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Abstract

Pancreatic p-cells secrete insulin commensurate to circulating nutrient levels to maintain
normoglycemia. The ability of p-cells to couple insulin secretion to nutrient stimuli is acquired
during a postnatal maturation process. In mature B-cells the insulin secretory response adapts to
changes in nutrient state. Both B-cell maturation and functional adaptation rely on the interplay
between extracellular cues and cell type-specific transcriptional programs. Here we review
emerging evidence that developmental and homeostatic regulation of p-cell function involves
collaboration between lineage-determining and signal-dependent transcription factors (LDTFs and
SDTFs, respectively). A deeper understanding of p-cell SDTFs and their cognate signals would
delineate mechanisms of p-cell maturation and functional adaptation, which has direct
implications for diabetes therapies and for generating mature B-cells from stem cells.
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B-cell function and identity are regulated by distinct processes

Insulin is the major glucose-lowering hormone whose relative or absolute deficiency
underlies all forms of diabetes. Insulin is exclusively produced by pancreatic p-cells, which
secrete insulin in a precisely controlled manner corresponding to the nutrient state of the
organism. In type 2 diabetes (T2D), B-cells fail to respond to nutrients and cannot secrete
sufficient amounts of insulin to maintain normoglycemia, while in type 1 diabetes (T1D) B-
cells are destroyed by an autoimmune mechanism. Understanding how B-cell function is
acquired and regulated is crucial for designing therapies to restore glucose control in
diabetes. In particular, the mechanisms underlying acquisition of B-cell function have been
the focus of recent interest given efforts to generate functional human p-cells from
pluripotent stem cell sources. While the process of p-cell differentiation is fairly well
understood [1,2], less is known about the process that equips the B-cell with the ability to
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regulate insulin secretion. It is clear from a large body of work that the acquisition of p-cell
identity (see Glossary) is necessary but not sufficient for nutrient-stimulated insulin
secretion, underscoring the major knowledge gap in understanding how insulin secretion
first becomes coupled to nutrients in a process termed functional maturation. There is
emerging evidence that environmental signals play an important role in -cell functional
maturation. Moreover, mature B-cells constantly monitor the nutrient environment and adjust
the insulin secretory response according to changes in organismal nutrient state (functional
adaptation). Therefore, the insulin secretory response is not a static property of mature p-
cells but rather is actively fine-tuned in response to extracellular signals. Altogether,
environmental signals modulate the insulin secretory response throughout lifespan (B-cell
functional plasticity) indicating that the functional output of the p-cell at a given moment
results from the interplay between extracellular signals and intrinsic properties of the p-cell.

In this review, we discuss evidence for the concept that p-cell functional plasticity is
governed by environmental signals that alter gene transcription through signal-dependent
transcription factors (SDTFs). SDTFs are TFs with dynamic activity or expression
dependent upon environmental signals, exemplified by Bmall, Creb, NFATc1, and Ppary
(Fig. 1A and Table 1). We propose the effects of extracellular signals upon the insulin
secretory response are borne out through the interplay between environment-sensing SDTFs
and cell type-selective lineage-determining transcription factors (LDTFs). LDTFs are
defined as TFs with restricted expression patterns that confer cell identity by promoting the
expression of cell type-specific genes during differentiation [3] (Fig. 1A). These TFs
function in tandem with developmental regulation of chromatin state to establish the gene
regulatory landscape in a cell, thereby creating a permissive context for later transcriptional
regulation [3-6]. Once established during differentiation, gene regulatory elements can be
acted upon by SDTFs, which are capable of responding to changes to the extracellular
environment but do not directly impact cell identity [3] (Fig. 1A, B). In essence, LDTFs
provide genomic “addresses” for recruitment of SDTFs, which fine-tune transcription of cell
type-specific genes in response to environmental signals [3]. While SDTFs are activated by
environmental signals in diverse cell types, their recruitment to the genome by LDTFs
allows environmental signals to regulate the specialized functions of a cell [3, 7] (Fig. 1A,
C). Upon differentiation, LDTFs endow the p-cell with its defining features including
expression of insulin-processing enzymes and the insulin gene in addition to characteristic
metabolic enzymes, ion channels, and the exocytotic machinery, as exemplified by the
metabolic enzyme Pcx [1] (Table 1 and Box 1). However, despite possessing the requisite
machinery for insulin secretion, newly differentiated B-cells are not yet capable of coupling
the insulin secretory response to plasma glucose levels [8-10]. The time period spanning
birth to early adulthood is associated with extensive changes in diet, nutrient metabolism,
and the hormonal milieu, and a growing body of work has indicated that p-cells mature by
sensing and responding to these changes in their environment. During functional maturation,
environmental signals act upon cell type-specific gene regulatory programs acquired
prenatally to regulate genes involved in insulin secretion, thereby promoting acquisition of
glucose stimulated insulin secretion (GSIS). Similarly, in mature p-cells, nutrient signals
modulate the insulin secretory response through transcriptional regulation of p-cell-
characteristic genes, as we have reviewed in detail elsewhere [11]. In this review, we
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synthesize evidence that the transcriptional program established by LDTFs is modified by
environment-dependent SDTFs to promote B-cell maturation and adapt the insulin secretory
response to changing nutrient environments (Fig. 1). Collaborative transcriptional control by
LDTFs and SDTFs was originally proposed for immune cells [3] (Fig. 1). Here, we utilize
the proposed model of LDTF-SDTF collaboration as a conceptual guide for the
interpretation of a growing body of work regarding B-cell functional plasticity. This model
can be summarized by two core properties that are largely consistent with the p-cell
literature: (1) Gene regulation should occur in a stepwise fashion first involving the
establishment of cell type-specific regulatory elements through the activities of LDTFs
followed by the adjustment of transcription via environment-dependent SDTFs (Fig. 1B),
and (2) SDTFs should be capable of directly regulating cell type-specific genes due to their
recruitment being guided by LDTFs, and in this way LDTF-SDTF collaboration confers cell
type-specific responses to environmental signals (Fig. 1C). Recurrent findings from studies
of B-cell functional plasticity broadly support these properties of SDTF-LDTF collaboration
in regulation of the insulin secretory response.

The mechanism of glucose-stimulated insulin secretion

B-cell nutrient sensing primarily occurs through regulated glucose metabolism, which
enables tight coupling between circulating glucose levels and insulin release [12] (Fig. 2A,
B). To achieve tight regulation of glucose metabolism, mature p-cells express metabolic
enzymes and transporters whose activities are dynamic within the range of physiological
substrate concentrations. Glycolysis produces ATP via substrate-level phosphorylation by
pyruvate kinase [13] and also generates pyruvate, which enters the TCA cycle to stimulate
oxidative phosphorylation (OxPhos). The increase of the ATP:ADP ratio resulting from
OxPhos and pyruvate kinase activity closes Kap channels on the plasma membrane,
thereby inhibiting K* currents and depolarizing the cell. Voltage-gated Ca2* channels open
in response to plasma membrane depolarization, resulting in Ca2* influx and activation of
the insulin exocytotic machinery, thereby initiating insulin secretion (Fig. 2B). The
effectiveness of Ca2* in promoting insulin vesicle exocytosis is further modulated by signal
transduction pathways and mitochondrial metabolites termed metabolic coupling factors
(MCFs) [12, 14] (Fig. 2B).

In newborns, glucose metabolism in the B-cell is constitutive rather than glucose-regulated,
which causes a constitutive yet partial activation of Ca2* influx at glucose levels spanning
the physiological range [15] (Fig. 2B). Incomplete restriction of glucose metabolism to the
mitochondria results in low rates of OxPhos as well as insufficient production of
mitochondrial metabolites that promote insulin secretion [15] (Fig. 2B). Below we
summarize current knowledge of how p-cells rewire their metabolism to acquire the glucose-
sensing mechanism characteristic of mature p-cells. We posit that glucose sensing is
acquired by the exposure of p-cells to environmental signals which evoke gene expression
changes via activation of SDTFs. As embryonic B-cells already express a full compendium
of LDTFs, such as Foxa2, NeuroD1, Nkx2.2, Nkx6.1, and Pdx1 [1], LDTFs alone are not
sufficient for the acquisition of GSIS. The processes involved in conferring p-cell identity
through LDTFs have been extensively reviewed elsewhere [1]. Here, we focus on SDTFs
and their role in equipping the B-cell with its characteristic functional properties.
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Postnatal acquisition of the nutrient-sensing machinery

B-cells first respond to glucose stimulation in the physiological range at 1-2 weeks of age in
rodents [16, 17] and as early as one year of age in humans [10] (Fig. 2A). This capability
requires metabolic remodeling involving acquisition of tightly regulated glucose oxidation
[18] leading to reduction of basal insulin secretion and enhanced insulin secretion in
stimulatory glucose (Fig. 2A, B). These functional changes coincide with upregulation of
metabolic genes characteristic to the mature p-cell [8, 17, 19]. Maturation of the p-cell
metabolic program requires signals from the extracellular environment that activate SDTFs
(Fig. 2C and Table 1). Postnatal increases in circulating glucose are required for acquisition
of GSIS in part through the Ca2*-activated SDTF NFATc1 [16, 20, 21] (Fig. 2C). NFATc1
binds to the promoters and regulates expression of -cell-characteristic genes involved in
glucose metabolism, such as Gekand SlcZaZ, suggesting it is recruited by p-cell LDTFs that
initiate expression of these genes. Additional fine-tuning of p-cell metabolism involves
selective repression of a set of disallowed genes whose expression would enable metabolic
reactions that are constitutively active at physiological nutrient levels or would shunt
nutrients away from signal-generating pathways [22] (Fig. 2B and Box 2). This class of
genes is exemplified by genes encoding the low K, glucose-phosphorylating enzymes
Hk1-3. Gene disallowance is achieved in part by the SDTF MafA, which represses these
genes [23, 24]. A spike in thyroid hormone production in the first weeks of life (in rodents)
increases MafA expression in the B-cell, leading to repression of disallowed genes as well as
increased expression of B-cell-characteristic metabolic genes [24, 25] (Fig. 2C). MafA
directly interacts with Pdx1 [26] and colocalizes in the genome with Pdx1 along with Foxa2
and NeuroD [27, 28], suggesting these LDTFs guide recruitment of the SDTF MafA to gene
regulatory elements in the p-cell. Altogether, metabolic remodeling associated with the
earliest stages of B-cell functional maturation requires the concerted activities of LDTFs
intrinsic to the p-cell and SDTFs responsive to changes in the postnatal environment.

The expression levels of OxPhos genes continuously increase throughout the juvenile
period, suggesting these changes contribute to increasingly robust activation of Ca2* influx
in response to glucose [29, 30] (Fig. 2B). Prepubescent rodent or human islets secrete less
insulin than adult islets, which has been attributed to changes in expression of mitochondrial
metabolic genes [29, 31, 32]. The transition from a milk fat-based diet to a carbohydrate-
based diet during weaning provides nutrient signals to SDTFs that promote maturation of the
[B-cell metabolic program. Premature weaning of mice to a chow diet accelerates B-cell
functional maturation [17]. Conversely, weaning mice instead to a high fat diet - mimicking
the fat content of milk - delays the acquisition of GSIS, indicating that the change in diet
composition during weaning plays a key role in p-cell maturation. Weaning to a chow diet is
associated with the activation of AMPK signaling, which leads to upregulation of Pgc-la.
Pgc-1u is a coactivator of SDTFs that promotes mitochondrial function and biogenesis [33]
(Fig. 2C). In p-cells, the Pgc-1a-activated SDTF Erry has been identified as an important
regulator of mitochondrial metabolic genes whose expression increases at this stage of p-cell
maturation [30, 34]. In addition to its canonical target genes involved in OxPhos, Erry
regulates B-cell-specific genes involved in insulin vesicle trafficking and exocytosis [30].
How Errvy is recruited to its target sites in p-cells is still unknown. The LDTF Insmlis a
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candidate, as Insm1 has been shown to bind to the promoters of exocytotic genes Rab3a and
VampZ2that are also regulated by Erry [35]. SIX2 is an SDTF shown to promote the
expression of OxPhos genes in human B-cells between adolescence and adulthood [36, 37],
consistent with the onset of SIX2 expression in B-cells during adolescence and the
upregulation of S1X2 in adulthood [31]. SIX2 also regulates p-cell-characteristic genes
involved in insulin processing and exocytosis [36, 37]. Analysis of genomic SIX2 binding
sites in B-cells revealed enrichment of the binding motif for the LDTF MAFB, suggesting
that MAFB could guide SIX2 recruitment.

The transition to solid food is also characterized by the onset of rhythmic feeding as opposed
to constant nutrient intake during suckling. These changes in the pattern of nutrient intake
provide entrainment signals to TFs in the core circadian clock that promote B-cell functional
maturation [38] (Fig. 2C). Cell-intrinsic circadian rhythms are driven by the core circadian
clock, which is comprised of TFs engaged in a self-sustaining feedback loop. Analysis of
binding for core clock TFs (i.e., Bmall and Rev-erba) in different tissues has shown highly
tissue-specific patterns of recruitment [39, 40]. Motif analysis further revealed enrichment of
motifs for tissue-specific LDTFs at Bmall and Rev-erba binding sites [39-41]. Thus, cell
type specificity of circadian gene regulation involves LDTF-mediated recruitment of core
clock SDTFs resulting in tissue-specific binding distribution. The core circadian clock is not
functional in B-cells of newborn mice but rather develops with the acquisition of glucose
responsiveness [38]. Supporting a direct role for core circadian clock TFs in B-cell
maturation, B-cell deletion of Bmall prevents the acquisition of GSIS [38]. In p-cells Bmall
has been shown to bind to the genome coincident with the LDTF Pdx1 to promote rhythmic
expression of genes involved in metabolism and insulin exocytosis [42] (Fig. 2C),
suggesting Pdx1 guides recruitment of Bmall in the B-cell.

Despite recent advances, much remains unknown about how SDTFs sense and respond to
changes in the environment during B-cell functional maturation. For many SDTFs, the
compendium of signals that activate them in B-cells is missing or incomplete (Table 1). For
example, while culture models have identified some regulators of SDTFs involved in p-cell
maturation, including regulation of Erry by Wnt4 [43] and of SIX2 by glucocorticoids [44],
it remains an open question whether this holds true at physiological concentrations of these
signals /n vivo. Identification of the physiological signals regulating SDTFs and the
mechanisms whereby these signals are propagated to the nucleus will be necessary to build a
complete understanding of how pB-cells acquire and adapt the insulin secretory response.

Transcriptional mechanisms of p-cell functional adaptation

In mature B-cells, changes in nutrient state are an important environmental cue for adapting
the insulin secretory response to changes in organismal insulin demand, which we have
reviewed in detail elsewhere [11] (Fig. 3A). This adaptive response is necessary to avoid
hypoglycemia in the fasted state and to prevent glucose intolerance during insulin resistance.
Recurrent observations suggest that fluctuations of nutrient state in adulthood lead to
quantitative changes in transcription through a pre-existing network of LDTFs that direct
binding of SDTFs, thereby providing the B-cell with the ability to adjust its function in
response to changing insulin demands (Table 1). Indeed, assessment of active chromatin in
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islets of high fat diet-fed mice [45] or db/db mice [46] revealed that changes in nutrient state
predominantly affect preexisting regulatory elements rather than activate regulatory elements
de novo. This model is consistent with epigenomic profiling of human islets indicating that
enhancers unique to the p-cell are co-bound by several p-cell LDTFs and are highly
enriched for binding motifs of SDTFs such as AP-1 [28] (Table 1). Mechanistic studies of
the reactive oxygen species (ROS)-activated SDTF FoxO1 further support a role for SDTFs
in fine-tuning transcription of LDTF-bound regulatory elements during functional
adaptation. In obesity, ROS production leads to nuclear translocation of FoxO1, leading to
regulation of B-cell-characteristic metabolic genes [46-48]. FoxO1 colocalizes in the
genome with B-cell LDTFs such as Pdx1 and NeuroD [46], suggesting these LDTFs guide
recruitment of FoxO1 to allow this SDTF to regulate genes involved in insulin secretion.
Thus, analogous to B-cell maturation, -cell functional adaptation involves regulation of
genes involved in insulin secretion by environmental signals and cognate SDTFs [11]. The
gene regulatory programs of B-cell maturation and functional adaptation have similarities
but are not identical. Unique to B-cell maturation is the repression of disallowed genes (Box
2), whereas both processes involve changes in p-cell intracellular glucose metabolism [11,
49-51] (Fig. 3B). During obesity, moderate lipid accumulation in the p-cell activates several
SDTFs that promote adaptive insulin secretion through metabolic remodeling including
Nrdal [52, 53], Ppary [47], and Ppars [11, 54] (Fig. 3C).

How an SDTF expressed in several tissues orchestrates cell type-specific transcriptional
responses as a result of its recruitment by LDTFs is best illustrated by the SDTF Creb,
which promotes adaptive insulin secretion in p-cells. The second messenger CAMP, which
activates Creb, evokes distinct physiological responses in different cell types in part through
cell type specificity of Creb target genes (Fig. 3C). For example, while cCAMP enhances the
insulin secretory response of B-cells, in hepatocytes CAMP promotes gluconeogenesis [27,
55, 56]. These differences have been attributed in part to cell type specificity of genomic
Creb binding sites [27]. In B-cells, the LDTF NeuroD recruits Creb to gene regulatory
elements, thereby enabling Creb to regulate p-cell-specific genes involved in insulin
secretion [27]. Knockdown of NeuroD reduces Creb binding at p-cell-specific sites and
interferes with transcriptional activation of Creb targets unique to the B-cell without
disrupting overall Creb function. Ectopic NeuroD expression in pancreatic exocrine cells
leads to recruitment of Creb to p-cell-specific regulatory elements [27]. The example of
NeuroD and Creb illustrates that LDTFs provide genomic “addresses” to SDTFs to enable
tissue-specific transcriptional responses to second messengers (Fig. 1C). Deeper
investigation of SDTF-LDTF complexes in B-cells holds promise for identifying regulatory
programs capable of modulating specific aspects of p-cell function.

Relevance of collaborative transcriptional regulation to therapeutic

strategies in diabetes

Intensive study of pancreatic development for the purpose of developing B-cell replacement
therapies has led to the design of pluripotent stem cell differentiation protocols that generate
insulin-producing cells expressing nearly a full complement of p-cell LDTFs [57]. Despite
these advances, p-cells produced by current differentiation protocols exhibit several
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functional defects, including high basal insulin secretion, lower first phase insulin secretion
compared to primary B-cells, and reduced or absent second phase insulin secretion [57-59].
As reviewed here, environmental signals and their cognate SDTFs play fundamental roles in
acquisition and adjustment of the insulin secretory response. However, our understanding of
SDTFs in the B-cell represents a major knowledge gap in p-cell biology that lags behind that
of B-cell LDTFs. The catalog of SDTFs necessary for p-cell functional plasticity is almost
certainly incomplete. Unbiased analysis of genes correlating with maturation state of single
B-cells suggests a role for a number of SDTFs including Atf3, Srf, and the AP-1 family TFs
in p-cell functional maturation [60]. Our group recently compared motif enrichment at
active chromatin sites in islets from fed and fasted mice, which revealed AP-1 and ETS
families as candidate SDTFs for mediating p-cell functional adaptation [61]. The recent
advent of technologies for mapping chromatin state at the single cell level [62] should aid
the unbiased identification of SDTFs involved in the regulation of -cell functional
plasticity. Application of these emerging technologies to conditions associated with B-cell
functional plasticity should shed light onto this process and help identify strategies for
promoting maturation of B-cells derived from pluripotent stem cells or enhancing functional
adaptation of endogenous p-cells.

The environment of incipient diabetes has been shown to activate SDTFs that promote p-cell
dysfunction, which could be targets for diabetes prevention. Activation of gene regulatory
elements in response to cytokine treatment mimicking the inflammatory environment of
T1D revealed that LDTFs can direct recruitment of SDTFs mediating B-cell dysfunction
such as IRF family TFs [63]. Similarly, the systemic environment of T2D can activate
maladaptive transcriptional programs through SDTFs [64, 65] that impair insulin secretion.
Animal models of severe T1D or T2D have additionally revealed impaired expression of
LDTFs and cell type-specific genes in the B-cell together with ectopic expression of non-
pancreatic hormones [66-68]. The extent to which these phenomena also occur in human
diabetes is under intense investigation. Nevertheless, these findings suggest that the
environments of T1D and T2D disrupt B-cell function and identity in a process distinct from
a simple reversal of developmental p-cell differentiation and maturation. Further exploration
of how B-cell transcriptional regulation is remodeled by the stressful environments
associated with T1D and T2D has potential to reveal novel pathogenic mechanisms and
therapeutic targets.

Concluding remarks

Glucose-regulated insulin secretion is acquired in a process distinct from p-cell
differentiation in part through environmental signals, and insulin secretion is continually
adjusted throughout lifespan in response to changes in the nutrient environment. We here
reviewed evidence supporting a mechanism whereby p-cell LDTFs endow the p-cell with
characteristic ion channels and the machinery to process and exocytose insulin, whereas
SDTFs act upon the transcriptional program established by LDTFs to mature and adapt the
insulin secretory response in response to environmental signals (Figs. 1B, 2C, and 3C).

While the conceptual model of LDTF-SDTF collaboration is intended to distill an
abundance of observations from the literature, it is almost certainly a simplification of the
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complex transcriptional regulation that occurs /in vivo, and there will likely be exceptions to
the generalized rules discussed in this review (Fig. 1). The operative definitions of LDTFs
and SDTFs (Fig. 1A) leave open the possibility for individual TFs to exhibit characteristics
of both classes and therefore defy strict categorization. In some cases, environmental signals
have been shown to activate gene regulatory elements de novo without preexisting chromatin
priming or TF binding [63], indicating that not all regulatory elements undergo sequential
activation (Fig. 1B). Finally, little is known about the specific mechanisms of SDTF
cooperation with LDTFs in the B-cell. With the exception of Creb recruitment by NeuroD
[27], there are few mechanistic studies of this process. Cooperative, rather than sequential,
binding of SDTFs and LDTFs remains possible, and transient binding and dissociation of
TFs to DNA could confound interpretations of sequential binding of different TFs as
inferred through static assays such as chromatin immunoprecipitation sequencing (ChlP-seq)
[69]. While gain- or loss-of-function experiments followed by ChIP and gene expression
assays are the gold standard for delineating the logic of TF binding and direct gene
regulation [3], such datasets have not been generated for many TFs discussed here. With
increased sensitivity of assays to map TF binding [70], it will be possible to characterize
mechanisms of SDTF recruitment by LDTFs in B-cells. In writing this review, we hope to
stimulate further studies of collaborative transcriptional control in the p-cell (see
Outstanding Questions) with the expectation that a deeper understanding of these
transcriptional networks will lead to improved human stem cell-derived p-cell models and
novel strategies for enhancing adaptive insulin secretion or preventing B-cell
decompensation.

B-cell identity
The capability to express insulin and genes that participate in insulin processing, granule
formation, and exocytosis

Disallowed genes
Genes selectively repressed in islets or B-cells compared to other tissues

Functional adaptation
An increase or decrease of the insulin secretory response per p-cell

Functional maturation
Acquisition of glucose-responsive insulin secretion and reduction of basal insulin secretion
by the B-cell

Functional plasticity
A blanket term referring to both p-cell functional adaptation and functional maturation

Lineage-determining transcription factor (LDTF)

A constitutively active, sequence-specific transcription factor (TF) exhibiting a restricted
expression pattern that is typically required for differentiation and maintenance of cell
identity
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Signal-dependent transcription factor (SDTF)
A TF broadly expressed or induced in diverse cell types that is activated by extracellular
stimuli
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Outstanding Questions

. Are SDTFs appropriately activated during /n vitro differentiation of B-cells
from pluripotent stem cells? If not, what environmental signals or SDTFs are
missing from current B-cell differentiation protocols?

. How do TFs that normally activate gene expression repress disallowed genes
during B-cell maturation?

. What is the role of the epigenome in the response to environmental signals
promoting B-cell functional plasticity?

. What are the upstream signals that couple environmental cues to SDTF
activity in p-cells?

. How do SDTFs contribute to -cell failure in T1D and T2D?
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Highlights

Lineage determining transcription factors (LDTFs) are required for B-cell
differentiation, yet acquisition of p-cell identity is not sufficient for glucose-
stimulated insulin secretion.

Environmental signals that regulate signal-dependent transcription factors
(SDTFs) govern acquisition and adaptation of glucose-stimulated insulin
secretion.

B-cell function is acquired in a stepwise manner whereby LDTFs initiate
expression of cell type-characteristic genes, then SDTFs fine-tune gene
expression to confer metabolic and functional properties to p-cells.

LDTFs guide the recruitment of SDTFs to provide cell type specificity to the
transcriptional effects of environmental signals in neonatal and adult B-cells.
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Box 1.
Example of a gene regulated by SDTF-LDTF collaboration

Collaboration between LDTFs and SDTFs enables cells to adjust the expression level of
cell type-specific genes, with LDTFs establishing a permissive chromatin state during
differentiation and SDTFs fine-tuning transcriptional output. This concept is exemplified
in the B-cell by the Pyruvate carboxylase (Pcx) gene, which encodes a metabolic enzyme
responsible for generating mitochondrial metabolites that promote insulin secretion. In
rodents, Pcx expression increases over the course of functional maturation and during
compensation for insulin resistance [8, 49]. B-cell LDTFs bind to cell type-specific
enhancers of the Pcx gene (shown as a genome browser snapshot of mouse Pcx in Figure
I, data from [27, 35, 46, 71, 72]) and are collectively required for Pcx expression [35, 71].
Pex transcription is further enhanced during functional maturation by the SDTF MafA
and during adaptation by several SDTFs including Ppary and the Creb/Crtc2 complex
[47, 56, 73]. MafA and Ppary are not shown in the genome browser snapshot due to the
absence of high quality ChlP-seq datasets for these SDTFs in mouse islets.
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Box 2.
Disallowed genes

The repression of disallowed genes is necessary to establish the p-cell-characteristic
metabolic program during functional maturation. As gene disallowance involves
transcriptional repression rather than activation, it is unclear whether this process adheres
to the properties of SDTF-LDTF collaboration. The SDTF c-Myc is known to promote
expression of disallowed genes such as Hk3in immature B-cells, thereby contributing to
the high basal insulin secretion characteristic of these cells (Fig. 2A). c-Myc protein
decreases in abundance as p-cells mature, leading to a reduction of basal insulin secretion
in part due to downregulation of disallowed genes [74]. Postnatal reductions in
circulating amino acids are likely signals leading to degradation of c-Myc protein during
B-cell functional maturation [74, 75]. However, because the absence of c-Myc protein is
not specific to p-cells, it does not fully explain specific repression of B-cell disallowed
genes. While several LDTFs including Insm1 [35], NeuroD [35], and Rfx6 [76] directly
repress disallowed genes, these TFs are expressed much earlier than the onset of
disallowed gene repression, suggesting additional mechanisms confer repressive activities
to these TFs later in B-cell maturation (see Outstanding Questions). Other mechanisms of
disallowed gene repression that act in tandem with repressive LDTFs include microRNAs
that specifically target disallowed genes [17] and epigenetic mechanisms that render the
promoters of disallowed genes refractory to further regulation in mature B-cells [77]. Due
to their epigenetic repression in mature p-cells, regulation of disallowed genes is
restricted to the maturation process and is not thought to contribute to p-cell functional
adaptation.
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Figure I.
LDTFs and SDTFs co-bind islet-specific regulatory elements of the Pcx gene.
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Figure 1. Mechanisms of transcriptional regulation of p-cell identity and functional plasticity
(A) Defining properties of lineage-determining transcription factors (LDTFs) and signal-

dependent transcription factors (SDTFs). Although it is possible for TFs to exhibit
characteristics of both classes, these rules classify the vast majority of TFs studied in the
context of B-cells (see Table 1). Top left, LDTFs are expressed in restricted numbers of cell
types. Bottom left, LDTFs are required for differentiation of specific cell types. Right,
activity or expression of SDTFs are dynamically regulated by extracellular signals. PTM,
post-translational modification. (B) p-cell-characteristic genes are activated in a stepwise
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manner during development and maturation first involving establishment of gene regulatory
programs by LDTFs followed by fine-tuning of transcription in response to environmental
signals by SDTFs. (C) LDTFs provide cell type specificity to the response to environmental
signals by directing SDTFs to cell type-specific gene regulatory elements. This figure was
created using BioRender (https://biorender.com/).
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Figure 2. Transcriptional regulation of B-cell maturation.
(A) The relationship between insulin secretion and glucose concentration for mature and

immature p-cells, approximated from observations in [16, 30]. (B) Schematic of the
metabolic and functional changes of p-cells during maturation. MCFs, metabolic coupling
factors. (C) Signals and their cognate signal-dependent transcription factors (SDTFS)
involved in B-cell maturation. OxPhos, oxidative phosphorylation.
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Figure 3. Transcriptional regulation in the B-cell during functional adaptation.
(A) The relationship between insulin secretion and glucose concentration during

compensation for insulin resistance relative to normal p-cells, based on observations in [50,
51]. (B) Schematic of the metabolic and functional changes in p-cells during compensation
for insulin resistance. MCFs, metabolic coupling factors. (C) Signals and their cognate
signal-dependent transcription factors (SDTFs) involved in compensation for insulin

resistance. ROS, reactive oxygen species; ER, endoplasmic reticulum.
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Table 1.

Lineage-determining and signal-dependent transcription factors in the p-cell.

TF Class  Known Process Function References
Regulatorsa regulated in regulated in adult

p-cell B-cells

maturation
Foxa2 LDTF Cell identity Regulation of GSIS [1,2,78]
Glis3 LDTF Cell identity Cell survival [1,2]
Hnfla LDTF GSIS [1,2]
Hnfda LDTF Regulation of GSIS GSIS [1,2,79]
Insm1 LDTF Cell identity GSIS [1, 2, 35]
Isl1 LDTF Cell identity, proliferation Ins1/2transcription, GSIS  [1, 2]
MafB LDTF Cell identity GSIS (human only) [1, 2, 26]
NeuroD LDTF Cell identity GSIS [1, 2, 80]
Nkx2.2 LDTF Cell identity Cell identity [1,2,81]
Nkx6.1 LDTF Cell identity, proliferation Insulin processing [1,2,71]
Pax6 LDTF Cell identity Cell identity [1,2]
Pdx1 LDTF Cell identity, proliferation Cell identity [1,2,82]
Rfx3 LDTF Cell identity ]
Rfx6 LDTF Cell identity GSIS [L, 2, 76]
Atf3 SDTF cAMP Ins1/2transcription, GSIS  [83]
Atf4/5 SDTF  ER stress Proliferation, survival [84]
Bmall SDTF  Circadian clock GSIS GSIS [38, 42]
Creb/Crtc2 SDTF cAMP GSIS, survival [27, 56]
Egrl SDTF  Fatty acids Proliferation GSIS [85]
Erry SDTF  Wnt4 GSIS GSIS [30, 43]
Fos/AP-1 SDTF  cAMP, growth factors Proliferation GSIS [86]
FoxO1 SDTF ROS Cell identity, GSIS [11, 46, 48]
Fox03/4 SDTF GSIS [87]
MafA SDTF T3, cAMP, glucose GSIS GSIS [24, 25]
c-Myc SDTF  Ca?*, mTOR, PKC( Proliferation, basal insulin secretion  Proliferation [74, 88]
NFATc1/2 SDTF Ca?*-Cn Insulin processing, proliferation Proliferation, GSIS [21, 89-91]
Nrdal SDTF  ER stress, fatty acids Proliferation GSIS [52, 53]
p53 SDTF  DNA damage Regulation of GSIS [92]
Ppara SDTF Fatty acidsb GSIS [11]
Ppary SDTF oty aci b GSIS [47]
Ppard SDTF Fatty aci ds? GSIS [11, 54]
Rev-erba SDTF Circadian clock, hemeb GSIS, proliferation [93]
SIX2/3 SDTF  Glucocorticoids GSIS (human only) [36, 37]
Smad2/3 SDTF  Gdfll Insulin production, GSIS Insulin production [59, 94]
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TF Class  Known Process Function References
Requlators® regulated in regulated in adult
9 B-cell B-cells
maturation
Srebpl SDTF Insulin, fatty acids GSIS [11]
Srf SDTF  cAMP, growth factors Proliferation GSIS [60]
ThrA/B SDTF st Proliferation, GSIS [25]

Page 24

GSIS, glucose-stimulated insulin secretion; ROS, reactive oxygen species; CAMP, cyclic AMP; ER, endoplasmic reticulum; T3, thyroid hormone.

a . . . . o . . .
Regulatory relationships between LDTFs during p-cell differentiation have been reviewed in detail elsewhere [2] and are not shown here.

b .
Nuclear receptor ligand
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