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Abstract
The transcription factor Ptf1a is a crucial helix–loop–helix (bHLH) protein selectively expressed in the pancreas, retina, 
spinal cord, brain, and enteric nervous system. Ptf1a is preferably assembled into a transcription trimeric complex PTF1 
with an E protein and Rbpj (or Rbpjl). In pancreatic development, Ptf1a is indispensable in controlling the expansion of 
multipotent progenitor cells as well as the specification and maintenance of the acinar cells. In neural tissues, Ptf1a is tran-
siently expressed in the post-mitotic cells and specifies the inhibitory neuronal cell fates, mostly mediated by downstream 
genes such as Tfap2a/b and Prdm13. Mutations in the coding and non-coding regulatory sequences resulting in Ptf1a gain- or 
loss-of-function are associated with genetic diseases such as pancreatic and cerebellar agenesis in the rodent and human. 
Surprisingly, Ptf1a alone is sufficient to reprogram mouse or human fibroblasts into tripotential neural stem cells. Its pleio-
tropic functions in many biological processes remain to be deciphered in the future.

Keywords  Pancreatic development · Retinal development · Transcriptional regulation · Cell fate specification · Acinar 
cells · Inhibitory neurotransmitter · GABAergic · Glycinergic · Glutamatergic · Diabetes · Somatic cell reprogramming · 
Inheritable

Introduction

A helix–loop–helix (HLH) protein structure motif was first 
described by Murre and colleagues in 1989 [1]. The typi-
cal HLH motif is characterized by a loop connecting two 
α-helices, among which the larger helix contains the basic 
amino acid residues that can bind DNA in the major groove, 
and the smaller helix allows dimerization by folding and 
packing against another helix. The HLH transcription fac-
tors can form homodimers or heterodimers, and bind to a 
consensus DNA sequence motif called E-box, CANNTG (N: 
A/C/T/G) [1, 2], or an E-box-like sequence, CAYRMK (Y: 
C/T; R: A/G; M: A/C; K: G/T) [3].

More than 240 HLH proteins have been identified and 
can be categorized into seven groups based on their tissue 

distributions, DNA-binding specificities, and dimerization 
capacities [4, 5]. Notably, the class I HLH members (E pro-
teins) are ubiquitously expressed in almost all tissues. They 
assemble into heterodimers or homodimers and bind to the 
canonical E-box only. The class I members include E12 and 
E47 (alternatively spliced E2A, or TCF3), E2-2 (TCF4) 
and HEB (TCF12) in the vertebrates. The class II members 
are distributed in certain tissues specifically. Most of them 
cannot form homodimers, but preferably form heterodimers 
with class I members and bind both E-box and E-box-like 
sequences. The majority of HLH proteins belong to class II. 
The class V members, including inhibitors of DNA-binding 
(ID), lack the basic DNA-binding region. The ID proteins 
are usually low in mature cells but abundant in proliferating 
or differentiating cells. They are capable of forming het-
erodimers with E proteins or class II proteins, but unable 
to bind DNA and hence act as negative regulators of tran-
scription [6, 7]. Other HLH classes will not be discussed 
here. The variations in E-box and E-box-like sequences and 
diversities in homodimers and heterodimers provide many 
possibilities in transcriptional control. The HLH proteins 
represent one of the most important transcription factor 
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families regulating cell proliferation, specification and fate 
determination in development.

The pancreas-specific transcription factor 1a, Ptf1a (alias: 
bHLHa29, PTF1-p48, Ptf1p48, p48 DNA-binding subunit of 
transcription factor PTF1), is a class II HLH member. Ptf1a 
was named after the transcription factor PTF1 [8], which is 
a transcription complex composed of three distinct subunits, 
p75, p64 and Ptf1-p48. The p75 subunit was later identified 
as the HEB protein, and could be replaced by E47 in a small 
fraction of the PTF1 complexes [9]. HEB or E47 forms a 
HLH heterodimer with Ptf1a and together bind to the E-box 
[9]. The p64 subunit turns out to be Rbpj (CBF1/Rbpjκ/
Su(H)/Lag-1, CSL) [10] that binds the TC-box (TTT​CCC​
) consensus sequences [11]. In mature acinar cells, Rbpj is 
replaced by Rbpjl in the complex [12, 13]. Simultaneous 
binding to the bipartite cognate sites (E-box and TC-box) is 
required for PTF1 transcriptional activity.

Accumulating data indicate that Ptf1a plays a critical role 
in controlling development and physiological function of 
many organs, including pancreas, brain, spinal cord, retina 
and others. We will give a deliberate review about the past 
findings and the important advances.

Genomic, RNA and protein structures 
of Ptf1a

The evolution history of Ptf1a gene can at least be traced 
back to as early as sea urchin [14]. The sea urchin ortho-
logue of Ptf1a is expressed in a unique population of cells 
in the embryonic stomach. These cells co-express exocrine 
cell markers and resemble vertebrate pancreatic exocrine 
cells in genetic regulatory network [14]. Though the func-
tion and role of Ptf1a seem to be evolutionarily preserved, its 
genomic sequences vary highly in many species and are not 
much conserved when compared with the extent of conser-
vation of ancient transcription factor genes such as the Hox 
family. Typical Ptf1a genomic structure is composed of two 
exons and one intron as shown in the mouse genome (Fig. 1a). 
Alignment of 60 vertebrate Ptf1a genome sequences revealed 
several highly conserved regions, including the 5′ promoter 
region, the bHLH domain region in exon 1, the exon 2 coding 
region, and the 3′ untranslated region (UTR) (Fig. 1a). The 
conserved 5′ promoter region is very close to the transcription 
start site (TSS) and contains transcription factor binding sites 
that are critical for the regulation of transcription initiation. 
Hundreds of potential transcription factor binding sites within 
500 bp upstream of the mouse Ptf1a TSS site are predicted by 
PROMO (v3) with a dissimilarity margin less or equal to 15%. 
It must be emphasized here that the 3′ regulatory regions are 
extremely important for Ptf1a transcription. One 3′ conserved 
enhancer region, about 400 bp located at 25 kb downstream of 
the coding sequence, is critical for the transcription of Ptf1a in 

pancreatic development. Mutations in this region are associ-
ated with pancreas agenesis and diabetes [15, 16]. Another 3′ 
conserved enhancer region, located at 10.8 kb downstream of 
the coding sequence, is necessary for tissue-specific expression 
of Ptf1a in the dorsal neural tube [17].

The 3′ UTR region of many genes contains various 
sequences including microRNA response elements (MREs), 
AU-rich elements (AREs), and the poly(A) tail that are crucial 
in gene expression regulation by influencing the localization, 
stability, and translation efficiency of an mRNA. The 3′ UTR 
in the mouse Ptf1a mRNA is 335-base long and contains a 
binding site for RNA-binding protein Rbms3, which indi-
rectly affects pancreas development by regulating the trans-
lation efficiency of Ptf1a protein [18]. Scanning of Ptf1a 3′ 
UTR sequence with TargetScan identifies many conserved 
miRNA targeting sites, whose biological significance is yet 
to be revealed.

A typical Ptf1a protein has a bHLH domain in the middle 
as shown in the mouse Ptf1a which is composed of 324 amino 
acid residues (Fig. 1b). In the mouse Ptf1a (Fig. 1b, c), there 
are two conserved tryptophan residues (W280 and W298 in 
the C1 and C2 regions, respectively) important for interaction 
with Rbpj/Rbpjl [10], and three serine residues (S154, S175, 
S262) for possible phosphorylation (predicted by GPS3.0, 
http://gps.biocu​ckoo.org) and regulation of Ptf1a activity. 
The lysine residue K310 (K312 in human) has been shown to 
be required for E3 ubiquitin ligase TRIP12 (thyroid hormone 
receptor-interacting protein 12) that targets Ptf1a for ubiqui-
tination and proteasomal degradation [19]. From zebrafish, 
Xenopus, mouse, rat, dog, and cow to human, alignment of 
the seven vertebrate Ptf1a amino acid sequences indicates 
that the phylogenetic tree of Ptf1a is in accordance with the 
evolutionary history (Fig. 1d). The alignment also reveals a 
couple of conserved regions, including the bHLH domain 
and a region in the C terminus (Fig. 1c), implying that these 
regions are important for Ptf1a functions. Notably, the amino 
acid sequences of the DNA-binding domain (the basic region 
plus the first helix, or the larger helix) remain unchanged in the 
seven species. Except for the dog, all species share exactly the 
same sequences in the bHLH domain. Interestingly, the dog 
has more evolutionary changes in Ptf1a conserved domains 
than any other listed mammals (Fig. 1c), mostly attributing 
to the accelerated process with artificial selections [20]. This 
raises a plausible question whether the dog Ptf1a is more adap-
tive than other species’ and hints at the future direction of 
Ptf1a evolution.

http://gps.biocuckoo.org
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Rbpj‑dependent and ‑independent activity 
of Ptf1a

Literally, the major activity of a transcription factor is 

transcription regulation, which usually requires it to bind 
to a consensus site in the chromosome. As a bHLH domain 
member, Ptf1a assembles into a heterodimer with another 
HLH factor (preferably with an E protein) and binds to 

Fig. 1   Genomic structure and protein sequences of Ptf1a. a The 
upper portion of the image shows the genomic structure of the mouse 
Ptf1a gene. The blue bars represent two exons; the heightened parts 
are coding regions for Ptf1a. TSS, transcription start site. The lower 
portion of the image shows the corresponding multiz alignment and 
conservation of Ptf1a DNA sequences in 60 vertebrate species by 
UCSC genome browser. b The mouse Ptf1a protein is composed of 
324 amino acid residues. The bHLH domain and several important 
residues are shown. c Multiple alignment of amino acid residues of 
the bHLH domains (upper image) and C termini (lower image) of 

Ptf1a proteins from seven vertebrate species. All sequences were 
downloaded from NCBI. The gray boxes in the C-terminal region (C1 
and C2) outline two conserved regions important for interaction with 
Rbpj or Rbpjl protein, and one conserved lysine residue required for 
ubiquitination and proteasome degradation. d The phylogenetic tree 
for seven vertebrate Ptf1a proteins was constructed by the neighbor-
joining method. The distance was calculated with Poisson correction. 
Gaps were distributed proportionally. The scale bar represents a dis-
tance of 0.05
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the E-box or E-box-like consensus through its larger helix 
(Fig. 2a, b). Depending on whether Rbpj is present in the 
complex, the transcription activity of Ptf1a is categorized 
to be Rbpj-dependent or -independent.

In most occasions, Ptf1a is associated with Rbpj (or 
Rbpjl) in the PTF1 complex, namely in a Rbpj-dependent 
manner (Fig. 2c). Fox example, in acinar development, the 
PTF1 complex binds a bipartite motif containing an E box 
and a TC box separated by preferential spacing of one, two 
or three helical turns of DNA [10, 21–24]. During acinar 
maturation and adulthood, Rbpj is replaced by Rbpjl in the 
PTF1 complex to maintain exocrine expression [12]. Motif 
analysis of the data from ChIP-seq experiments with Ptf1a 
and Rbpj antibodies indicates that more than 70% Ptf1a is 
colocalized with Rbpj/Rbpjl in the pancreas [23]. If peak 
calling is less stringent and the low-affinity binding events 
are considered, the overlap of Ptf1a and Rbpj/Rbpjl may 
approach 100% in the pancreas. In neural tube develop-
ment, however, ChIP-seq and motif analyses reveal that 
the PTF1 trimer occupies barely more than 25% of peak 
calling events, indicating that the majority of Ptf1a protein 
functions independently of PTF1 complex. Further anal-
ysis shows that Rbpj-independent Ptf1a likely activates 
transcription in combination with Sox, Hox, Forkhead, 
GATA, and homeodomain family members [23], since the 

Ptf1a and E-protein heterodimer alone is relatively weak in 
activating transcription in vitro [9, 10, 25]. There are still 
many unanswered questions concerning Rbpj-dependent 
and -independent mechanisms. For example, can both 
mechanisms exist in the same cell? How do they coordi-
nate with each other in cells and tissues?

Furthermore, Ptf1a represents an important component 
antagonizing Notch signaling [26–28]. Upon binding with 
its ligands (Serrate, Delta, Jagged, etc.), Notch releases 
its intracellular domain (NICD) through sequential prote-
olysis by ADAM and γ-secretase, which then translocates 
into the nucleus, interacts with transcription factor Rbpj 
(Fig. 2d), and activates the transcription of downstream 
genes such as Hes1 and Hes5. Beres et al. found that the 
C1 and C2 regions of Ptf1a, especially the tryptophan 
residues in the two regions, are absolutely required for 
cross-interaction with Rbpj [10]. NICD interacts with 
Rbpj through a tryptophan-containing hydrophobic motif 
φWφP (φ represents a hydrophobic residue) [29]. The 
Ptf1a C2 motif and NICD φWφP motif are structurally 
similar and compete to bind exclusively to the same site 
on Rbpj, which means that Ptf1a and NICD antagonize 
each other cell autonomously in a dose-dependent manner 
[10]. This has been demonstrated to be a very important 
mechanism for regulating cell fate specification during 
development of many tissues.

Fig. 2   DNA binding with 
Ptf1a and PTF1 complex. a 
The cartoon illustrates that two 
bHLH domains (from SCL-E47, 
PDB bank) bind to the major 
groove of DNA with their larger 
helices. The smaller helices fold 
and allow dimerization of the 
domains. b The common DNA 
binding consensus E-box and 
TC-box for the PTF1 complex. 
c Ptf1a and HEB (or E47, E12, 
isoforms of E2A) bind to the 
E-box, and Rbpj binds to the 
TC-box. Transcription activa-
tion requires that the PTF1 com-
plex binds to E-box and TC-box 
simultaneously, which depends 
on Ptf1a interfacing with Rbpj 
via the conserved C1 and C2 
regions at the C terminus. d 
The Notch intracellular domain 
(NICD) can compete with Ptf1a 
and E protein heterodimers 
for the binding sites on Rbpj 
protein
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Ptf1a expression profiles

During vertebrate embryonic development, Ptf1a expres-
sion is dynamic and transient in most tissues. SAGE (serial 
analysis of gene expression) analysis of Ptf1a indicates 
that Ptf1a is expressed in the brain, retina, spinal cord, 
pancreas, heart, lung, liver, colon, thyroid, breast, lymph 
node, skin, placenta, and other major organs/tissues during 
development (https​://cgap.nci.nih.gov/SAGE). RNA-seq 
data from GTEx show that Ptf1a is also expressed in the 
testis, ovary, stomach, small intestine, skeletal muscle, adi-
pocyte, and other tissues (https​://gtexp​ortal​.org).

In adult human tissues (data from ProteomicsDB), Ptf1a 
mRNA expression is much higher in pancreas, median 
FPKM (Fragments Per Kilobase Of Exon Per Million Frag-
ments Mapped) value reaching 14, followed by stomach 
(FPKM 0.9), testis (FPKM 0.6), and cerebral cortex and 
prostate gland (FPKM 0.1 each). At the tissue level, Ptf1a 
protein abundance is highest in the ovary, median value 
reaching 4.52 (log10 normalized iBAQ intensity, the same 
below), followed by rectum (4.27), colon (4.13), and pan-
creas (3.35). It seems that transcription and translation of 
Ptf1a are not tightly coupled since the ratio of its mRNA and 
protein levels is not proportional among tissues. Based on 
the common features shared by the tissues expressing Ptf1a, 
an interesting question can be raised regarding whether there 
is a correlation between Ptf1a and cell exocrine. Notably, 
highest Ptf1a level is found in synovial fluid (7.18), reinforc-
ing the idea that Ptf1a might participate in controlling syn-
thesis and/or exocytosis of exosomes/microvesicles (includ-
ing synaptic vesicles in neurons).

The expression pattern of Ptf1a, its role and associated 
mutant and overexpression phenotypes in mouse is listed 
(Table 1). Next, we will discuss these findings in detail, 
including the spatiotemporal expression profile of Ptf1a, 
its function, and its upstream and downstream signaling 
pathways during development of several tissues.

Ptf1a in pancreatic development 
and function

The pancreas has endocrine function to secrete insulin 
and glucagon which are antagonists and together regu-
late blood glucose homeostasis. The organ also serves as 
an exocrine unit to secrete amylase, elastase-1 and other 
important digestive enzymes. In origin, the pancreas 
develops from the endoderm at the foregut and midgut 
junction. Two separate pancreatic primordia, the dorsal 
and the ventral pancreas buds, arise from the junction and 
join together to form the pancreas.

Ptf1a RNA is detected at as early as 9 dpc (days post 
coitum) in the pancreas buds [25, 30, 31]. From 14 dpc 
and on, it seems that Ptf1a is expressed only in the exo-
crine part of pancreas [31]. In homozygous Ptf1a null 
mutant mice, acinar development was abolished, and 
some endocrine pancreatic cells were misallocated in the 
spleen [30]. Evidence from these early studies suggests 
that Ptf1a is a specific determinant for exocrine pancreatic 
cells only. However, lineage tracing studies with Ptf1aCre 
or Ptf1aCreERTM and R26R mice revealed that most pan-
creatic multipotent progenitor cells (MPCs) express Ptf1a, 
and are capable of differentiating into acinar, ductal or 
endocrine cells [32, 33]. This result is confirmed in the 
zebrafish using a similar approach [34]. When Ptf1a activ-
ity is totally inactivated, most of the MPCs are converted 
into non-pancreatic cell fates, such as gut and gall bladder 
[32, 34]. Conversely, Ptf1a misexpression in embryonic 
mouse endoderm converted the entire glandular stomach, 
rostral duodenum and extrahepatic biliary system into pan-
creas [35]. These experiments demonstrate that Ptf1a is 
both necessary and sufficient for acquisition of pancreatic 
fate from foregut endoderm. Interestingly but not surpris-
ingly, the exocrine versus endocrine cell fate depends on 
the dose effect of Ptf1a. Haploinsufficiency or low levels 
of Ptf1a will promote endocrine cell fates while repressing 
exocrine cell fates, and vice versa [34, 36, 37]. These find-
ings underscore the distinct roles of Ptf1a in the specifica-
tion and expansion of pancreatic progenitor cells.

How does Ptf1a participate in the expansion of early 
pancreatic progenitor cells? Ptf1a is not only involved in 
establishing the pancreatic identity in foregut cells, Ahnfelt-
Rønne et al. found that it is also indispensable in the expan-
sion of early pancreatic MPCs by controlling Dll1 expression 
[38]. Using LacZ as a reporter gene in Dll1lacZ/+; Ptf1a-
Cre/cre mice, β-gal expression (viz. Dll1 expression) was not 
detected in early pancreatic MPCs, indicating the require-
ment of Ptf1a in Dll1 expression. ChIP analysis shows that 
Ptf1a and/or Rbpj can bind directly to the proximal promoter 
region of Dll1. Dll1 binds to the Notch receptor on the cell 
membrane of neighbor MPCs (Fig. 3a), leading to release of 
NICD, which activates Notch downstream target genes such 
as Hes1 that mediates MPC cell proliferation. Unexpectedly, 
Hes1 is also required for retaining Ptf1a protein level in the 
MPCs [38], owing to an unknown mechanism. It is specu-
lated that the Hes1–Ptf1a protein–protein interaction helps 
to stabilize the Ptf1a protein [39]. In summary, the Ptf1a and 
Notch pathway constitutes a positive feed-forward loop to 
promote early MPC proliferation and expansion in a non-cell 
autonomous manner (Fig. 3a). Meanwhile, another mecha-
nism may also participate in MPC expansion. Two groups 
found that Ptf1a could bind to the conserved promoter of 
Pdx1 and activate its expression in early MPCs [40, 41]. This 
effect could be synergistically enhanced by Foxa1/2 [23, 42]. 

https://cgap.nci.nih.gov/SAGE
https://gtexportal.org
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Ptf1a and Pdx1 together maintain the proliferation of early 
MPCs before cell differentiation becomes widespread.

In later development and adulthood, Ptf1a promotes aci-
nar differentiation and regulates acinar cell-specific gene 
expression (Fig. 3b) [12, 43–46], which is dependent on the 

PTF1 complex. PTF1 is capable of autoactivation by directly 
binding to the promoter regions of Ptf1a and Rbpjl and acti-
vating their transcription [12, 13, 46]. ChIP analysis with a 
Ptf1a antibody demonstrated that PTF1 directly regulates 
Nr5a2 expression by binding to its regulatory sequences 

Fig. 3   Ptf1a is required for early 
pancreatic genesis and adult 
acinar cell identity. a Ptf1a 
regulates early pancreatic MPC 
expansion in a positive feed-
forward loop (adapted from 
Ahnfelt-Ronne et al. [38]). Ptf1a 
and Rbpj activate the expression 
of Notch ligand Dll1, which in 
turn binds to Notch receptors 
on the neighbor MPC, and trig-
gers the downstream pathway 
of Notch. The activated Notch 
intracellular domain (NICD) 
enters the nucleus and activates 
transcription of target genes 
such as Hes1, which promotes 
cell proliferation. Hes1 may 
also maintain the Ptf1a level by 
stabilizing the Ptf1a structure. 
This positive feed-forward 
mechanism guarantees the pro-
liferation and expansion of early 
MPCs in pancreatic primordia. 
b Ptf1a participates not only in 
the fate specification of acinar 
cells during development, but 
also in the maintenance of their 
physiological function and 
identity in the adult pancreas. 
The PTF1 triplex is capable of 
autoactivation by transactivat-
ing Ptf1a and Rbpjl expression. 
PTF1 activates the expression 
of Nr5a2 which can positively 
regulate the expression of Ptf1a 
and Rbpjl in return. PTF1 also 
activates the expression of many 
transcription factors crucial for 
acinar cell development and 
function, such as Gfi1, Mst1, 
Myc, Nfatc1/2, and Spdef 
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[46]. In response, Nr5a2 also binds to the promoters of Ptf1a 
and Rbpjl and promotes their expression. The coordination 
of PTF1 and Nr5a2 guarantees the terminal differentiation 
and function of acinar cells [47]. Moreover, PTF1 controls 
the expression of many other transcription factor genes 
such as Gfi1 [48], Mst1 [49], c-Myc [50], Nfatc1/2 [51], and 
together regulate the growth, differentiation and physiologi-
cal function of acinar cells.

There are still gaps in our understanding of how Ptf1a 
expression is initiated in early pancreatic organogenesis. In 
Hnf1b (TCF2, vHnf1)-inactivated mice, expression of Ptf1a 
was not detected [52]. This can be interpreted as Hnf1b as a 
genetically upstream regulator of Ptf1a [53]. Alternatively, 
it may result from the secondary effect of failure in specify-
ing pancreatic progenitor cell identity, since Pdx1, Mnx1, 
Ngn3, Isl1, Hnf6, and other critical pancreatic cell markers 
were all dramatically downregulated or totally disappeared 
in the mutant. Further evidence is needed to determine if 
Hnf1b is able to initiate the onset of Ptf1a expression. The 
essential mesenchymal–epithelial interactions for the proper 
development of early pancreas have been established since 
the 1960s, and the well-studied molecules mediating the pro-
cess are FGFs, especially Fgf10 from the mesenchyme cells 
[54–56]. Loss of function study with Fgf10 knockout mice 
shows that Fgf10 signaling is essential for maintaining the 
proliferative capacity of pancreatic progenitor cells, mostly 
due to its ability to maintain normal expression levels of 
Pdx1 [54] and Ptf1a [56]. It is likely that similar pathways 
from aortic endothelium or dorsal mesenchyme initiate Ptf1a 
expression in the pancreas bud [56, 57], but the exact mecha-
nism needs to be deciphered.

The Ptf1a activity is also regulated post-translationally in 
acinar cells. The K (Lysine) acetyltransferase Kat2b (Pcaf, p/
CAF) interacts with Ptf1a and enhances transcription activ-
ity of the PTF1 complex by promoting Ptf1a nuclear accu-
mulation and its acetylation [44]. The catenin beta interact-
ing protein 1 (Ctnnbip1, ICAT), however, interacts directly 
with Ptf1a and interferes with its acetylation modification 
by Kat2b, and thus inhibits its transcriptional activity [58]. 
The E3 ubiquitin–protein ligase, TRIP12 (thyroid hormone 
receptor interactor 12), interacts with Ptf1a and promotes its 
polyubiquitination and proteasomal degradation [19]. Inhibi-
tion of proteasomal degradation results in elevated levels of 
Ptf1a and its polyubiquitinated forms in acinar cells. Phos-
phorylation, SUMOylation or other modification of Ptf1a 
has not been explored so far.

Ptf1a in neural tissue development

During development, Ptf1a is selectively expressed in the 
central and peripheral nervous systems, including retina, spi-
nal cord, brain, and enteric neural system. Unlike in pancreas 

development, Ptf1a is not involved in early neural progenitor 
proliferation in neural tissues. It is only expressed transiently 
in post-mitotic neural precursors and participates in cell fate 
specification and differentiation.

Retina

Retina is a delicate neural tissue responsible for light sig-
nal capture, transduction, modulation, and conduction. It 
is developed from a cluster of multipotent progenitors in 
the optic vesicle. The mature vertebrate retina has multi-
ple structural layers and is composed of six major types 
of neurons (cone, rod, horizontal, amacrine, bipolar, and 
ganglion,) and one major type of glial cells (Müller cells). 
Among which, the cone and rod photoreceptors located in 
the outer nuclear layer capture photons and convert them 
into neuronal signals; the horizontal, bipolar and amacrine 
cells are interneurons positioned in the inner nuclear layer 
and modulate the signals from photoreceptors before passing 
on to ganglion cells; the ganglion cells further integrate the 
signals from interneurons and transmit them into the brain.

Ptf1a expression in the retina starts at around E12 
(embryonic day 12) and disappears after P3 (postnatal day 
3), coincident with the specification period of horizontal and 
amacrine cells [59, 60]. BrdU pulse labeling result shows 
that Ptf1a expression is restricted in the post-mitotic cells. 
In Ptf1a knockout retinae, the absence of Ptf1a results in 
a loss of all horizontal cells, GABAergic and glycinergic 
amacrine cells, and a temporary increase of ganglion cells 
and photoreceptors, indicating a cell fate switch during reti-
nal development [59, 60]. Conversely, Ptf1a misexpression 
promotes the fates of horizontal cells and GABAergic and 
glycinergic amacrine cells at the expense of photorecep-
tors and ganglion cells [61, 62]. Loss- and gain-of-function 
results demonstrate that Ptf1a is necessary and sufficient for 
horizontal and amacrine cell fate commitment.

Unlike in the pancreas, the transcription factors regulat-
ing Ptf1a expression are well defined in the retina (Fig. 4a). 
In knockout mouse models, Foxn4-null and Ptf1a-null mice 
display strikingly similar phenotypes in the retina, including 
loss of horizontal and amacrine cells, temporary increase 
of ganglion cells and photoreceptors, indicating that both 
genes engage in the same genetic pathway [59, 63–65]. 
Foxn4 expression remains unchanged in Ptf1a-null retinae, 
but Ptf1a expression is abolished in Foxn4-null retinae, 
demonstrating that Ptf1a is a downstream target of Foxn4 
[59]. Gain-of-function studies during chick retinogenesis 
further verified that misexpression of Foxn4 could greatly 
induce the expression of Ptf1a, while misexpression of Ptf1a 
inhibited the expression of Foxn4 due to negative feedback 
inhibition [66]. RORβ1, an isoform of the retinoid-related 
orphan nuclear receptor β gene (Rorb, Nr1f2), is also an 
upstream regulator of Ptf1a gene [67]. Knockout of RORβ1 
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leads to almost the same phenotypes in the mutant retinae as 
those in Foxn4-null and Ptf1a-null retinae. Ptf1a expression 
is undetectable in RORβ1-null retinae, but Foxn4 expres-
sion is not affected, indicating that Ptf1a but not Foxn4 is 
a downstream target of RORβ1. Data from Foxn4 knock-
out mice implicate that RORβ1 does not act downstream of 
Foxn4. Analysis of Ptf1a genomic regulatory sequences and 
electrophoretic mobility shift assay (EMSA) indicates that 
RORβ1 and Foxn4 may bind directly to the Ptf1a enhancer 
elements and synergistically activate Ptf1a expression [67]. 
However, it remains to be answered whether RORβ1 and 
Foxn4 form a protein complex regulating Ptf1a expression 
in retinal precursor cells, despite their ability to interact 
with each other [67]. The Zeb2 transcription factor, which 
is encoded by the Mowat–Wilson syndrome associated gene, 
has also been shown to directly bind the Ptf1a 3′ enhancer 
and therein controls the development of amacrine and hori-
zontal cells by activating Ptf1a transcription [68, 69]. In the 
Ptf1a-null mouse retina, Zeb2 expression is downregulated, 
indicating that Ptf1a may regulate Zeb2 expression by posi-
tive feedback or other unknown mechanisms [69]. The LIM 

domain-binding protein Ldb1, along with its cofactors, may 
potentially be involved in regulating Ptf1a expression and 
thus participate in the differentiation of amacrine and hori-
zontal cells in the retina [70].

Several downstream transcription factors mediating Ptf1a 
effects have been identified in retinal development (Fig. 4a). 
Using RNA-seq to compare differentially expressed genes 
between wild-type and Ptf1a-null retinae, a group of tran-
scription factors, including Tfap2a, Tfap2b and Prdm13 
(PR domain containing 13), were found to be significantly 
downregulated in the mutant retinae [62, 71]. Immunostain-
ing with anti-Tfap2a and anti-Tfap2b antibodies showed that 
Tfap2a and Tfap2b proteins were undetectable in Ptf1a-
null retinae [62]. Moreover, Ptf1a, Tfap2a and Tfap2b are 
expressed in post-mitotic cells, and have partially redundant 
functions in the differentiation of horizontal and amacrine 
cells [72]. Compound knockout of Tfap2a and Tfap2b in 
mouse retinae leads to similar phenotypes, i.e., loss of 
horizontal and amacrine cells, as seen in Ptf1a-null retinae 
[72]. In vivo and in vitro gain-of-function studies showed 
that overexpression of Ptf1a could induce the expression of 

Fig. 4   Ptf1a signaling pathways to specify inhibitory neuronal fates 
in retinal and spinal cord development. a During retinal development, 
Foxn4 and RORβ1 jointly turn on the expression of Ptf1a, which 
in turn activates the expression of Tfap2a/b and Prdm13, determin-
ing the cell fates of horizontal and amacrine cells. Both GABAergic 
and glycinergic amacrine cells are inhibitory neurons. Zeb2 directly 
activates Ptf1a expression and Ptf1a may enhance Zeb2 expression 
during amacrine and horizontal cell development. Ldb1 complexes 
may also be involved in activating Ptf1a expression and vice versa. 

b During spinal cord development, the upstream regulator of Ptf1a 
is unknown. Ptf1a activates expression of downstream targets Pax2 
and Lhx1/5 directly or indirectly through Tfap2a/b, specifying the 
progenitors towards inhibitory GABAergic and glycinergic neuronal 
fates. Meanwhile, Ptf1a inhibits the excitatory glutamatergic neuronal 
fates indirectly through the downstream gene Prdm13. The coordi-
nate interaction between Ptf1a and Lbx1 is unclear. In cerebellar and 
brainstem development, the same mechanism may be also at play as 
in the spinal cord
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Tfap2a and Tfap2b, and moreover, overexpression of Tfap2a 
and Tfap2b phenocopied those of Ptf1a overexpression [62]. 
The loss- and gain-of-function results established Tfap2a 
and Tfap2b as two major downstream targets of Ptf1a. In 
comparison, Prdm13 is present only in amacrine precursors 
and mature amacrine cells but not in horizontal precursors 
or mature horizontal cells. Correspondingly, Prdm13 defi-
ciency only affects amacrine cells [73, 74]. By analysis of 
spatiotemporal expression patterns and loss-of-function phe-
notypes, we could place Oc1/2 [75, 76], Lhx1 [77, 78], EBF 
[79], and Nr4a2 [80] further downstream of Tfap2a/b and 
Prdm13 as shown in Fig. 4a.

The question remains as to whether Ptf1a activity is also 
dependent on Rbpj during retinal development. There are 
discrepancies in published results. In Rbpj homozygous 
conditional knockout retinae obtained by the Pax6 α-Cre 
driver, the development of amacrine and horizontal cells 
seems unaffected [81], whereas the two cell types are miss-
ing or drastically decreased in Ptf1a-null retinae, implying 
that the Ptf1a activity does not or minimally relies on Rbpj 
during retinal development. However, in Rbpj homozygous 
mutants conditionally knocked out by the Chx10-Cre driver, 
the development of amacrine and horizontal cells was dis-
rupted and both populations dropped dramatically in the 
mutant retinae [82], suggesting that Ptf1a activity may be 
partially dependent on Rbpj. The discrepancies cannot be 
easily reconciled with the differential expression patterns of 
Cre recombinase. The latter result is more persuasive since 
the former investigated only a subset of amacrine cells, the 
calbindin + and calretinin + ones, with no quantitative data 
to support the claim. In contrast, the latter examined using 
a pan-amacrine cell marker, syntaxin, with solid statistical 
data. In agreement with this, in gain-of-function experiments 
in the chick retinae, it is found that interaction with Rbpj 
is a prerequisite for Ptf1a to specify retinal horizontal and 
amacrine cell fates [66]. Ectopic expression of Ptf1a was 
sufficient to promote the fates of Prox + horizontal cells and 
Tfap2a + amacrine neurons. When the interacting motifs C1 
and C2 or C2 alone was mutated, Ptf1aΔC2 or Ptf1aΔC1ΔC2 
lost the ability to specify these cell fates. In conclusion, 
Ptf1a activity is dependent on Rbpj during retinal develop-
ment, but we still cannot rule out the importance of Rbpj-
independent activity.

Spinal cord

The spinal cord is a part of the central nervous system that 
relays efferent motor neuron signals and afferent sensory 
neuron information. It is also the site controlling central pat-
tern generators and simple neural reflex circuits. Develop-
mentally, spinal cord is derived from neural ectoderm and 
neural tube.

By immunostaining, the expression of Ptf1a was detected 
at E10 in the neural tube and was limited to post-mitotic 
cells as well [83]. Specifically, Ptf1a is present in GABAe-
rgic neuronal precursors in spinal cord dorsal horns, and 
is required for fate determination of the GABAergic cell 
population [83]. The absence of Ptf1a results in a complete 
loss of inhibitory GABAergic neurons and a concomitant 
increase of excitatory glutamatergic neurons in the dorsal 
horn regions. Notably, many inhibitory neurons in the dorsal 
horn express glycinergic markers, which are also controlled 
by Ptf1a [84]. One explanation is that some dorsal horn 
GABAergic neurons co-release glycine [85, 86]. Thus, gly-
cinergic neurons constitute a subset of GABAergic neurons, 
unlike their complete segregation in the retina. The imbal-
ance of inhibitory and excitatory neuronal activity could 
interfere with primary sensory afferents and lead to sensory 
disorders, emphasizing the importance of Ptf1a in specifying 
inhibitory sensory neuronal fates.

As revealed by ChIP and other analyses, Ptf1a activity is 
mediated in both Rbpj-dependent and -independent man-
ners in neural tube development [23]. Using gain-of-func-
tion studies, ChIP-seq, RNA-seq, and other approaches, a 
PR domain containing gene, Prdm13, was identified to be 
a direct downstream target of Ptf1a and Rbpj complex at 
the dorsal neural tube in the mouse and Xenopus [87, 88]. 
Prdm13 and Ptf1a display an overlapping expression pattern 
in the region. Overexpression of Ptf1a induces upregulation 
of Prdm13, and overexpression of Prdm13 phenocopies that 
of Ptf1a. Ptf1a protein binds to several genomic regulatory 
sequences of Prdm13 in a Rbpj-dependent manner. The 
ability of Ptf1a to inhibit the glutamatergic neuronal fate 
is mostly mediated by Prdm13, which suppresses the tran-
scription of Tlx1, Tlx3 and other Ascl1 downstream genes 
by directly interacting with Ascl1 (Fig. 4b) [87]. The ability 
of Prdm13 to induce Pax2-positive GABAergic cell fates is 
likely an indirect effect, for example, by indirectly uplifting 
Lbx1 expression, which biases toward generation of GABAe-
rgic neurons.

Are Tfap2a and Tfap2b also downstream targets of Ptf1a 
in spinal cord development? Tfap2b is expressed in the dor-
sal horn with a pattern highly overlapping with that of Pax2. 
Its expression is completely absent in the Ptf1a knockout 
neural tube [89], indicating that Tfap2b is also a downstream 
gene of Ptf1a in neural tube development (Fig. 4b). Con-
sistent with this, RNA-seq data showed that Tfap2b was 
downregulated in E11.5 Ptf1a-null neural tubes [90]. As a 
transcription activator, Tfap2b is speculated to activate the 
transcription of Lbx1 or Pax2, but this needs to be verified 
by further studies. Tfap2a is essential for early neural crest 
formation and growth. Whether it acts downstream of Ptf1a 
in later cell fate specification remains to be determined. Nev-
ertheless, during cerebellar development in which Ptf1a has 
a similar role, it is found that both Tfap2a and Tfap2b act 
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downstream of Ptf1a and upstream of Pax2 to determine 
inhibitory neuronal fates [91]. It is therefore highly possible 
that this is also the case during spinal cord development.

The upstream genetic regulator of Ptf1a is currently 
unknown in spinal cord development; however, it must be 
quite different from the ones in the retina. Though Foxn4 
is expressed in progenitors of the neural tube, it is located 
only in the ventral region and does not participate in the 
regulation of Ptf1a as it does in the retina [92]. Similarly, the 
Rorb expression pattern revealed by RNA in situ hybridiza-
tion assay indicates that RORβ1 is not an upstream regulator 
of Ptf1a either in the neural tube [89]. Genome sequence 
analysis indicated that a conserved enhancer region located 
10.8 kb 3′ of Ptf1a coding region is required for tissue-spe-
cific expression of Pf1a in the dorsal neural tube. In this 
region, a DNA-binding motif for paired homeodomain (pd-
hd) protein is indispensable for activating Ptf1a expression 
[17], implying that one of the paired homeodomain proteins 
is an upstream regulator of Ptf1a. Though Pax6 could bind 
to the motif to activate transcription in vitro, it is unlikely the 
upstream regulator of Ptf1a since their expression patterns 
are undoubtedly different from each other in the spinal cord.

Brain

The brain is the most important organ governing cognition, 
intelligence and logical thinking. Anatomically, the mam-
malian brain can be divided into the forebrain, midbrain 
and hindbrain, each of them can be further subdivided both 
anatomically and functionally. For example, the forebrain 
is composed of diencephalon (thalamus and hypothalamus) 
and telencephalon (cerebrum). The hindbrain contains the 
pons and cerebellum. At developmental stage E15.5, BAC 
transgenic mouse and RNA in situ hybridization data from 
http://Gensa​t.org show that Ptf1a is highly expressed in the 
olfactory bulb, cerebral cortex, hippocampus, and hypo-
thalamus of the forebrain, in the pons, medulla and cerebel-
lum of the hindbrain, as well as in the midbrain (Fig. 5a). 
Except in the cerebellum, brainstem and forebrain, the role 
of Ptf1a is currently unknown in these brain regions during 
development.

The cerebellum mainly involves in motor control, for 
example, movement coordination, precision and timing 
accuracy. In cerebellar development, the Ptf1a-positive 
ventricular zone (VZ) progenitors give rise to GABAergic 
cerebellar neurons, such as Purkinje cells, GABAergic neu-
rons of DCN (deep cerebellar nuclei) and molecular layer 
interneurons [93, 94]. Ectopic expression of Ptf1a in Ptf1a-
negative VZ progenitors or rhombic lip progenitors converts 
them into GABAergic instead of glutamatergic neurons 
[93, 95]. On the other hand, in the absence of Ptf1a, those 
Ptf1a lineage VZ progenitors were either mis-specified into 
glutamatergic neurons and/or migrated and contributed to 

the ventral brainstem, or committed to apoptosis, eventu-
ally leading to postnatal cerebellar agenesis [93, 94, 96, 
97]. Similar to that in the retina and spinal cord, the Ptf1a-
Tfap2a/b transcriptional cascade has been shown to be the 
force driving inhibitory neuronal differentiation in the cer-
ebellum [91]. It remains to be determined whether there also 
exists the Ptf1a–Prdm13 cascade in the cerebellum.

The brainstem is the most primitive portion of the brain. 
It connects the brain and spinal cord and relays sensory 
and motor signals. It also contains vital nuclei with diverse 
neuronal populations that regulate a wide range of life pro-
cesses such as digestion, breath and heartbeat. For example, 
the nucleus of the solitary tract (nTs) relays baroreceptor, 
cardiac, pulmonary and other vagal afferents. The principal 
sensory trigeminal nuclei (PrV) and spinal trigeminal nuclei 
(SpV) process facial sensory information. The inferior oli-
vary nuclei (ION) and cochlear nuclei handle motor coordi-
nation and sounds, respectively. It is found that Ptf1a plays 
a crucial role in the development of these nuclei (Table 1) 
[98–100]. Since these nuclei all arise from the neighbor-
ing rhombomeres, the molecular mechanism underlying 
Ptf1a regulation is much the same and similar to those in 
spinal cord and cerebellum, except in development of ION. 
Basically, the majority of evidence supports that the major 
function of Ptf1a is to promote GABAergic and glycinergic 
inhibitory neuronal cell fates while suppressing excitatory 
neuronal cell fates during development of these nuclei. How-
ever, in the development of ION, Ptf1a promotes the fates 
of climbing fiber (CF) neurons but suppresses mossy fiber 
(MF) neuronal fates [99]. This is quite unusual since CF and 
MF neurons are both glutamatergic excitatory neurons. It 
suggests that other TF(s) coexisted with Ptf1a may outweigh 
Ptf1a to specify excitatory neurons.

Surprisingly, unlike in other neural tissues, not all 
Ptf1a+ cells are post-mitotic cells; some of them are co-
expressed with Ki67 in the forebrain [101]. Lineage trac-
ing indicated that forebrain Ptf1a-lineage developed into 
a variety of neuronal subtypes including glutamatergic, 
dopaminergic, GABAergic and peptidergic neurons, in 
contrast to restricted inhibitory neuronal fates in the retina, 
spinal cord, cerebellum and cochlear nucleus [59, 83, 93, 
100, 101]. It seems that forebrain Ptf1a is not involved 
in the excitatory versus inhibitory cell specification and 
fate determination, since its deletion neither alters the cell 
numbers nor the cell subtypes. However, Ptf1a-deficient 
mice exhibit complex abnormalities in sexually dimorphic 
behaviors and reproductive organs in both sexes, revealing 
a critical role of Ptf1a in regulating sexual differentiation 
of the brain (Fig. 5b). Ptf1a could alter cellular expression 
of sexually biased genes through cell autonomous or non-
cell autonomous manners in the developing hypothalamus. 
One of the key downregulated genes in the Ptf1a-deficient 

http://Gensat.org
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hypothalamus is Kiss1 that is crucial in regulating brain 
sexual development through kisspeptin-GPR54 signaling 
pathway [102]. The expression of Ptf1a common down-
stream gene Prdm13 is also dramatically downregulated. 
However, its connection to brain sex differentiation needs 
further studies. Brain masculinization or feminization does 
not occur by exposure or non-exposure of testosterone in 
Ptf1a-deficient males or females, respectively, suggesting 
that Ptf1a confers the competence to acquire sex differen-
tiation in the developing brain.

Enteric nervous system

The enteric nervous system (ENS) is often called the second 
brain, reflecting its importance, complexity and independ-
ence from the CNS. The ENS is composed of interconnect-
ing ganglia within the myenteric and submucosal plexuses 
of the gut wall. Its neurons and glias arise from neural crest 
cells that migrate from vagal and sacral levels of the neural 
axis. The ENS includes sensory neurons, motor neurons and 
interneurons, and is capable of autonomous functions. Many 
neurotransmitters have been identified in the ENS neurons, 

Fig. 5   Ptf1a participates in 
brain development and cell 
fate reprogramming. a The 
image shows the expression 
pattern of GFP/Ptf1a (brown-
ish signal) in the E15.5 brain 
(sagittal section) of a BAC 
transgenic mouse line harbor-
ing Ptf1a regulatory sequences 
and GFP as a reporter gene 
(image adapted from http://
GENSA​T.org). Ptf1a is mod-
estly or strongly expressed in 
many regions in the forebrain, 
midbrain and hindbrain. b 
Around perinatal stage is the 
critical period when male brain 
is exposed to testosterone signal 
and female exposed to non-
testosterone signals to establish 
sexual differentiation of the 
brain. Forebrain Ptf1a confers 
the sex differentiation compe-
tence during brain development. 
Ptf1a-deficient mice display 
sexually dimorphic behavior 
abnormalities. Image adapted 
from Fujiyama et al. [101]

http://GENSAT.org
http://GENSAT.org
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such as acetylcholine, dopamine, NOS, GABA, and seroto-
nin, most of which are identical to those found in the CNS 
[103]. Many researchers consider ENS as a repertoire of 
neurotransmitters, and diffusion, leak or uptake of the neu-
rotransmitters into the blood stream could distribute them 
to the whole body. Some of the neurotransmitters can enter 
and/or exit the blood–brain barrier (BBB) via transporters on 
the brain capillary endothelial cells (BCECs), i.e., serotonin 
via SERT [104], GABA via GAT2/BGT-1 [105].

Some transcription factors such as Phox2b, Sox10, Ascl1, 
and Hand2 have been shown to be crucial in ENS develop-
ment. Phox2b is essential for all autonomic ganglion forma-
tion and its deletion leads to enteric aganglionosis [106]. 
Sox10 is important to maintain the undifferentiated state 
of migrating crest cells [107]. Ascl1 promotes neurogen-
esis and has a role opposite to that of Sox10 [108]. Hand2 
is required for late stage neurogenesis and expression of a 
subset of cell type-specific markers, especially vasoactive 
intestinal polypeptide (VIP) [109]. Genetic lineage analy-
sis in zebrafish shows that Ptf1a is present in a subset of 
enteric neurons, most of which express serotonin [110], one 
of the major inhibitory neurotransmitters. The exact role of 
Ptf1a is not yet elucidated in the enteric neurons. It would 
be worthwhile to investigate if Ptf1a and Ascl1 are the major 
controllers contributing to inhibitory and excitatory ENS 
neurons, respectively.

Ptf1a mutations and diseases

The mutations discussed here represent naturally occurred 
spontaneous mutations, not genetically manipulated ones. 
Unlike many transcription factors with partially or fully 
redundant function replaceable by family members, to our 

knowledge, Ptf1a is very unique and indispensable. Muta-
tions in Ptf1a coding regions and non-coding regulatory 
sequences often lead to genetic diseases in animals and 
human beings. The known disease-causing mutation sites 
and their associated defects are presented in Fig. 6 and 
Table 2.

The Danforth’s short tail (Sd) is a semi-dominant muta-
tion in the mouse, characterized by spinal defects, kidney 
agenesis and anorectal malformations. The Sd mutant 
phenotypes resemble symptoms seen in human caudal 
malformation syndromes, including urorectal septum mal-
formation, caudal regression, VACTERL association, and 
persistent cloaca [111]. A few laboratories recently demon-
strated that Sd is caused by up to tenfold overexpression of 
Ptf1a in the notochord, hindgut, cloaca, and mesonephros, 
due to an early retrotransposon insertion in the 12 kb con-
served domain upstream of Ptf1a [111–113]. This raises an 
intriguing question of whether human caudal malformation 
syndromes are also caused by overexpression of Ptf1a. In 
addition, Sd mouse provides an excellent genetic tool for the 
study of Ptf1a gain-of-function effects.

The association of PTF1A with human diseases was first 
reported in 2004. Two families from Pakistan and Northern 
Europe with permanent diabetes mellitus were diagnosed as 
pancreatic and cerebellar agenesis [97]. Both families were 
found to have truncated mutations in PTF1A. In family 1, 
affected individuals had homozygous nonsense mutation 
p.R296X in PTF1A, leading to loss of the C2 motif that 
is required for interaction with Rbpj (Figs. 1c, 2c). In fam-
ily 2, an insertion mutation c.705insG caused frameshift 
(p.P236fsX270) and premature truncation of PTF1A pro-
tein at codon 270, resulting in a loss of both C1 and C2 
motifs. More mutations in PTF1A have since been identi-
fied [114–116]. It appears that the severity of the symptoms 

Fig. 6   Known disease-causing mutations in human PTF1A. The 
human genomic (DNA) structure of PTF1A gene is illustrated (non-
proportionally). Exons 1 and 2 with the corresponding numbers of 
coded amino acid residues, and the 3′ downstream pancreatic progen-
itor-specific enhancer are highlighted. The disease-causing mutations 

at protein level (p.xxx) or genomic level (g.xxx) are listed on top of 
the DNA structure. Red arrows point to the mutation sites. The criti-
cal peptide motifs, bHLH, C1 and C2, and their positions in PTF1A 
protein, are placed below the corresponding DNA structure
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is associated with the severity of the mutations. Some 
hypomorphic PTF1A mutations may only cause isolated 
pancreatic aplasia but without any cerebellar phenotypes. 
For example, the p.P191T missense mutation in the bHLH 
domain affects the dimerization of PTF1A with E proteins, 
resulting in isolated pancreatic aplasia or neonatal diabetes 
mellitus, but the patients show no obvious neurodevelop-
mental defects [116]. In addition to symptoms caused by 
pancreatic and cerebellar hypoplasia, optic atrophy was 
recorded in a patient with PTF1A deletion and frameshift 
[115]. No associated symptoms in the spinal cord and uro-
rectal system have been reported in human patients.

The contribution of non-coding variants to human dis-
eases remains a challenge to gauge. However, mutations in 
the PTF1A non-coding enhancer region are found to cause 
human diseases. Analysis of whole genome sequencing 
data from patient families with isolated pancreatic agen-
esis uncovered different recessive mutations in a 400-bp 
enhancer region located at 25 kb downstream of PTF1A [15, 
16]. This enhancer is required to target PTF1A in human 
embryonic pancreatic progenitor cells, and mutations in the 
enhancer leads to its inactivation and PTF1A deprivation in 
these cells. One rare case of neonatal diabetes mellitus and 
pancreatic agenesis was also reported with compound het-
erozygous mutation of PTF1A [117]. The patient had a dele-
tional and frameshift mutation in the PTF1A coding region 
on one chromosome, and a point mutation in the 400-bp 
enhancer region on another chromosome. Given the fact that 
there are other enhancers for PTF1A specific expression in 
the spinal cord, it will be challenging to discover the associa-
tion of these enhancer mutations with some sensorineural 
diseases, if there is any.

Additionally, downregulation of PTF1A is associated 
with pancreatic intraepithelial neoplasia (PanIN), the 
first stage of pancreatic ductal adenocarcinoma (PDAC) 
[118–120]. PTF1A is required to maintain the identity of 
acinar cells, and downregulation of PTF1A in these cells 
cause them to transdifferentiate into ductal cells. The under-
lying molecular mechanism of PTF1a downregulation and 
development of PanIN/PDAC remains poorly understood. 
However, it is tempting to propose that small molecules or 
drugs targeting PTF1A upregulation may provide an entry 
point for the treatment of these diseases.

Ptf1a in cell fate reprogramming 
and transdifferentiation

Given the importance of Ptft1a in the establishment of 
pancreatic identity, researchers wondered if Ptf1a could be 
used in the pursuit of cell fate reprogramming. Indeed, tran-
sient ectopic expression of Ptf1a in the mouse embryonic 
stem cells (ESCs) triggered the cells to launch pancreatic 

programs and express Pdx1 [121]. The differentiated cells 
further formed cells of all three pancreatic lineages, the aci-
nar, endocrine and duct cells.

Reprogramming somatic cells and transdifferentiating 
them into other cell types is also a common practice in stem 
cell research. We had hypothesized that ectopic expression 
of Ptf1a in fibroblasts would convert them into pancreatic 
lineages or inhibitory neurons. When we overexpressed 
Ptf1a in human or mouse fibroblasts, surprisingly, these 
somatic cells were reprogrammed into neurospheres contain-
ing neural stem cells (NSCs) instead of pancreatic lineages 
[122]. The induced NSCs (iNSCs) were capable of differen-
tiating into various types of neurons, astrocytes and oligo-
dendrocytes in differentiation culture media (Fig. 7a). The 
underlying reprogramming mechanism is also dependent on 
the Ptf1a–Rbpj interaction, since mutation of the interac-
tion site on Ptf1a (W298A), or knockdown of Rbpj, would 
abolish or drastically decrease the reprogramming activity.

The Ptf1a-reprogrammed iNSCs also have the tripo-
tence to differentiate into neurons, astrocytes and oligo-
dendrocytes when transplanted in vivo. After injected into 
the mouse hippocampus, Ptf1a-reprogrammed mouse or 
human iNSCs survived and successfully integrated into the 
local tissue [122]. The integrated cells differentiated into 
many astrocytes, some oligodendrocytes, and some inhibi-
tory and excitatory neurons that established synaptic con-
nections with neighbor endogenous neurons. These results 
have demonstrated that Ptf1a-induced iNSCs have the dif-
ferentiation tripotence both in intro and in vivo. Moreover, in 
the Aβ1-40 injected or APP/PS1 Alzheimer’s disease (AD) 
mouse models, implanted iNSCs significantly improved spa-
tial learning and memory and cognitive dysfunction of the 
AD mouse models as evaluated by behavioral tests [122] 
(Fig. 7b). Despite the promising results in animal models, 
the question remains whether Ptf1a-induced iNSCs have any 
therapeutic potential in treating neurodegenerative diseases 
in preclinical and clinical settings.

There are several advantages for Ptf1a to reprogram 
iNSCs compared with other approaches [122]. (1) As a 
non-tumorigenic factor, Ptf1a is much safer than Sox2 or 
Zfp521 or other factors that are tumor-prone. (2) Ptf1a is 
more efficient in reprogramming iNSCs. Ptf1a could convert 
0.5% fibroblasts into neurospheres. In contrast, Sox2 alone 
could only reach less than 0.1% [123]. The efficiency is even 
lower with multiple transcription factors. (3) Ptf1a-induced 
iNSCs possess stronger self-renewal ability and could be 
passaged more than 40 generations without any aging signs, 
while iNSCs derived from a few other approaches have only 
limited passaging ability. (4) Ptf1a-induced iNSCs are more 
efficient in directed differentiation. They are capable of gen-
erating 83.3% of neurons, 87.3% of astrocytes or 26.6% of 
oligodendrocytes in respective differentiation media. In 
comparison, Sox2-induced iNSCs could only generate 67% 
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of neurons and 25% of astrocytes [123]. (5) Ptf1a-induced 
iNSCs are closer to endogenous NSCs. RNA-seq data dem-
onstrated that Ptf1a-induced iNSCs have a higher correlation 

coefficient with SCR029 cells, a well-characterized mouse 
cortical NSCs, than those of NS5 cells (mouse ES cell-
derived NSCs) and ciNSCs (NSCs chemically induced from 
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MEFs). Therefore, Ptf1a-induced iNSCs may provide a bet-
ter cell source for disease cell modeling, drug screening and 
cell replacement therapies.

Conclusions and perspectives

Although many advances have been made toward under-
standing various aspects of the important transcription factor 
Ptf1a in the past 30 years, beyond its role in the development 
of pancreas, spinal cord, retina, cerebellum, brainstem, and 
forebrain, many uncharted territories still remain.

Ptf1a is highly expressed in the stomach, colon and rec-
tum along the digestive tract. In these organs, Ptf1a is pos-
sibly expressed specifically in neurons in the local ganglion 
plexus, controlling muscle motility and secretion of digestive 
enzymes, as indicated in the ENS [110]. However, it cannot 
be ruled out that Ptf1a may participate in the specification of 
other cell types beyond neuroglial cells, either cell autono-
mously or non-cell autonomously, as demonstrated by the 
anorectal developmental defects in Sd mice [111–113]. Sd 
mice also display kidney defects, indicating that Ptf1a affects 
kidney development as well. Ptf1a is also highly expressed 
in the auxiliary genital organs such as ovary, testis and pros-
tate gland. Ptf1a in these organs might have a similar role 
as in the pancreas, or an alternative role as in the intestine. 
Further studies are necessary to distinguish these possibili-
ties using the Ptf1a knockout and Sd mice.

As aforementioned, the role of Ptf1a is unexplored in 
the cerebral cortex, hippocampus, and other important 
brain regions. Does Ptf1a also determine the inhibitory ver-
sus excitatory neuronal fates in these regions? Does Ptf1a 
control those neurons involved in memory, learning, feel-
ings, or space localization? Does it have any potential to 
promote regeneration of neurons damaged in Alzheimer’s, 

Parkinson’s or other neurodegenerative diseases? It would 
be enticing and thrilling to address these questions.

In brief, here we have discussed the past findings about 
and insights into the crucial functions of the transcription 
factor Ptf1a gained since its identification. In particular, we 
have enumerated its genomic and protein structures, expres-
sion profiles, upstream and downstream regulators, muta-
tions and diseases, somatic cell reprogramming activities, 
and so on. We have also introduced some unsolved issues 
about Ptf1a that may inspire colleagues to explore uncharted 
territories and achieve many more exciting findings in the 
future.
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