and Hnf4α while Oc2 binds
to and activates the promoter of Hnf4α [16, 20].
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differentiation and proliferation of developing
hepatocytes. GH signaling in vivo or treatment of
rat liver nuclear extracts with GH stimulation
in vitro increases Oc1 transcript levels. GH reduces
expression of the liver-enriched transcription
factor C/EBPα, alleviating repression of Oc1 and
allowing for a rapid increase in Oc1 expression
[25]. GH-mediated Oc1 activation in hepatocytes
increases expression of some cytochrome P450
genes in a female-selective manner [26, 27]. The
importance of Oc1 in female-specific liver function
remains unclear.
2.2. Liver function

Figure 2. Network of Oc factor targets and associated
processes. Oc factors regulate a common network of
transcription factors in different tissues during development
to promote differentiation of multiple different mature
cell types. This regulation carries over to function of
mature cells in the liver through regulation of glucoseprocessing enzymes.

Together, these direct Oc transcriptional targets
regulate the transcription factor network necessary
for hepatocyte differentiation. Oc1 can also
physically interact with both FoxA2 and Hnf4α,
but its activity is not dependent upon those
interactions [21].
Importantly, Oc1 can also act as a transcriptional
repressor in the liver. Work in cell lines derived
from Oc1-null embryonic mouse livers revealed
increased expression of FoxA1 and some TGF-β
response genes as well as increased expression
of TGF-β receptor II [22, 23]. These data are
particularly interesting since they implicate Oc1
not only as a direct transcriptional regulator, but
also an indirect modulator of intracellular signaling.
Further, Oc1 also impacts gene expression through
regulation of microRNAs. Indeed, the liver-specific
microRNA miR-122 is substantially reduced in
e15.5 Oc1-null livers. While little is known about
the targets of miR-122 during liver development,
miR-122-null mice have severe impairments in
the process of hepatoblast differentiation to
hepatocytes, thus indicating the importance of the
Oc1-miR-122 axis [24]. Thus, the Onecut factors,
and Oc1 in particular, are vital to proper
hepatocyte differentiation and development.
An interesting role for Oc1 is as a key regulator of
the response to growth hormone (GH) in the

In addition to other transcription factors, Oc
factors regulate expression of many genes that are
essential for liver function (Figure 2). Among the
most important of these are glucokinase (Gck) and
the glucose transporter Glut2 [28, 29]. Oc1 binds
to and activates the glucokinase promoter in
hepatocytes; loss of Oc1 results in a 50% reduction
in glucokinase levels [28]. Likewise, over-expression
of Oc1 in hepatocytes increases expression of
Glut2, thereby increasing the ability of those cells
to take up glucose [29]. The role of Oc1 in
regulating hepatocyte function is thus most important
for the regulation of glucose homeostasis and
hepatic glucose output. In brief, hepatocytes store
excess glucose in the form of glycogen. Glycogen
can be broken down to free glucose in times of
need (eg. fasting, exercise, etc.) for elevation of
systemic glucose levels. Both glucokinase and Glut2
have essential roles in this glycogen/glucose flux.
In the absence of Oc1, glycogen is not properly
metabolized to glucose and remains stored at
relatively elevated levels in hepatocytes, leading
to hypoglycemia (Figure 1). This role for Oc1 in
regulation of genes associated with glucose
homeostasis has larger implications for systemic
diseases such as diabetes.
2.3. Biliary tract development and function

The gallbladder, the intrahepatic and extrahepatic
bile ducts (IHBD and EHBD, respectively), and
the primary bile duct constitute the biliary tract
whose function is storing and transporting bile
produced by hepatocytes to the duodenum. The
entire biliary tract develops from the same early
progenitors as the liver; thus the transcription
factors regulating differentiation and development
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of the biliary tract largely overlap with those of
the liver. Differentiated cells of the bile ducts are
known as cholangiocytes. The Oc factors are also
necessary for proper differentiation of cholangiocytes.
Indeed, in the absence of Oc1, development of the
biliary tract fails, there is no gall bladder, and both
the IHBD and EHBD are malformed. This duct
malformation may be due to decreased expression
of the Oc1 target, Hnf1β, which is essential for
proper bile duct development and formation of
primary cilia (Figure 2) [30, 31]. Additionally,
Oc1-null mice lack primary cilia in the biliary
epithelial cells, which could further explain the
duct defects, since primary cilia serve as extracellular
sensors and are an integral component of cellular
signaling.
An interesting interaction has been observed
between Oc1 and Notch signaling in promotion
of IHBD development. Notch signaling has an
integral role in IHBD development and in part
regulates expression of Oc1 [32]. Loss of Oc1 and
Notch signaling within the bipotential hepatoblast
progenitor cells (which give rise to both
hepatocytes and biliary epithelial cells) resulted in
substantial IHBD malformation including a
decreased epithelial cell pool and reduced ductal
branching that was more severe than inactivation
of either component alone [33]. Interestingly,
C/EPBα represses Oc1 in biliary progenitors just
as it does in developing hepatocytes. Inactivation
of C/EBPα in embryonic liver is sufficient to upregulate Oc1 and convert early hepatoblasts to a
biliary fate [34]. Oc1 functions through activation
of a transcription factor network that includes
Hnf1β to promote bile duct development.
However, the Oc factors appear to be necessary
exclusively during development of the biliary
tract since neither Oc1 nor Notch signaling are
necessary for regeneration of adult cholangiocytes
following injury [35].
Although no studies to date have examined the
role of Oc3 in the development of the biliary tract
in mammals, there is evidence for a role for Oc3
in zebrafish. Onecut3 has been determined to be
the functional ortholog of mammalian Oc1 in
zebrafish since it serves a nearly identical function
[36]. Complicating the matter, there is also a
zebrafish hnf6 gene expressed in the developing
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biliary tract, which operates in a regulatory loop
with onecut3. The exact roles of these factors are
not yet fully elucidated, but loss of either factor
(hnf6 or onecut3) does result in malformation of
the zebrafish bile ducts [36]. Clearly the role for
the Onecut factors in the development of the
biliary tract is an essential and conserved process.
2.4. Hepatobiliary disease

Given the importance of the Onecut factors for
development of the entire hepatobiliary system, it
is not surprising that developmental defects could
result in liver disease. As noted above, one of
the most important roles of Oc1 is to direct
development of the IHBD and EHBD. The
phenomenon of ductal plate malformations (the
ductal plate is composed of biliary epithelial cell
progenitors and the associated portal vein
mesenchyme), or persistence of fetal biliary
structures postnatally, is attributed to improper
development of the biliary tract and contributes to
both Jeune Syndrome and Meckel Syndrome in
humans [37]. Oc1 and its downstream target
Hnf1β are necessary for biliary tract development
and in the absence of either factor, ductal plate
malformations including hepatic artery malformations
occur [30, 37, 38]. This malformation may be in
part due to the failure of ductal plates to contribute
to vasculogenesis in the portal mesenchyme [39].
Oc1 also plays a role in cancer of the liver in
humans. The direct Oc1 target miR-122 has antitumor effects and prevents hepatocellular carcinoma
through repression of tumorigenic genes such as
cyclin G1, A disintegrin and metalloprotease 10,
and insulin-like growth factor-1 receptor [40].
Oc1 is also capable of preventing replication of
the hepatitis B virus in hepatoma cells, which is
significant since chronic hepatitis B infection is a
leading risk factor for liver cancer [41]. Oc1 may
also contribute to hepatocyte recovery following
liver diseases such as hepatitis C infection or
hepatic necrosis. Indeed, human biliary epithelial
cells re-express OC1 following liver injury in a
process that is thought to contribute to hepatocyte
regeneration [42]. This data is further supported
by the fact that Oc1 over-expression in hepatocytes
stimulates expression of cyclins and tumor growth
factor (TGF) α to promote entry into S phase of
the cell cycle and thereby promote hepatocyte
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regeneration following injury [43]. In contrast,
expression of OC1 in the HepG2 human hepatoma
cell line results in cell cycle arrest [44]. These
data suggest that Oc1 promotes hepatocyte
terminal differentiation and may act as a tumor
suppressor, but is also important for tissue
regeneration.
3. Oc1 regulation of pancreas development
and disease
The pancreas is both an endocrine and exocrine
organ with dual roles in regulation of blood
glucose homeostasis and production of digestive
enzymes (Figure 1). The endocrine compartment,
composed of the islets of Langerhans, makes up
2% of the adult pancreas by mass and is
responsible for sensing blood glucose levels and
secreting endocrine hormones to maintain glucose
homeostasis. The exocrine compartment constitutes
the remaining 98% of pancreatic mass and is
predominantly composed of the digestive enzymesecreting acinar cells as well as the pancreatic
ducts, which transport those enzymes to the
rostral duodenum. All pancreatic cell types are
specified from endodermally-derived multipotent
pancreatic progenitor cells (MPCs) during
development. Several excellent detailed reviews
describe pancreas specification and development
[45-47]. Here we focus on the role of the Oc
factors in different stages of pancreas development
and the implications for adult pancreas function.
3.1. Pancreas specification

The pancreas is specified from the definitive
posterior foregut endoderm at approximately e8.5
in the mouse, with the dorsal pancreatic bud
emerging first. Cells within the dorsal bud are
marked by the joint expression of the transcription
factors Pancreatic and duodenal homeobox 1
(Pdx1), Pancreas-specific transcription factor 1a
(Ptf1a), SRY (sex-determining region-Y)-box 9
(Sox9), and Oc1 amongst others [45]. These
factors operate within a co-regulatory network to
promote pancreas specification, but are also
dependent on each other for activation. Oc1 has a
critical role in this capacity, especially with
respect to activation of Pdx1. Pdx1 is absolutely
critical for pancreas development and in
its absence pancreatic agenesis occurs [48-51].
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In addition to Pdx1, Oc1 positively regulates
several transcription factors involved in pancreas
development including Hnf1β, Hnf4α and FoxA2
(Figure 2) [20, 52, 53]. Oc2 expression largely
overlaps with Oc1 during pancreas specification,
but its expression within the whole pancreas
progressively decreases following e12.5 [54]. Oc3
expression completely overlaps with Oc1 in the
developing pancreas and liver, but its expression
appears to be entirely dependent on activation
by Oc1 as Oc1-null animals do not express Oc3
at any stage. The reliance of Oc3 on Oc1 for
expression is in contrast to Oc2 expression, which
is independent of Oc1 [55]. Importantly, Oc2 and
Oc3 are not fully redundant with Oc1 as these two
factors cannot fully compensate for the loss of
Oc1 during development, and combined inactivation
of Oc2/Oc3 does not impair pancreas development
[56]. Additionally, the pancreatic phenotype in
Oc1 null mutants is not exacerbated by the
additional inactivation of either Oc2 or Oc3,
indicating that those factors play a less significant
role in pancreas specification [7, 9, 56, 57].
3.2. Endocrine differentiation

The islets of Langerhans contain multiple different
hormone-secreting cells that regulate glucose
homeostasis. These are predominantly the insulinsecreting β cells and glucagon-secreting α cells,
which function to lower or raise blood glucose
levels respectively. All pancreatic endocrine cells
arise from a common pool of endocrine progenitor
cells that express the transcription factor
Neurogenin3 (Neurog3) [58]. There is evidence
that Neurog3-expressing cells are unipotent and
predominantly give rise to only one of the five
endocrine cell types, but it is unclear whether Oc
factors have a role in directing endocrine progenitors
toward a particular endocrine fate [59]. Oc1 is
necessary for proper induction of Neurog3, thus
initiating endocrine specification (Figure 2); Oc1
inactivation results in a near complete loss of
Neurog3-positive cells [57, 60]. Although Oc1
alone is capable of activating Neurog3 transcription,
it acts cooperatively with Pdx1 to increase
Neurog3 transcript levels in vitro, indicating the
importance of these two factors working together
to specify the endocrine lineage [61]. A few
hormone-positive cells persist in the absence of
Oc1; however, these cells do not express markers
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of mature endocrine cells suggesting that Oc1
is required for endocrine maturation [57, 60].
Although conservation is high between the Oc
factors, their lack of functional redundancy in
the endocrine lineage is highlighted by the inability
of Oc2/3 to promote Neurog3 expression and
endocrine specification in the absence of Oc1. Of
note, Oc2 is capable of binding and activating a
Neurog3 promoter element in vitro, yet there is no
rescue of Neurog3 expression in the absence of
Oc1 [56]. In addition, pancreata from Oc2/3double null mutants have normal Neurog3 protein
expression. Oc2 and Oc3 are expressed in the
developing enteroendocrine cells of the stomach
and intestine where Oc1 is never expressed. Oc2
and Oc3 are co-expressed with Neurog3 during
enteroendocrine differentiation. However, results
of Oc2/3 dual gene inactivation studies reveal that
they are also dispensable for enteroendocrine
differentiation [56].
Following endocrine specification, the role of Oc
factors becomes more nuanced. In addition to Oc1
activating the endocrine lineage program through
regulation of Neurog3, continued Oc1 activity is
required to ensure endocrine differentiation.
Deletion of Oc1 from committed endocrine cells
using a Neurog3-Cre driver results in some
endocrine progenitor cells being diverted to the
exocrine lineage [57]. Yet, Oc1 expression is
silenced later in the endocrine lineage and is not
detected in hormone-positive cells at any time
[52, 57]. Indeed, our group has shown that this
down-regulation of Oc1 is necessary for proper
differentiation and maturation of β cells.
Maintenance of Oc1 expression in the endocrine
lineage results in increased expression of Neurog3
and increased numbers of endocrine cells, but
defects in β-cell maturation. Sustained Oc1
expression in the β-cell lineage represses the
expression of the β-cell maturity markers MafA
and Glut2, leading to impaired β-cell function as
indicated by impaired glucose-stimulated insulin
secretion and insulin granule biosynthesis [62-64].
Activation of Oc1 in differentiated β cells using
the insulin promoter also results in decreased
insulin production and development of diabetes.
However, in this model there was increased β-cell
apoptosis and decreased β-cell mass that was not
observed when Oc1 was expressed earlier in the

49
endocrine lineage [65]. These data indicate that
Oc1 is critical for endocrine specification, but that
it acts only in the initial stages of specification
and commitment and in fact becomes detrimental
to endocrine cells at later stages of differentiation.
Temporal regulation and function of Oc2 and Oc3
has not yet been analyzed.
3.3. Exocrine differentiation

Oc1 expression is maintained at a high level in
ducts and a low level in acinar cells throughout
development and adulthood [57, 66]. Although
the role of Oc1 in differentiation of the acinar
cells is not fully elucidated, it clearly plays a role
in proper differentiation of ducts. Oc1 promotes
the duct cell fate by acting upstream of the
definitive duct marker Hnf1β (Figure 2). Indeed,
loss of Oc1 results in a greater than 2-fold
reduction in Hnf1β transcript levels during early
duct differentiation; a partial recovery of Hnf1β
occurs later in gestation. The increase in Hnf1β
later in development in the absence of Oc1 is
possibly due to up-regulation of Oc2 in an attempt
to compensate for the loss of Oc1 [52].
Although Oc1 is important for duct development,
it does not affect differentiation of all types of
pancreatic ducts equally. Loss of Oc1 does not
affect intercalated ducts (the smallest ducts within
the pancreas), but impairs interlobular and
intralobular ducts. As early as e12.5 ductal
branching is impaired in Oc1 mutants and dilated
ductal lumens as well as ductal cysts are apparent
by e15.5 [66]. Proliferation is increased in the
ductal epithelium in Oc1-null mutant mice and the
normal cuboidal squamous architecture is lost,
resulting in a multilayered epithelium that has
lost its polarity [57, 66]. The exact mechanism of
the ductal dysmorphogenesis is not yet fully
elucidated, but it is likely due in part to the loss of
primary cilia in duct cells that have lost Oc1
expression. Just as in the hepatobiliary system,
Oc1 is part of a transcriptional regulatory pathway
that includes Hnf1β and Prox1, and regulates the
transcription of genes involved in the formation of
primary cilia, such as Pkhd1 and Cys1 (Figure 2).
Expression of both Hnf1β and Prox1 is reduced
in the Oc1-null pancreatic ductal epithelium [57,
66]. Oc2 and Oc3 cannot compensate for Oc1
with respect to primary cilia formation, as at no

50
point during development do those structures
develop in the ductal epithelial cells. Additionally,
Oc2-null animals have normal duct and cilia
formation indicating that Oc1 is the primary Oc
factor regulating exocrine development. Interestingly,
these results and regulatory networks are very
similar to those of the developing IHBD, suggesting
commonalities in function.
3.4. Pancreatic disease

Given the importance of Oc1 for the development
of β cells and pancreatic ducts, it is not surprising
that loss or mis-expression of Oc1 could predispose
one to disease. Oc1 dysfunction could contribute
to defects in human pancreas development
through its regulation of Pdx1 expression [48, 67].
Loss of Pdx1 expression results in pancreas
agenesis in humans and mice, but some instances
of human pancreatic hypoplasia or agenesis linked
to impaired Pdx1 expression show no alterations
in the Pdx1 coding region. In these cases,
decreased Pdx1 expression could result from
changes in the binding sites for, or the activity of,
upstream regulatory factors such as Oc1, although
this has not yet been confirmed.
Oc1 also regulates transcription factors and functional
genes associated with diabetes, including transcription
factor genes associated with monogenic forms of
diabetes known as maturity onset diabetes of the
young (MODY). Oc1 directly regulates Pdx1
(MODY 4), Hnf4α (MODY 1), and in the liver,
glucokinase (MODY 2), and participates in a
network regulating Hnf1β (MODY5) [20, 28, 50,
52]. In addition, decreased or prematurely
silenced Oc1 expression in the endocrine lineage
would be predicted to result in fewer differentiated
endocrine cells, potentially predisposing one to
diabetes later in life.
A stronger connection has been drawn between
Oc1 and exocrine pancreas disease. Inactivation
of Oc1 in the developing pancreatic epithelium
results in ductal hyperplasia, ductal cysts and
periductal hemorrhaging. Further, acinar-to-ductal
metaplasia (ADM), an injury response by acinar
cells, was prominent and was similar in many
respects to human pancreatitis [68-70]. Histological
analysis revealed that OC1 is up-regulated in
human pancreatic acinar cells undergoing ADM,
but OC1 expression is reduced in pre-cancerous
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pancreatic intraepithelial neoplasia (PanIN) lesions.
Likewise, mouse models of ADM show a transient
up-regulation of Oc1, but expression becomes
reduced when the lesions progress to PanINs
(Figure 1). These results suggest a threshold level
of Oc1 between normal acini and ducts with
higher levels of Oc1 being required for the duct
phenotype [71, 72]. Unexpectedly, the transient
up-regulation of Oc1 in ADM occurs independently
of the pro-duct transcription factor Sox9. Rather,
Oc1 up-regulation in ADM seems to be due
in part to loss of micro-RNA-mediated Oc1
repression. Loss of micro-RNAs (through Dicer
inactivation) in acini results in development of
ADM, and this is dependent on Oc1 activity [73].
The Jacquemin group has also shown that overexpression of Oc1 in acinar cells is sufficient to
drive ADM onset [72]. These results indicate that
Oc1 (or its downstream effectors) is necessary for
development of a ductal phenotype, and that
different threshold levels of Oc1 regulate an
acinar rather than duct phenotype [72]. ADM is
considered by many to be a precursor lesion for
PanINs, which are very commonly precursors to
pancreatic ductal adenocarcinoma (PDAC). As
mentioned above, decreasing Oc1 expression
correlates with increasing severity of PanINs in
mice and humans. Indeed, OC1 is nearly undetectable
in samples of human PDAC (Figure 1) [71].
These results are particularly interesting given
that Oc1 has been shown to act through p53 to
prevent epithelial-to-mesenchymal transition in
lung cancer cells, setting a precedent for its role as
a tumor-suppressor [74]. Together, these results
demonstrate that Oc factors, especially Oc1, may
have a role in maintaining the differentiated state
of the exocrine pancreas, and that loss of Oc1
leads to diseases of the exocrine pancreas.
3.5. Directed differentiation

Of particular interest to the pancreas field is the
directed differentiation of either embryonic or
induced pluripotent stem cells to a β-cell fate.
These protocols attempt to mimic the signaling
that normally occurs during in vivo differentiation.
With respect to directed differentiation of β cells,
embryonic or induced pluripotent stem cells
are manipulated in a step-wise fashion using
activators and inhibitors of different growth factor
signaling pathways through the following stages:
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from definitive endoderm, through posterior foregut,
pancreatic progenitor, endocrine progenitor and
finally, β cell [75]. Given that Oc1 regulation
plays critical roles throughout this progression, it
is surprising that it has not been utilized in
protocols for in vitro differentiation of β cells.
However, it has been used as a marker of effective
differentiation down the posterior foregut pathway.
Indeed, effective induction of Pdx1 and thus
differentiation to definitive endoderm is often
measured by expression of Oc1 [76]. Signaling
molecules including retinoic acid, activin A, FGF
and BMP are all capable of inducing an Oc1expressing definitive endoderm, and in many
cases even more highly differentiated cell types
[77-79].
4. Role of Oc factors in neural development
and function
A role for the Oc factors in neuronal development
has been identified in many model systems
indicating an important conserved function. While
the discovery of the cut locus in Drosophila
indicated its function in differentiation of the
external sensory organs, the protein produced
from that locus in fact contained three cut repeats.
A paralog of mammalian Oc1 was identified in
Drosophila named D-Onecut, which has a unique
role in regulation of photoreceptor cell differentiation
[80]. Indeed, Oc orthologs regulate neural cell
specification and differentiation in ascidians,
zebrafish, Xenopus and C. elegans [6, 81-83].
Thus, the various cell types of the nervous system
may represent the broadest and most diverse
population where the Oc factors regulate cell
lineage specification and differentiation.
4.1. Retina

The retina serves as the light-sensing part of the
eye and is a direct extension of the central nervous
system. It is a multilayered network of neurons that
ultimately feeds sensory information to the optic
nerve, which in turn relays signals directly to the
brain. There are seven mature cell types within the
neural retina, all of which differentiate from
retinal progenitor cells (RPCs) in a sequential
manner as directed by specific transcription factor
cues [84]. In the mouse, retinal differentiation
takes place between e11.5 and P8. A microarray
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performed on e14.5 retinas identified Oc1 amongst
the transcription factors expressed during retinal
differentiation. Interestingly, many of the other
transcription factors identified in retinal development
are also part of the Oc1 regulatory network in
pancreas development (Figure 3). These include
Neurogenin-2, Pax6, NeuroD, Isl2 and Sox9 [85].
Of particular note, a homolog of Neurogenin-2,
Neurogenin-3, is a direct target of Oc1 in the
developing pancreas. This connection brings
attention to how transcription factor families and
gene regulatory networks can be connected and
co-opted during differentiation of otherwise
unrelated cell types during development.
The role of Oc factors in promoting specific cell
fates during retinal development is a rather recent
focus in the field. Oc1 and Oc2 have overlapping
expression patterns early in development, which,
for the most part, persist into the perinatal period.
Oc1 and Oc2 appear to promote retinal ganglion
cell development from RPCs through enhancing
expression of Math5, Isl1 and Pou4f2 [86]. The
other major retinal cell type promoted by Oc1 and
Oc2 is the horizontal cell. These cells serve to
connect the photoreceptors of the retina and
propagate signals laterally within the inner
nuclear layer. Interestingly, retinal-specific Oc1
gene inactivation results in an 80% reduction in
the horizontal cell population, but no other cell
types are substantially affected [87]. Inactivation
of both Oc1 and Oc2 results in a complete
absence of horizontal cells and more modest
reductions in cones, retinal ganglion cells and
starburst amacrine cells [87, 88]. The network of
transcription factors implicated in horizontal cell
differentiation from RPCs has striking similarities
to specification of pancreas from the endoderm.
Indeed, during the differentiation of horizontal
cells from RPCs, Oc1 acts in parallel with Ptf1a
and in conjunction with Otx2 to promote
expression of Prox1 and Lim1, thereby driving a
horizontal cell fate [87, 89]. In the pancreas, Oc1
also acts in parallel with Ptf1a to activate gene
expression programs for the development of the
exocrine cell types. These include Prox1 in duct
development as well as many others. However,
Oc1 and Oc2 are downstream effectors of Pax6
in horizontal cells whereas Oc1 acts upstream
of Pax6 in the pancreatic endocrine lineage [90].
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Figure 3. Common targets and co-factors of Oc factors. The Oc factors operate within common gene
expression networks in multiple different tissue types. Shown here, the ectodermally-derived tissues
(retina and neurons; light gray) and endodermally-derived tissues (hepatobiliary and pancreas; darker
gray) share many of the same downstream targets that promote development of their respective cell types.

The parallels between the retinal transcription
factor network and that of the developing
pancreas should not be too surprising given the
similarities in function between neurons that
package and secrete neurotransmitters in response
to cell depolarization, and endocrine cells that
package and secrete hormones in response to cell
depolarization. Only 20 years ago, it was thought
the pancreatic endocrine cells originated from
an ectodermally- or neuronally-derived lineage
(such as the neural crest) that migrated into the
pancreas. Lineage tracing studies revealed that
pancreatic endocrine cells are derived from the
endoderm, just like the exocrine cells [91].
4.2. Motor neurons

Oc factors show high conservation of function to
specify neuronal cell types in multiple model
organisms [81-83, 92]. As previously noted, the
Oc factors tend to operate within regulatory
pathways containing similar families of transcription
factors, regardless of cell type or germ layer
(Figures 2 and 3). Indeed, in ascidians Neurogenin
activates Oc, which in turn acts in an autoregulatory
loop to promote expression of both factors,
indicating that these parallels in developmental
transcription factor networks are not limited to
mammalian or even vertebrate systems [93].

Much of the initial in-depth work investigating the
neuronal function of Oc factors was in the setting
of motor neuron development. Motor neurons
differentiate from a region within the spinal cord
called the progenitor motor neuron (pMN)
domain. In the pMN domain, Oc factors are
expressed early and participate in a network with
other transcription factors such as Neurogenin-2,
Pax6, Nkx6.1 and Isl1/2 [94, 95]. Of note, while
all three Oc factors are expressed in the
developing pMN domain, they follow the same
temporal expression pattern observed in the
endoderm, with Oc1 expression activated first and
most highly expressed followed by Oc2 and Oc3
at progressively lower levels. As development
proceeds, and motor neurons born from the pMN
domain mature, the Oc expression pattern changes
with Oc1 becoming reduced, Oc3 becoming
undetectable and Oc2 having a modest increase in
expression [95]. The decrease in Oc1 expression
can in part be explained by an increase in
expression of miR-9, which is capable of
repressing Oc1 expression both in vitro and
in vivo [96]. Oc1 also regulates the formation of
neuromuscular junctions formed by motor
neurons. In the absence of Oc1, motor neuron
atrophy occurs and neuromuscular junctions fail
to form properly [97]. However, the Oc factors are
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not limited to regulating the development of motor
neurons in mice; many other types of neurons rely
upon this family of factors. For example, Oc1 is
also necessary for proper organization of
cerebellar Purkinje cells as well as differentiation
of Renshaw cell interneurons, both of which are
essential for proper locomotion [98, 99].
4.3. Dopaminergic neurons

The Oc factors function in the development of a
diverse set of neurons within both the central and
peripheral nervous systems. The mesodiencephalon
is a nucleus of dopaminergic neurons controlling
motor function and cognitive ability. All Oc family
members are expressed in the mesodiencephalon
early in development, but Oc1 expression is lost
by e12.5 whereas Oc2/3 expression is maintained.
Loss of Oc1 results in a reduction in the number
of Th (tyrosine hydroxylase)-positive neurons
(which convert L-tyrosine to the dopamine
precursor L-DOPA) in the mesodiencephalon.
Loss of all three Oc factors further reduced the
Th-positive neuron population indicating a partially
redundant function in development of those cells
[100]. Oc1 appears to affect the differentiation of
Th+ cells through direct regulation of the transcription
factor Lmx1a, which in turn promotes expression
of Neurog2 and Nkx6.1 [101]. Oc factors regulate
the development of many other dopaminergic cell
types. Oc2 is expressed in developing trigeminal
neurons, which innervate the face, and in its
absence there is loss of projections from those
neurons [102]. Further, there is complete loss of
neurons in the rhombencephalic mesencephalic
trigeminal nucleus in the absence of any Oc
factors indicating that they are indispensible for
differentiation of those cells [103]. In another
dopaminergic nucleus, the A13 dopaminergic
nucleus, all three Oc factors are expressed during
development with Oc1 having the highest and
most prolonged expression. A13 dopaminergic
neurons still differentiated in Oc1/2 compound
mutants, but they were not maintained properly
and they aberrantly spread into other regions.
Interestingly, Oc1/2 again operate within a
network including the transcription factors Pax6
and Isl1, further indicating the importance of
these shared developmental networks among
vastly different organ systems [104].
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While no direct connections have been made
between Oc factors and neuronal disease, it is
quite possible that differentiation defects in
any one of a number of different neuronal cell
types could predispose an individual to disease
development. Indeed, the mesodiencephalic
dopaminergic neurons, whose differentiation is
regulated by Oc1, are associated with development
of Parkinson’s disease [100, 105]. Additionally,
the multifaceted regulation of neuromuscular
development by Oc factors could contribute to
impairments in locomotion and muscle function if
a loss of the Oc factors were to occur. Taken
together, it is clear that the Oc family is vital for
establishing and maintaining many different neuron
populations, and that this regulation largely is
within the same network of transcription factor
families also important to development of other
organ systems.
5. Conclusion
Although the Oc factors are expressed in a broad
array of tissues, they serve similar functions in
each of them (Figure 3). They are capable of
promoting differentiation and maturation of a
multitude of different cell types derived from both
the endoderm and ectoderm. The Oc factors,
especially Oc1, operate within very similar gene
networks to perform this function with common
cofactors and effectors such as Neurogenin2/3,
Pax6, Prox1, Hnf1β and others. The unique
environments of the progenitor cells in which
these networks are active likely confer the
specificity leading to the vastly different mature
cell types. While Oc factors are predominantly
expressed during development, they also clearly
have a function in maintaining the mature
differentiated state of multiple cell types, thereby
conferring protection from disease. This unique
family of transcription factors thus provides a
perfect example of how regulation of developmental
processes can have longstanding effects on adult
disease.
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