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Introduction

Type 1 and type 2 diabetes mellitus (T1D and T2D) are chronic
conditions in which glycemic control becomes severely dysreg-
ulated. Although there are many causes of diabetes, one of the
main contributors to the progression of disease is the loss of p cell
function and P cell mass, which ultimately leads to an inability to
meet metabolic demand (1). Recently, Talchai et al. (2) proposed
that loss of B cell identity rather than f cell death accounted for
a significant portion of the f cell loss reported during diabetes
progression. This landmark study raised the possibility that per-
manent regulatory mechanisms must be sustained to maintain
the fully differentiated functional state of the B cell. Therefore,
understanding the mechanisms required to actively maintain f
cell identity during adverse metabolic conditions that could lead
to diabetes will be essential for the development of interventions
and/or therapies to treat the disease.

Studies from many laboratories have identified the extrinsic
signaling pathways and intrinsic transcriptional networks needed
to generate functional insulin-producing f cells in vitro and in vivo
(reviewed in ref. 3). More recently, there has been increasing evi-
dence that several of the developmental regulatory factors that are
essential for endocrine lineage specification, including NKX6.1,
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Loss of f cell identity, the presence of polyhormonal cells, and reprogramming are emerging as important features of f cell
dysfunction in patients with type 1and type 2 diabetes. In this study, we have demonstrated that the transcription factor
NKX2.2 is essential for the active maintenance of adult  cell identity as well as function. Deletion of Nkx2.2 in B cells caused
rapid onset of a diabetic phenotype in mice that was attributed to loss of insulin and downregulation of many p cell functional
genes. Concomitantly, NKX2.2-deficient murine f cells acquired non-p cell endocrine features, resulting in populations of
completely reprogrammed cells and bihormonal cells that displayed hybrid endocrine cell morphological characteristics.
Molecular analysis in mouse and human islets revealed that NKX2.2 is a conserved master regulatory protein that controls
the acquisition and maintenance of a functional, monohormonal § cell identity by directly activating critical p cell genes and
actively repressing genes that specify the alternative islet endocrine cell lineages. This study demonstrates the highly volatile
nature of the p cell, indicating that acquiring and sustaining p cell identity and function requires not only active maintaining of
the expression of genes involved in f cell function, but also continual repression of closely related endocrine gene programs.

NEUROD1, and RFX6, are also required for the maintenance of
B cell function in the adult (4-9). This suggests that many of the
transcriptional regulatory networks that are necessary for the ini-
tial specification of B cells may continue to be expressed in the
adult B cell to actively maintain f cell identity and function.

We have previously demonstrated that NKX2.2 is absolutely
required for the formation of all B cells during development; how-
ever, it is not known whether NKX2.2 is also important for 8 cell
function in the adult. NKX2.2 is a highly conserved homeobox tran-
scription factor that regulates cell fate decisions in several tissues,
including the pancreas, intestine, and CNS (10-17). During embryo-
genesis, NKX2.2 is expressed throughout the developing pancreat-
ic epithelium and gradually becomes restricted to the neurogenin
3-expressing (NGN3-expressing) endocrine progenitor population,
and subsequently to the a, B, PP, and ¢ cell lineages (18). Within the
adult islet, NKX2.2 expression is maintained in the o, B, and PP
cells. Global deletion of Nkx2.2 in mice demonstrated that NKX2.2
is essential for endocrine lineage specification; deletion of Nkx2.2
resulted in decreased formation of a and PP cells, as well as a com-
plete abrogation of B cell specification, leading to severe hypergly-
cemia and neonatal lethality (10, 11). In humans, loss-of-function
mutations in NKX2.2 also resulted in the development of perma-
nent neonatal diabetes, suggesting that NKX2.2 is also important
for B cell formation during human fetal development (19).

Although these studies demonstrated a critical role for
NKX2.2 in B cell development in mice and humans, the complete
absence of B cells precluded assessment of its function in adult
islets. To determine whether NKX2.2 is necessary for B cell matu-
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Figure 1. Deletion of Nkx2.2 in f cells results in diabetes. (A) Quantitative reverse transcriptase PCR (qRT-PCR) analysis of Nkx2.2 expression in islets isolated
from Nkx2.22% (ABeta) and control (Ctrl) mice at 4 weeks of age (n = 4). **P < 0.07; 2-tailed Student's t test. (B) Western Blot analysis of isolated islets from
Nkx2.2*8% and control mice confirms a reduction of NKX2.2 protein in islets isolated from 4 individual adult Nkx2.2*®% mice. (C and B) Immunofluorescence
staining of insulin (red) and NKX2.2 (green) demonstrates the loss of NKX2.2 expression in f cells from Nkx2.24%% compared with control mice at 4 weeks

of age. The white boxes indicate regions of the islet that are shown in higher magnification in E and F. (G) Ad libitum blood glucose levels in 2-week-old

male Nkx2.22% mice compared with controls (n = 3-16), in 3-week-old mice (n = 5-22), and in 11-week-old mice (n = 6-18). **P < 0.01, ***P < 0.0071; 2-tailed

Student’s t test. Each control genotype was examined separately to ensure that the individual Cre and floxed alleles did not cause metabolic phenotypes. (H)
Higher fasting blood glucose levels are evident in 11-week-old Nkx2.22% mice compared with controls (3-week-old mice: n = 6-23; 11-week-old mice: n = 8-21).
*P < 0.05; 2-tailed Student’s t test. (1) Glucose intolerance is observed in Nkx2.2*%% male mice compared with controls at 3 weeks of age (n = 6-23). *P < 0.05,

***P < 0.001; 2-tailed Student’s t test. (J) Glucose intolerance becomes more severe at 11 weeks of age in Nkx2.2*%*> male mice compared with control mice

(n=8-21). *P < 0.05, **P < 0.01, ***P < 0.001; 2-tailed Student’s t test.

ration and/or function, we generated mouse models that allowed
constitutive and inducible deletion of the Nkx2.2 gene. Disruption
of Nkx2.2 in maturing P cells resulted in the rapid development
of diabetes, with a significant decrease in insulin expression and
content. Strikingly, the loss of genes associated with p cell identity
and function was accompanied by increased expression of genes

from alternative islet cell fates. Furthermore, B cells appeared to
transdifferentiate to acquire other non- cell endocrine identities.
Deletion of Nkx2.2 in fully differentiated adult p cells also result-
ed in the very rapid onset of diabetes, and the islets of these mice
were also characterized by a loss of f cell identity and the acquisi-
tion of 3 cell characteristics, confirming the importance of NKX2.2
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Figure 2. Lineage tracing in Nkx2.2*%** mice indicates loss of insulin expression in Nkx2.24% § cells. (A) gPCR analysis of insulin 1 (/ns7) and insulin 2
(Ins2) mRNA expression in islets from Nkx2.22%¢t2 4-week-old mice (ABeta) compared with controls (n = 4). **P < 0.01; 2-tailed Student's t test. (B) Nkx-
2.2%8ta 4-week-old mice have an approximately 50% reduction in pancreas insulin content compared with controls (n = 3). **P < 0.01; 2-tailed Student’s t
test. (€) Loss of NKX2.2 results in decreased P cell mass at 4 weeks of age (n = 3). *P < 0.05; 2-tailed Student’s t test. (D) Nkx2.22%2 4-week-old mice have
no statistical difference in islet numbers compared with controls (n = 3); 2-tailed Student's t test. (E) Islet size of Nkx2.24%¢% mice compared with controls
was not statistically different at 4 weeks of age (n = 3); 2-tailed Student’s t test. There was a trend down in the number of largest islets, but the difference
did not reach significance. (F and G) Immunofluorescence staining of insulin (green) and DAPI (blue) shows a decrease of insulin expression in islet cells
from Nkx2.22%% 4-week-old mice compared with controls. (H and 1) Immunofluorescence staining of insulin (green) and Tomato (red) shows a decrease or
absence of insulin expression in Tomato-expressing 3 cell lineages. (J) Nkx2.24%¢% 4-week-old mice have fewer insulin-positive cells per islet area compared
with controls (n = 3). ***P < 0.001; 2-tailed Student’s t test. (K) gPCR analysis of chromogranin A (Chga) mRNA expression shows no statistical signif-
icance in pancreas from Nkx2.22%¢ mice compared with controls at PO and 2 weeks of age (n = 4), as well as in islets from Nkx2.22% 4-week-old mice
compared with controls (n = 4-7). (L) Insulin levels are significantly lower in Nkx2.22%¢* mice after a glucose stimulus compared with controls (n = 3-4).
**P < 0.01, ***P < 0.001; 2-tailed Student’s t test.

in both establishing and maintaining B cell identity. Notably, loss ~ mice and humans. These results demonstrate that NKX2.2 is a
of NKX2.2in human islets also led to a significant dysregulationin ~ master regulator that plays a critical role in mouse and human j
the expression of genes known to be essential in glucose homeo-  cells to maintain B cell identity and function in the adult by directly
stasis and B cell identity. Overall, direct regulation of these func-  activating p cell genes and preventing reprogramming by actively
tions by NKX2.2 confirmed the conservation that exists between  repressing non— cell endocrine genes.

246 jci.org  Volume 127  Number1 January 2017
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Table 1. Categories and subsets of genes dysregulated by loss of
NKX2.2 beta cell expression.

Category

Glycolytic pathway

B Cell transcription factors
Insulin granule features

Gene symbol

G6pe2 (0.62), Pex (0.55)

Nkx6.1(0.52), Pdx1(0.78), Insm1 (0.70), Tle3 (0.65)
Cav1.3(0.71), Ptpm2 (0.72), Rab37 (0.70),

SIc30a8 (0.61), Sytl4 (0.61)

Atp2a2 (0.70), Atp2a3 (0.74), Dpp4 (0.69), Gipr (0.51),
Glut2 (0.47), Stxbp1 (0.70), Ucn3 (0.44)

Sst (1.84), Ppy (3.69), Npy (8.57), Pyy (2.67)

Arx (2.11), Hhex (1.56)

Acot7 (5.36), HigdTa (2.76), Oat (1.49)

A subset of genes and their corresponding functional categories that were
identified in RNA-seq analysis of islets isolated from Nkx2.228¢%2 mice
compared with controls at 4 weeks of age. Genes that are significantly
upregulated are indicated in green, and significantly downregulated genes
are indicated in red. Fold changes are indicated in parentheses beside
each gene. P < 0.05 (n = 3) for all genes shown. The full list of significantly
regulated genes is provided in Supplemental Table 1. The full data set is
available at GEO GSE79725.

Glucose sensing

and insulin secretion
Non-3 cell endocrine
molecules

Islet disallowed

Results

Deletion of Nkx2.2 in j cells causes glucose intolerance and impaired
insulin secretion. To determine the function of NKX2.2 specifical-
ly in B cells, we generated RIP- Nkx2.2%/ (hereafter referred to as
Nkx2.248) mice (20, 21). For the metabolic studies, we included
cohorts of mice carrying each single allele as controls to ensure
these individual mutations were not contributing to the observed
metabolic defects (Figure 1). Nkx2.245% mice displayed efficient
deletion of Nkx2.2; reduction of Nkx2.2 transcript can be detect-
ed as early as postnatal day O (P0), and greater than 80% of the
Nkx2.2 RNA transcript was deleted in the insulin-producing cells
of 4-week-old Nkx2.225 mice versus littermate controls (Figure
1A). Western blot analysis confirmed there was a corresponding
reduction of NKX2.2 protein (Figure 1B). Since NKX2.2 is also
expressed in several islet endocrine cell populations, we used
coimmunofluorescence staining for NKX2.2 and insulin in adult
islets to demonstrate the efficient recombination of NKX2.2 spe-
cifically in the B cell lineage (Figure 1, C-F).

In contrast to Nkx2.2-null mice, which develop severe hyper-
glycemia and die shortly after birth (10), both female and male
Nkx2.228¢a mice survive into adulthood. The adult mice appear
overtly indistinguishable from their littermate controls and exhibit
no apparent difference in BW (Supplemental Figure 1, A and B; sup-
plemental material available online with this article; doi:10.1172/
JC188017DS1). However, by 2 weeks of age, the male Nkx2.248e
mice displayed significantly higher blood glucose levels than con-
trols. The hyperglycemic phenotype became exacerbated with age,
reaching mean glucose levels of 339.3 mg/dl at 11 weeks (Figure
1G). Fasting blood glucose levels in the Nkx2.245 mice were also
significantly elevated (=217.3 mg/dl) at 11 weeks of age (Figure 1H).

Consistent with the elevated ad libitum and fasting blood
glucose levels, 3-week-old Nkx2.245 mice were unable to effec-
tively clear a glucose bolus (Figure 1I). The metabolic impairment
worsened with age, suggesting there was a progressive loss of f§

RESEARCH ARTICLE

cell function in Nkx2.22%% mice (Figure 1]). Similar phenotypes
were observed in female Nkx2.2*F mice; however, hypergly-
cemia and glucose intolerance were manifested at slightly older
ages and with less intensity (Supplemental Figure 1, C and D). To
eliminate the possibility that the observed glucose intolerance
was due to an inability of the peripheral tissues to take up glucose,
we performed insulin tolerance tests at 3 weeks of age. As expect-
ed for a p cell-specific genetic modification, no difference in insu-
lin resistance was detected between Nkx2.2*F< mice and controls
(Supplemental Figure 1E).

Nkx2.25 mice display reduced numbers of insulin-produc-
ing cells. Consistent with previous studies demonstrating that
NKX2.2 directly regulates insulin expression (22), p cell deletion
of Nkx2.2 resulted in a significant reduction of insulin 2 gene
expression and total insulin content in 4-week-old Nkx2.24Bet
mice (Figure 2, A and B). Insulin 1 gene expression was unaf-
fected, suggesting that NKX2.2 is dispensable for its expression
and the reduction in insulin content is primarily due to the loss
of'insulin 2. There was also a 33.6% decrease in B cell mass in the
Nkx2.225¢2 mjce compared with their littermate controls (Figure
2C); however, this did not appear to be due to decreases in the
number of islets or islet size (Figure 2, D and E). We did, how-
ever, observe normal-sized islets containing a disproportionate
number of cells lacking insulin (Figure 2, F and G). To determine
whether the loss of insulin content without a corresponding
change in islet size was due to the retention of a § cell population
that no longer produced insulin, we introduced the R26R-Toma-
to allele into the Nkx2.22% mice to genetically label the p cell
lineage regardless of its insulin-producing status. Although the
Tomato reporter was coexpressed with insulin in the majority of
control p cells, the Nkx2.24% mice contained a significant num-
ber of Tomato-expressing cells that had significantly less insu-
lin expression (Figure 2, H and I). Furthermore, enumeration of
the number of insulin-expressing cells per islet area confirmed
the loss of insulin without a corresponding reduction in islet cell
numbers (Figure 2]), suggesting that a loss of insulin content per
cell and not cell loss causes the observed decrease in f§ cell mass.
Consistent with a lack of'islet cell loss, we also did not detect any
reduction in expression of the pan-endocrine marker chromogr-
anin A (Chga) at any ages tested (Figure 2K).

Although Nkx2.2%F< mice display a significant reduc-
tion in the number of insulin-producing cells, this degree of
cell loss does not usually result in hyperglycemia (23, 24). To
determine whether islet function was affected, we performed
glucose-stimulated insulin secretion assays on young and old
Nkx2.2%< mice. Surprisingly, although these islets contain sig-
nificantly fewer insulin-producing cells and less overall insulin
content, they were able to secrete normal amounts of insulin
during a 1-hour glucose challenge in vitro (Supplemental Fig-
ure 1F); however, the ability of Nkx2.248 jslets to secrete basal
insulin declined with age (Supplemental Figure 1G). Further-
more, although the Nkx2.25t jslets were able to compensate in
response to a single dose of glucose in vitro, they were unable to
mount an insulin response to an in vivo glucose challenge (Fig-
ure 2L), indicating that Nkx2.2282 mutant 3 cells have addition-
al defects that contribute to the severe metabolic dysfunction in
the mutant animals (see Discussion).

jci.org  Volume127  Number1 January 2017
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Figure 3. NKX2.2 is essential for the establishment of f cell identity. (A-)) Immunofluorescence staining of pancreata from Nkx2.22% (ABeta) and
control mice at 4 weeks of age. White boxes indicate regions that are magnified in the panels in ). (A, D, and G) Representative images of control islets
colabeled with insulin (green), Tomato (TOM,; red), and either glucagon (A), pancreatic polypeptide (D), or somatostatin (G) (blue). (B, E, and H) Represen-
tative images of Nkx2.22% jslets colabeled with Tomato (TOM; red) and either glucagon (B), pancreatic polypeptide (E), or somatostatin (H) (blue). (C, F,
and I) Representative images of Nkx2.22%% jslets colabeled with insulin (green) and either glucagon (C), pancreatic polypeptide (F), or somatostatin (1)
(blue). (J) Images of representative single lineage-labeled insulin-positive B cells expressing either glucagon, pancreatic polypeptide, or somatostatin and
insulin-negative [ cells expressing either glucagon, pancreatic polypeptide, or somatostatin. The channels are separated out from left to right: glucagon,
pancreatic polypeptide, and somatostatin (blue), insulin (green), and Tomato (red). The final column shows the merged channels. (K) Quantification anal-
ysis shows that an average of 10% of 3 cells in Nkx2.24%t compared with control mice at 4 weeks of age coexpress insulin and either glucagon, somatosta-
tin (Sst), or pancreatic polypeptide (n = 3). **P < 0.01; 2-tailed Student’s t test. (L and M) Representative images showing immunofluorescence analysis
of pancreata from Nkx2.22%% and control mice stained with guinea pig anti-insulin antibody (red) and a combination of rabbit anti-pancreatic polypeptide
(PPY), rabbit anti-somatostatin (SST), and rabbit anti-glucagon (GCG) antibodies (green). Asterisks indicate the location of polyhormonal cells, which are
present at both the mantle and the core of the islet.

Nkx2.2 is essential for the acquisition of monohormonal f cell iden-
tity. To identify the primary molecular changes that were causing
cell dysfunction after deletion of Nkx2.2, we assessed the transcrip-
tome of isolated islets extracted from Nkx2.2*®% mice and their
littermate controls at 4 weeks of age. This analysis was performed
shortly after the onset of hyperglycemia to minimize secondary
effects caused by a chronically impaired metabolic environment.

jci.org  Volume127  Number1 January 2017

Consistent with the observed f cell dysfunction, we found several
essential B cell genes, including those encoding B cell transcription
factors, glucose transporter 2 (Glut2), Slc30a8, insulin granule pro-
teins, and additional components of the insulin secretory pathway,
to be significantly downregulated (Table 1). We validated a subset of
these gene changes in islets at the protein level, including the reduc-
tion of 2 of the most functionally important f cell factors, GLUT2
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Figure 4. Nkx2.22 js|et cells exhibit ultrastructural alterations compatible with a disrupted secretory granule identity and morphology, accompanied
by ER stress. (A-E) Transmitted electron microscopy (TEM) of pancreatic islets reveals a combination of insulin and either glucagon- or somatostatin-like
granules in the same cell in Nkx2.228t2 (ABeta) mice. Magenta lines outline individual B cells. (B and C) Granule identity is indicated by colored arrows: glu-
cagon (blue), insulin (yellow), and somatostatin (green). (D) Framed insets indicate regions magnified in B (yellow-framed inset shows an insulin granule;
blue-framed inset shows a glucagon granule) and C (green-framed inset shows a somatostatin granule). (E) Representative image of a B cell from Nkx-
2.248 jslets with severely altered secretory granules. (F) Quantification of individual granule identity in hybrid f cells from Nkx2.24%¢% mice (n = 93 hybrid
{3 cells with a total of 10,533 granules counted). (G) Quantification of individual granule identity in hybrid o cells from Nkx2.228¢2 mice (n = 31 hybrid a cells
with 3,297 total granules counted). (H-K) TEM images of single cells from control and Nkx2.22¢2 mice. (H) Representative image of normal-looking rough
endoplasmic reticulum (RER) in control islets (arrowheads). (1 and }) Islet cells from Nkx2.24%* mice show enlarged RER cisternae (red-stroked arrows) and
increased free ribosomes not associated with RER (blue-stroked arrows). (K) f Cells in Nkx2.22%¢* mice contained large populations of insulin granules that
exhibited an altered crystallization pattern (red-stroked arrows), and numerous coalescent granules (inset, arrowheads).

and NKX6.1 (Supplemental Figure 2, A-F). Although NKX6.1 could
still be detected in a number of insulin-expressing cells, it appeared
to be expressed at lower levels. Notably, in addition to the loss of
many essential f cell genes in the Nkx2.24%2 mice, there was a sig-
nificant upregulation of the non-f cell pancreatic endocrine hor-
mones, including somatostatin (SST), pancreatic polypeptide, and
glucagon (Table 1). Since we had not observed an overall increase
in islet size that could account for increased numbers of the non-f
endocrine cells that express these hormones, we immunostained

islets with insulin and SST, pancreatic polypeptide, or glucagon to
determine their cell localization. In addition, we lineage-traced the
mutant B cells using the R26R-Tomato reporter to assess whether
the B cell population in the Nkx2.2*B2 mice had acquired expres-
sion of the non-f cell endocrine hormones and/or novel cellular
identities. This analysis revealed that not only were the Nkx2.248¢
islets losing P cell gene expression, but a significant number of
cells were coexpressing insulin and either glucagon, pancreatic
polypeptide, or SST. Of particular note, NKX6.1 expression became

jei.org  Volume127 Number1 January 2017
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Hkamer Qughilhiid., s kb g g': pressing cells were not evident in either WT or
H3k27ac L M i o, A T 0' . - mutant mice. These results confirm our previ-
HK27Me3 0 4 bkt ki bt bt e kit E 0_'2 ous studies of the Nkx2.2-null mice that indi-
CpG Methylation e cated that the observed increase in ghrelin-pro-
" Slcza2 Gl ABeta ducing cells at the expense of f cells was due to
a cell fate lineage decision during development
D Chrs | 132kb . Nkx6.1 . .
30 ' 12 and there was no evidence of B cells converting
NKX2.2 e Mdm---ﬂi 1 into ghrelin cells (10, 14).
H3k4me1 e il TR (N O WY (L 08 Quantification of the bihormonal and
Hka7ac Jryv— dai il g 06 ** polyhormonal populations at 4 weeks of age
Hak27med " i u v e § 04 revealed that approximately 10% of the P cells
CpG Methylation ' 502 had acquired multihormonal features (Figure
’ g o q g
Nkx6. 1 Crl  ABeta 3 K-M). Detailed immunofluorescence analy-
sis of the Nkx2.22B¢2 mutant islets also revealed
E chris | . J _ Hhex extraordinary heterogeneity in the Nkx2.24B@
NKX2.2 5:“_ T, 1. “' 2 1% ok islets.. At any given age, we observed c?nstant
H3kdmed 22 Ll AT 1 % 16 relative r.atlos of the different populatlor%s of
HakOTa0 3::" =1 | “T™ ”I" .-. . 1' .I.“..I. "'I' < 12 Tomato.hneage-la.bele(.i B cells tha.t were e.1ther
H3IOTmes 32 . ' . E 08 expressing .only 1ns.ul1n3 expressing no insu-
CpG Methylation ™ bt b £ 04 lin, expressing insulin w1.th other hormon'es, or
¢ . 3 O'S expressing other endocrine hormones without
Hhex Gl ABeta  insulin (Figure 3]). Notably, we did not observe
evidence of f cell dedifferentiation; Ngn3, Sox9,
F Chrie - 85kb ! 5 or other progenitor markers were not upregulat-
NKX2.2 Ol e e e T et ] ?!:.' ed in the B cell lineage (Supplemental Table 1).
H3kdmel | e kel ;-3 To characterize the different p cell popula-
H3k27ac ** 8 T T [ TR uzé tions at the single-cell level, electron microscopy
H3k27me3 3ZM o b il 2 was performed on control and Nkx2.24% mutant
CpG Methylation 10 1 ﬁ islets. As predicted by the light microscopy anal-

extinguished from these bihormonal cells (Supplemental Figure
2F). In addition, there were populations of lineage-labeled f cells
that appeared to be completely reprogrammed; they no longer
expressed insulin, but now expressed an alternative endocrine
hormone (Figure 3, A-]). These data revealed that loss of Nkx2.2is
sufficient to cause partial and/or complete transdifferentiation of
B cells into the other islet cell types.

It is important to note that, unlike in the Nkx2.2-null mice,
RNA sequencing (RNA-seq) analysis did not reveal an increase in
ghrelin expression. Immunofluorescent staining confirmed there
was no change in numbers of ghrelin cells at birth or in 2-week-
old mice (Supplemental Figure 2, G-J). In older mice, ghrelin-ex-
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Ctrl

ABeta  ysis, control islets contained endocrine cells dis-
playing insulin granules with characteristic elec-
tron-dense crystal cores (Figure 4A). In contrast,
the mutant islets were populated by approxi-
mately 11.3% of B cells containing both insulin granules and either
glucagon- or SST-like granules (Figure 4, B-D). Quantification of
granule identity within these hybrid p cells confirmed that at least
20% of the granules appeared to be SST-like, and 0.5% appeared
to be glucagon-like (Figure 4F). Additionally, we quantified the
granule content of hybrid a cells, and found that 5.2% of these
cells contained insulin-appearing granules and 1.5% contained
SST-appearing granules (Figure 4G). Remarkably, these results
suggest that many of the Nkx2.2*% § cells have acquired a fully
hybrid identity that is characterized not only by the expression of
more than 1 endocrine hormone, but also by the likely expression
of their corresponding granule packaging machinery.
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Table 2. Gene targets directly regulated by NKX2.2

Category
Insulin secretion

Gene symbol

Slc2a2 (0.47), G6pe2 (0.62), Stxbp1 (0.70),
SIc30a8 (0.61), Rims3 (0.76), Ucn3 (0.44), Pex (0.55)

Transcription factors Nkx6.1(0.52), Insm1 (0.70), Mixipi (0.46), Tle3 (0.65)
Membrane channels/receptors  Kenmb2 (0.72), Gipr (0.51)

Granule features Sytl4 (0.61), Ptprn2 (0.72), Rab37 (0.70)

Non-p cell endocrine Sst (1.84), Poy (3.69), Npy (8.57), Pyy (2.67),
molecules

Arx (2.11), Hhex (1.56)
Acot7 (5.36), HigdTa (2.76), Oat (1.49)

Gene targets were identified by comparison of the ChIP-seq data from
MING cells with the RNA-seq analysis from Nkx2.24% versus control
adult islets. Bound and activated genes are indicated in red, and bound
and repressed genes are indicated in green. Fold changes are indicated in
parentheses beside each gene. The full data set of bound genes is listed in
Supplemental Table 2 and is available at GEO GSE79725.

Islet disallowed

The mutant islets also contained a large number of cells that
were devoid of granules and displayed features of altered endo-
plasmic reticulum with numerous enlarged cisternae (Figure 4,
E and I-K, red-stroked arrows), whose membranes exhibited
reduced ribosome content and increased frequency of free ribo-
somes in the cytosol (Figure 4], blue-stroked arrows) compared
to control cells (Figure 4H). Many B cells from Nkx2.2252 mice
also contained insulin granules that exhibited an altered crystal-
lization pattern (Figure 4K, red stroked arrows), and numerous
coalescent granules (Figure 4K, inset, arrowheads), suggesting
early stages of increased secretory vesicle autophagy. Collective-
ly, these ultrastructural alterations indicate that in the absence of
NKX2.2, many of the B cells became severely dysfunctional. It was
not possible to determine whether these cells derived from the
polyhormonal populations or arose independently. Surprisingly,
despite the high degree of observed p cell dysmorphogenesis and
apparent dysfunction, there was little evidence of f cell death by
caspase-3 staining at 4 weeks (GDG, unpublished observations),
which was consistent with the maintenance of normal islet size in
the Nkx2.24%% mice (Figure 2E) and the preservation of WT levels
of Chga expression (Figure 2K).

Nkx2.2 directly activates [3 cell genes and represses non-p cell fea-
tures. The transdifferentiation phenomenon observed in the Nkx-
2.248¢ mijce could be directly caused by the deletion of Nkx2.2
or could be secondary to the loss of f cell identity. To distinguish
these possibilities, we performed ChIP sequencing (ChIP-seq)
analysis in MIN6 cells (25) to determine how NKX2.2 directly
impacts the regulatory networks required to maintain f cell iden-
tity. Similarly to previous studies in human f cells (26), NKX2.2
predominantly bound distal intergenic regions of the genome,
rather than at promoter elements (Figure 5A). De novo motif anal-
ysis showed CACTC to be the core motif sequence that is pref-
erably bound by NKX2.2 in 46.42% of its targets (P < 1 x 102Y)
(Figure 5B). Consistent with the Nkx2.24%% phenotype, NKX2.2
binds and activates f cell genes that are essential for glucose
uptake and insulin secretion (Slc2a2, G6pc2, Ucn3, and Slc30a8),
insulin granule homeostasis (Sytl4, Ptprn2, and Rab37), and key
B cell transcription factors (Nkx6.1, Insml, and Tle3). Interesting-
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ly, NKX2.2 was also found to directly bind and repress non-p cell
endocrine genes, including endocrine hormones (Sst, Ppy, Pyy,
and Npy) and islet-disallowed genes (Oat, Acot7, and Higdla), as
well as the a and & cell determination factors Arx and Hhex (Table
2 and Figure 5, C-F). In agreement with previous studies that have
suggested that NKX2.2 functions as an activator and repressor (27,
28), this analysis revealed that within the B cell, NKX2.2 simulta-
neously activates B cell gene programs and represses non—f cell
programs. These data are consistent with the polyhormonal phe-
notype observed in the Nkx2.2*%* mice and clarify that NKX2.2
maintains B cell identity and function by directly activating f cell
genes and repressing non-f cell endocrine genes.

The ability of NKX2.2 to function as both an activator and
a repressor in a single cell may be dependent on the underly-
ing chromatin features present in the vicinity of NKX2.2 bind-
ing. To characterize the regions that appeared to be activated or
repressed by NKX2.2, we compared the association of NKX2.2
binding peaks with chromatin marks present in p cells isolated
from young mice (29). Interestingly, consistent with the relatively
equal number of activated (49.2%) and repressed (50.8%) targets
(Supplemental Figure 3A), NKX2.2 appeared to equally associ-
ate with active enhancers (H3K4me* and H3K27ac*) and poised
enhancers (H3K4me*, H3K27ac", H3K27me3"). Only a small num-
ber of NKX2.2-bound regions were associated with repressive
marks (H3K4me* and H3K27me3*) (Supplemental Figure 3B).
This would suggest, not unexpectedly, that NKX2.2 binds to active
enhancers to regulate the expression of B cell-specific genes. How-
ever, it also suggests that NKX2.2 function is equally necessary to
maintain repression of the lineage-related non-p cell endocrine
genes that are associated with poised enhancers that have been
implicated in facilitating islet cell plasticity (30).

Nkx2.2 maintains f cell function and identity in mature j cells.
Although analysis of the Nkx2.2** mice was performed in adult
mice, it is possible that constitutive deletion of Nkx2.2 in the B
cells during their normal maturation process compromises the
initial acquisition and “locking in” of a stable B cell identity. To
assess the importance of NKX2.2 in maintaining f cell function
and identity not only during the maturation process of the § cell
but also after they have fully differentiated, we deleted Nkx2.2 in
adult B cells. Adult Nkx2.2#% MIP-CreERT (31) (hereafter referred
to as Nkx2.224dultbets) mjce were given 1.p. injections of tamoxifen
every other day for 5 days (Figure 6A). We were able to consistent-
ly achieve approximately 70% deletion of Nkx2.2 mRNA from the
treated mice (Figure 6B).

Interestingly, depletion of Nkx2.2 in the adult f cell resulted in
the rapid onset of diabetes. Ad libitum blood glucose levels of Nkx-
2.28addBeta myjce were significantly increased within 1 week of the
last injection, and continued to worsen with age (Figure 6C). Cor-
respondingly, a significant increase in the fasting blood glucose lev-
els was observed, although, similarly to that in the Nkx2.24F* mice
(Figure 1H), this increase occurred at a slightly later stage (Figure
6D). Furthermore, the Nkx2.22AduBet2 mijce were unable to effec-
tively clear glucose following a glucose challenge (Figure 6E). This
phenotype also became more severe with age (Figure 6, F and G).

Despite the defective glucose response in the Nkx2.224dultbeta
mice, there was no obvious change in islet size or number of islets
(Figure 6, H-N). Similar to that in the Nkx2.225 mice, there was
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Figure 6. NKX2.2 is essential for the maintenance of j cell identity and function in adult p cells. (A) Schematic of experimental design. (B) gRT-PCR
analysis demonstrates significant deletion of Nkx2.2 in isolated islets from Nkx2.22A%t2 mice compared with controls 5 weeks after the last injection
(n = 5-7). ***P < 0.001; 2-tailed Student’s t test. (C) Deletion of Nkx2.2 increases ad libitum blood glucose in Nkx2.22A%!t®eta compared with controls
starting at 1 week after the last injection (n = 16-20). *P < 0.05, **P = < 0.01, ***P < 0.001; 2-tailed Student’s t test. (D) Fasting blood glucose levels
become significantly increased 5 weeks after the last injection in Nkx2.24Adu!t8eta compared with controls (n = 12-15). *P < 0.05; 2-tailed Student’s t test.
(E) Nkx2.224dultBeta mijce are glucose intolerant at 3 weeks after the last injection compared with controls (n = 12-15). **P < 0.01, ***P < 0.001; 2-tailed
Student’s t test. (F) Glucose intolerance becomes more severe 5 weeks after the last injection in Nkx2.24A%t2 compared with controls (n = 12-15). **P

< 0.01, ***P < 0.001; 2-tailed Student’s t test. (G) Glucose intolerance continues to worsen with age; glucose tolerance test at 6-7 months after the last
injection in Nkx2.22Adu8t compared with controls (n = 3-4). *P < 0.05, **P < 0.01, ***P < 0.001; 2-tailed Student’s t test. (H-N) Immunofluorescence
staining of pancreata from Nkx2.22A%8t and control mice 5 weeks after the last injection. Insets are magnifications of selected areas indicated by white
boxes showing coexpression of insulin (INS) and somatostatin (SST) (J and K) and coexpression of SST and Tomato (TOM) (M and N). The images in I-N
show the same islet that was costained with insulin, somatostatin, and Tomato. The channels were separated out and false-colored to more clearly indi-
cate coexpressed cells. gqRT-PCR analysis confirms the increase in somatostatin over time in Nkx2.2444u"8eta compared with controls (n = 4-6). Asterisks
indicate the location of insulin/somatostatin-copositive cells. (0) gRT-PCR analysis confirms the increase in somatostatin over time in Nkx2,24AdultBeta
compared to controls (n = 4-6). **P < 0.01, ***P < 0.001; 2-tailed Student’s t test.

jci.org  Volume127  Number1 January 2017



The Journal of Clinical Investigation

A NKX2.2 B

4 s o
o W »

Relative mRNA expression

e o o o o
o N B O o
*

Ad.Scr Ad.sh-NKX2.2

1,114 Significantly
dysregulated genes

RESEARCH ARTICLE

Figure 7. NKX2.2 function is conserved in
human islets. (A) gRT-PCR analysis reveals
significant deletion of NKX2.2 in human islets
transduced with Ad.sh-NKX2.2 compared
with scramble shRNA control vector (Ad.

Scr) (n = 3). *P < 0.05; 2-tailed Student’s t
test. (B) One thousand one hundred fourteen
genes were differentially regulated in human
islets when NKX2.2 was reduced. The graph
indicates the percentage distribution of
genes differentially expressed (P < 0.05) from
adenoviral-mediated deletion of NKX2.2 in
human islets compared with scramble control.

® Upregulated
¥ Downregulated

C NKX6.1 @ Active enhancer (C and D) Binding sites shown to be activated
1.2 or repressed in human islets through ChIP-seq
14 . Promoter analysis show direct targets of NKX2.2 that
3 become dysregulated after its deletion. Fold
E 081 change values obtained from RNA-seq data
g 0.6 @ (n =3). T2D-associated genes (43).
k=)
w 04 -
e —HHHS
0.2 f T T 1
0l 37 kb 15 kb 14 kb 13 kb NKX6.1
Ad.Scr  Ad.sh-NKX2.2
D SsT
34
25 [0 Active enhancer
o
s o2
o
515
E
[=] 14
- 28kb 27Tkb 26kb SST
0.5
0 4

Ad.Scr  Ad.sh-NKX2.2

also decreased expression of several important B cell genes, includ-
ing Nkx6.1 and Glut2, and increased expression of islet-disallowed
genes such as Acot7 (Supplemental Figure 4). To investigate wheth-
er the observed islet dysfunction in the Nkx2.24AdutBe2 mjce was also
due to the development of polyhormonal cells, we introduced the
R26R-Tomato reporter to lineage-trace the p cell lineage and immu-
nostained the mutant islets with insulin and either glucagon, SST,
or pancreatic polypeptide. Surprisingly, we were only able to iden-
tify cells coexpressing insulin and SST (Figure 6, I-K); there were
no cells coexpressing insulin and the other endocrine hormones.
Consistently, we also observed increased Sst gene expression with
age (Figure 60). These data suggest that NKX2.2 is essential in the
acquisition and maintenance of f} cell identity, during development
and in the adult. However, they also imply that the level of f cell
plasticity becomes more restricted with age, and only retains the
ability to acquire § cell characteristics.

Nkx2.2 function is conserved in human islets. To investigate
whether NKX2.2 is also important for the function and identity
of human B cells, islets from 3 individuals were infected with ade-
novirus encoding an shRNA directed against human NKX2.2 or a
scrambled shRNA control. We were able to achieve an 80% reduc-
tion in NKX2.2 expression, which led to significant (P < 0.05) gene
expression changes of which approximately 38% were downreg-
ulated and approximately 62% were upregulated (Figure 7, A and
B). Since NKX2.2 is removed from all islet cells, the higher ratio
of repressed versus activated genes in the human islets compared

with the Nkx2.2*F< mice may indicate that NKX2.2 functions pre-
dominantly as a repressor in the other islet cell types, including
the a cells, which express high levels of NKX2.2. Future studies to
delete Nkx2.2 specifically in the postnatal a cells will help clarify
the molecular activity of NKX2.2 in the a cell population.
Comparison of the gene expression changes with previously
published ChIP-seq analysis of NKX2.2 binding sites in human
islets (26) demonstrated that, similarly to mouse NKX2.2, human
NKX2.2 functions as both an activator and a repressor. Further-
more, it confirmed its importance in the regulation of factors
essential for glucose homeostasis and insulin secretion, as well
as its regulation of genes associated with T2D (Table 3). Notably,
several important NKX2.2 gene targets were conserved, including
NKX6.1, which was bound and downregulated (Figure 7C), and
SST, which was bound and upregulated after loss of NKX2.2 (Fig-
ure 7D). Collectively, these data demonstrate a conserved role for
NKX2.2 in maintaining f cell function and identity by activating
important f cell genes and actively repressing non-p cell features.

Discussion

There is increasing evidence that loss of B cell identity and the
acquisition of bihormonal and polyhormonal cells are occurring
in the islets of patients with type 1 and type 2 diabetes (32-34).
However, the molecular basis of these reprogramming events
has not been elucidated, and it is not known whether these
events participate in the initiation of disease or represent a con-
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Table 3. A subset of genes directly regulated by NKX2.2 in human islets

Category
T2D-associated genes”
Islet transcription factors
Hormones

Granules and exocytosis
Insulin signaling
Hormone receptors
Membrane channels
Transcription factors
Islet disallowed genes
Pancreatic islet development

Gene symbol

INSM1 (0.52), HNF1B (0.49), NKX6.1 (0.44)
SST (2.68), VIP (2.11)

AKT2 (0.50), INPP5D (2.84)
IGF2R (0.50), GCGR (3.09), GIPR (2.64)
KCNN1 (5.35), KCNN3 (2.01)

FCGRT (1.75), NDRG2 (1.93)
REG1A (0.44), REGIB (4.31)

G6PC2 (0.42), HNF1B (0.49), PTGES (2.89), TSPANS (2.62), GIPR (2.64), PPARG (2.79)

ACTB (1.86), SCG3 (1.90), SCG5 (1.74), VAMP1 (2.89)

S0X11(0.33), CEBPD (0.51), TEAD4 (0.46), RORC (0.53), TLE6 (2.97)

A subset of genes and their corresponding functional categories that were identified in RNA-seq analysis of human islets that were transduced with Ad.sh-NKX2.2
compared with scramble shRNA control vector (Ad.Scr) (n = 3). Genes that are significantly upregulated are indicated in green; significantly downregulated genes
are indicated in red. Genes in boldface are directly bound by NKX2.2 in human islets according to ChIP-seq analysis (25). Fold changes are indicated in parentheses
beside each gene. P < 0.05 for all genes shown. The full list of significantly regulated genes is provided in Supplemental Table 3. #See ref. 44.

dition that is secondary to disease progression. In the present
study, we uncover the essential role of NKX2.2 in the matura-
tion and maintenance of adult mouse and human f cell func-
tion and identity. B Cell deletion of Nkx2.2 destabilized the f
cell phenotype, leading to a reduction in insulin expression and
content, and the loss of some f cell functional features (Fig-
ure 2, A-C), which unexpectedly was not accompanied by cell
death. Instead, we observed the presence of at least 4 different
B cell subpopulations within the mutant islets (Figure 3, A-]):
(a) single-hormone-positive insulin expressing cells; (b) B cells
that coexpress insulin and other islet hormones, suggesting the
occurrence of a partial transdifferentiation event; (c) cells that
have lost insulin expression and only express other islet endo-
crine hormones, perhaps indicative of a complete cellular trans-

differentiation; and (d) cells that do not express any hormones.
The existence of these different B cell populations suggests that
B cells could gradually traverse stepwise through partial repro-
gramming, then to complete transdifferentiation, and finally to
a complete loss of B cell identity (Figure 8). However, we did not
observe changes in the relative ratios of these 4 different sub-
populations with age or pregnancy, perhaps suggesting that the
islet contains heterogeneous p cell populations that differential-
ly respond to the loss of NKX2.2. We cannot, however, rule out
the possibility that there is some interconversion between the
different phenotypic states (Figure 8).

In contrast to previous studies that suggest that p cells
undergo dedifferentiation prior to reprogramming (2), we did
not observe a significant increase in the expression of progenitor
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Figure 8. Model of NKX2.2 function in the adult p cell. NKX2.2 appears to be a master regulatory protein that is essential for the acquisition and

maintenance of § cell identity. Loss of NKX2.2 in B cell results in the formation of different p cell subpopulations that were identified by the expres-
sion of the B cell-specific Tomato reporter. Dysfunctional f cells: This category includes lineage-labeled (red dots) insulin-expressing cells (purple
dots) unable to mount a proper insulin response and represents the largest population of mutant  cells. Polyhormonal B cells: Lineage-labeled (red
dots), insulin-positive (purple dots) B cells that are misexpressing the other islet endocrine hormones (green dots). It is possible that these cells rep-
resent incomplete transdifferentiation. Insulin-negative B cells: Lineage-labeled (red dots) B cells that have lost insulin expression, but have acquired
the expression of other non-B endocrine hormones (green dots). Empty B cells: A rarer population of lineage-labeled cells (red dots) without expres-
sion of any endocrine hormones. It is unknown whether these populations originate independently or are able to interconvert. Arrows represent the
possible transitioning between the different populations.
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markers to suggest that deletion of Nkx2.2 causes  cell dediffer-
entiation. Instead, our data suggest that loss of Nkx2.2 results
in direct reprogramming through the primary regulation of spe-
cific gene sets. Interestingly, we also observed more restricted
reprogramming potential in adult versus young B cells. Deletion
of Nkx2.2 in f cells shortly after the activation of insulin resulted
in all combinations of polyhormonal cell populations; however,
deletion of Nkx2.2 in adult B cells only led to the formation of
insulin- and SST-coexpressing cells (Figure 6, I-K), implying
that the plasticity of the B cell is diminished over time. The role
of NKX2.2 function in maintaining B cell identity by activating
cell gene programs and repressing non-p cell programs appears
to be conserved in human islets. Similarly to loss of Nkx2.2 in
adult mouse B cells, inactivation of NKX2.2 in human islets pre-
dominantly led to the upregulation of SST (Figure 7D). Interest-
ingly, the predominance of insulin- and SST-coexpressing cell
populations has been described in several recent studies report-
ing the presence of polyhormonal cells in islets derived from
diabetic individuals (33, 35).

One intriguing feature of the Nkx2.22%% mice was their
impaired ability to mount a response to glucose in vivo, even
though there was an enhanced response in vitro. This pheno-
type is remarkably similar to that seen with a p cell deletion of
Slc30a8, the gene that encodes the zinc transporter ZNT8 (36).
Mice lacking ZNTS8 specifically in their p cells had lower periph-
eral insulin concentrations, but increased insulin secretion in
vitro due to a key role for islet-derived ZNT8 in regulating insu-
lin degradation by the liver. Since Slc3048 is significantly down-
regulated in Nkx2.248 jslets (P < 1.65 x 10°%), this may contrib-
ute to the severe metabolic impairment observed in vivo. In
addition, we noted a modest increase in serum levels of SST
(Supplemental Figure 2K) and significantly increased expres-
sion of somatostatin receptor 1 (Sstr1) (2.42-fold; P < 0.0009)
in the B cells of Nkx2.2482 mice. Since SST is a potent inhibitor
of insulin secretion (37), this could also explain why there is a
more severe impairment of insulin secretion in vivo. Ultimate-
ly, these results indicate that NKX2.2 is essential for regulating
many aspects of f cell function that have a profound effect on
maintaining glucose homeostasis in the body.

We have determined that NKX2.2 plays an essential role in
regulating B cell function and identity. Although previous studies
have demonstrated the ability of NKX2.2 to function as an acti-
vator and repressor in certain cellular and genomic contexts, to
our knowledge this is the first evidence that NKX2.2 simultane-
ously functions in the f cell to directly activate the p cell program
and repress non-f endocrine genes. The unexpected finding that
47% of NKX2.2 binding peaks were present at poised rather than
repressed enhancers also provides an explanation for why p cells
are only able to revert to closely related endocrine cell fates, rath-
er than a completely unrelated cell identity. Furthermore, it sug-
gests a mechanism whereby NKX2.2 is involved in the priming of
enhancers during development and may be essential later for the
direct activation of the genes involved in f cell function as well as
the active repression of gene sets that would otherwise activate
non-f islet-related lineages. The direct regulation of both B cell
and non-P cell gene programs by NKX2.2 also suggests that the
presence of bihormonal and/or polyhormonal cells is not second-
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ary to the loss of B cell identity. Importantly, these studies also
demonstrate the highly unstable nature of the B cell; there is an
ongoing need to actively maintain the activation of genes involved
in B cell function, but to also maintain repression of closely related
gene programs. Therefore, it is possible that in conditions of met-
abolic stress, disruption of a single regulatory pathway will cause a
simultaneous loss of f cell function and identity.

A potential caveat regarding the study is that MIN6 cells were
used to identify direct targets of NKX2.2. Although it would have
been optimal to perform ChIP-seq analysis on purified adult f§ cells,
we were not able to extract sufficient chromatin from the primary
tissue. To overcome any potential artifacts that may be associated
with using an immortalized cell line, we designated genes to be val-
id direct targets only if they were both bound by NKX2.2 in MIN6
cells and shown to be regulated by NKX2.2 in vivo in the Nkx2.248¢t
mice. Furthermore, many of the direct targets we identified were
shown to be bound by NKX2.2in human islets (26). The correlation
of these NKX2.2 binding sites with enhancers and repressors iden-
tified in young B cells (29) further demonstrates an association of
NKX2.2 with existing regulatory elements. Additional studies will
be performed in the future to determine whether NKX2.2 plays a
direct role in influencing the chromatin structure and maintaining
chromatin marks to preserve the gene regulation in the f cell.

The development of polyhormonal cells during T1D and T2D
has been postulated to be indicative of a more primitive endo-
crine cell phenotype that is known to exist during human islet cell
development (38). Interestingly, during the early stages of human
pancreas formation, the endocrine cells are initially polyhormon-
al and only gradually resolve into monohormonal cell identities
(39). Intriguingly, unlike in mouse pancreatic development, where
NKX2.2 is expressed early and there are only minor populations of
polyhormonal cells, in humans NKX2.2 is not detected until late in
pancreas formation, during the stage when monohormonal cells are
acquired (40). This suggests that there may be an intrinsic function
of NKX2.2 for acquiring a functional monohormonal identity.

The role of NKX2.2 in maintaining B cell identity in T2D
remains relatively unexplored. We have determined that NKX2.2
expression is downregulated more than 5-fold (P adjusted < 1.19 x
107) in db/db mouse islets, and a recent study demonstrated that
NKX2.2 expression was reduced in the diabetic Goto-Kakizaki rat
model (41). Reduced NKX2.2 expression has also been reported in
primate models of diabetes induced by a high-fat/sugar diet (42). In
humans, because of the variability that exists between T2D patient
samples, the expression of NKX2.2 remains controversial. In some
patient cohorts, there was little or no change in NKX2.2 expression
levels (43, 44). However, in other studies, diabetic individuals had
an downward trend of NKX2.2 expression (45, 46). Given the poly-
genic nature of T2D, it remains possible that larger sample sizes will
identify NKX2.2 dysregulation in subclasses of T2D patients. In
support of this, Pasquali et al. (26) identified a large number of T2D
SNPs present in islet enhancers that were occupied by NKX2.2.

In summary, it is becoming increasingly clear that B cell
death may not be the primary cause of the loss of B cell mass
during diabetes progression. Instead, there is emerging evidence
that fully differentiated mature f cells in mice and humans retain
much more plasticity than previously appreciated. In the present
study, we identified NKX2.2 as master regulator of such plastici-
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ty, actively repressing non-f cell lineages and directly activating
B cell functional programs. Understanding the molecular mech-
anisms allowing for the retained plasticity will be important for
deriving fully differentiated B cells with a “locked-in” identity
in vitro. Furthermore, these findings indicate that blocking or
reversing P cell reprogramming could represent viable therapies
for treating diabetes.

Methods

Mouse strains

Mice carrying a conditional allele of Nkx2.2%/" (21) were bred to
RIP-Cre mice (20) and to tamoxifen-inducible MIP-CreERT mice
(31). To induce the MIP-CreERT allele, tamoxifen (Sigma-Aldrich)
was dissolved in corn oil, and a dose of 100 mg/kg BW was given
via i.p. injection every other day for 3 days. All mice used in phys-
iological tests were male, unless otherwise stated in the text. It is
important to note that deletion of the genomic fragment encoding
the Nkx2.2 gene did not delete the associated long noncoding RNA
(IncRNA) and deletion of Nkx2.2 did not alter expression of the
associated IncRNA.

Tissue preparation and immunohistochemistry

Mouse pancreata were fixed either for 2 hours or overnight in 10%
neutral-buffered formalin (VWR) at 4°C. Tissue was then transferred
to 70% ethanol and subsequently embedded in paraffin and sectioned
at 5 um thickness. Antigen retrieval was performed using 10 mM sodi-
um citrate buffer, pH = 6, at boiling temperature in a water bath for
15 minutes. After a 20-minute cool-down period at room tempera-
ture, samples were incubated with primary antibodies overnight and
further stained with secondary antibodies the following day. Details
of primary and secondary antibodies used are listed in Supplemental
Tables 4 and 5, respectively.

Transmitted electron microscopy

Ultrastructural analysis of WT and Nkx2.2 mutant pancreatic islets
was performed by transmitted electron microscopy, as previously
described with minor modifications (47, 48). Briefly, islets were fixed
immediately after isolation at 4°C in 0.1 M sodium cacodylate buf-
fer, pH = 7.4, 2% paraformaldehyde, 2.5% glutaraldehyde (Electron
Microscopy Sciences), and 3 uM CaCl,. Samples were then postfixed
with osmium tetraoxide (1% wt/vol in H,0) and counterstained with
uranyl acetate (2% wt/vol in HZO). After gradual dehydration in eth-
anol, samples were embedded in Durcupan resin (Sigma-Aldrich)
and polymerized overnight at 60°C and 20 mmHg, as previously
described (49). Ultrathin sections (70 nm) were then cut using a 35°
angle Diatome diamond knife, and mounted on 300 mesh gold grids
(Electron Microscopy Sciences). After counterstaining with uranyl
acetate (1% wt/vol in H,0) and Sato lead (1% wt/vol in H,0), sections
were imaged at 80 keV using an electron microscope (JEOL JEM-
1400), equipped with a Gatan Ultrascan 1000XP with 2,000 x 2,000
resolution CCD camera, using the image acquisition software Gatan
Digital Micrograph (Gatan Inc.).

ChIP and sequencing
MING cells (25) were grown to confluence in a 15-cm culture dish and
were formaldehyde-cross-linked for 10 minutes. Cross-linked chro-
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matin was fragmented by sonication using the Diagenode BioRuptor
for 3 cycles of 5 minutes each (30 seconds on/off). Two micrograms
of rabbit anti-NKX2.2 antiserum was added to 80 pg of sheared chro-
matin. The antibody/chromatin complex was left to rotate end to end
overnight at 4°C, and subsequently pulled with protein G Dynabeads
(Thermo Fisher Scientific). Chromatin was washed, eluted, and
reverse cross-linked, followed by protease treatment.

ChIP-seq libraries were prepared according to the instruc-
tions of the KAPA Hyper Prep kit for Illumina. Sequencing was
performed using the Illumina HiSeq 2500 system according to the
manufacturer’s instructions. Peak annotation was performed using
the MACS peak caller (version 1.4.2 20120305). The g value cut-
off we used was 0.01. Binding peaks were annotated with genes
with a transcription start site present within 100 kb of an identi-
fied NKX2.2 binding peak. De novo motif analysis was performed
with Hypergeometric Optimization of Motif EnRichment (HOMER
version 4.6). The dataset is available at NCBI’s Gene Expression
Omnibus (GEO) database under the accession number GSE79725.

Western blot analysis

Pancreatic islets were isolated out from approximately 21-week-old
mice. Protein was extracted using radioimmunoprecipitation assay
(RIPA) buffer during a 5-minute sonication period (30 seconds on/
off). Thirteen micrograms of protein was used for analysis as previous-
ly described (50). Primary and secondary antibodies used are listed in
Supplemental Tables 4 and 5, respectively.

Glucose tolerance test, plasma insulin, and insulin content

Glucose tolerance tests. Mice were fasted overnight, followed by an i.p.
injection with glucose (2 mg/g BW). Tail vein blood samples were col-
lected at several time points after the injection. Glucose concentration
was determined using the Accu-Chek Compact Plus Blood Glucose
Meter (Roche).

Acute plasma insulin and somatostatin assays. Mice were fasted
overnight, followed by i.p. injections with glucose (2 mg/g BW). For
insulin measurements, blood plasma samples were collected at dif-
ferent time points after the injection through heart puncture, and
individual cohorts were used per time point. Somatostatin (SST) was
measured by collection of blood plasma samples 30 minutes after the
injection through heart puncture. Plasma insulin was measured by
ultrasensitive insulin ELISA kit (Crystal Chem), and SST was mea-
sured by SST ELISA kit (Phoenix Pharmaceuticals).

Pancreatic insulin content. Pancreata were dissected and disrupt-
ed using a homogenizer. Insulin was extracted by acid ethanol. The
insulin concentration was analyzed by insulin ELISA (Mercodia) and
normalized to pancreas weight (g).

Islet isolation and glucose stimulated insulin secretion assays

Islet isolation. Mouse pancreatic islets were isolated by perfusion of the
pancreata with Collagenase P (Roche) through the common hepatic
bile duct at a concentration of 1 mg/ml of M199 medium (Invitrogen).
Pancreata were removed and dissociated at 37°C for 16 minutes. After
several washes using M199 medium supplemented with 10% FBS
(Gemini Bio Products), islets were separated onto a gradient using a
combination of serum-free M199 medium and Histopaque (Sigma-
Aldrich). Islets were then hand-picked to avoid exocrine contamina-
tion and processed for different applications.
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Human islets from 3 donors were obtained through the NIH-sup-
ported Integrated Islet Distribution Program via Mount Sinai Human
Islet Core facility. The islets were harvested from deceased donors
without any identifying information at NIH-approved centers with
informed consent and IRB approval at the islet isolation centers.
Donors ranged in age from 32 to 64 years old (mean 45.7); 2 were
female and 1 was male. Mean BMI was 28.03 (range 23-32.8).

Glucose stimulated insulin secretion assays. Twenty islets per well
were cultured in Krebs buffer with a glucose concentration of 2.8 mM
for 1 hour in a 12-well plate; supernatant was collected to measure bas-
al insulin secretion. Islets were then transferred to Krebs buffer with
16.7 mM glucose, and the supernatant was collected after 1 hour. Islets
were disrupted using a homogenizer in 50 pl of lysis buffer (150 mM
NaCl, 50 mM Tris-HCl [pH 8.0], 1% Octylphenoxy poly(ethyleneoxy)
ethanol [IGEPALJ), and insulin content was extracted by acid ethanol.
Insulin in supernatant and islet lysates was measured by ultrasensitive
insulin ELISA (Crystal Chem). Secreted insulin was calculated as per-
centage of total insulin content per hour.

Quantitative real-time reverse transcriptase PCR and RNA-seq
Total mMRNA was prepared from PO pancreata or isolated islets at 4 weeks
of age using the RNeasy Micro Kit (QIAGEN) and reverse transcribed
with SuperScript (Roche). Real-time reverse transcriptase PCR was car-
ried out with either SYBR Green (Bio-Rad) or TagMan probes (Applied
Biosystems) and measured on a Bio-Rad CFX96 Real Time System.
Expression levels were normalized to cyclophilin B for mouse samples
and to 36B4 for human samples. Primers and probes used for mouse and
human samples are listed in Supplemental Tables 6 and 7, respectively.
For RNA-seq analysis, RNA from mouse and human islets was
obtained using the RNeasy Micro Kit (QIAGEN). RNA quantity and
quality were assessed using the Agilent 2100 Bioanalyzer, and 400 ng
of total RNA was sent to the Columbia University Genome Center for
library preparation, sequencing (Illumina 2500), and bioinformatics
analysis. Expression changes were considered significant if they had a
Pvalue of at least 0.05 and a log, fold change of at least 0.5. The GEO
accession number for this data set is GSE79725.

Adenovirus

Ad.shRNA directed against human NKX2.2, targeting GCCGACGAGT-
CACCGGACAA, was obtained from Welgen Inc. Ad.Scrambled was
provided by Andrew Stewart (Icahn School of Medicine at Mount Sinai).
Adenovirus was packaged and produced in HEK-293A cells. Titers were
determined by plaque assay (PFU). Dispersed human islets were transduc-
ed with either experimental or control (Ad.Scrambled) at 100 and 300 MOI
in serum-free media for 2 hours. Transduction was terminated by addition
of complete medium containing 10% FCS and cultured for 96 hours.

Cell lines

The adenovirus packaging cell line, HEK-293A (Life Technologies),
was cultured in DMEM supplemented with 10% FCS, 1% penicil-
lin-streptomycin, and 1x MEM containing nonessential amino acids.
The MING cell line was cultured in DMEM supplemented with 10%
FBS and 1% penicillin-streptomycin.

Morphometric analysis
For all morphometric analysis, quantification was done on 6 even-
ly spaced sections through the whole pancreas. To determine B cell
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mass, percentage islet area, and islet number, tiles of each section
were imaged at x10 using a Leica fluorescent microscope (DM5500).
To calculate B cell mass, each section was stained with insulin (B cell
area) and amylase (pancreas area). Islet area was divided by the pan-
creas area and then multiplied by the weight of the pancreas (g). To
analyze percentage islet area, each section from the different levels
was stained with insulin and DAPI. Islet size was measured manually
based on morphology and guided by insulin and DAPI staining. Islets
were arranged by size, and the total islet number was used to calcu-
late the percentage represented in each size group. To determine the
islet cell numbers, all islets were quantified in each section and then
divided by the total pancreas area (cm?). To determine the number of
insulin cells per islet area as well as the percentage of polyhormonal
cells, images of 5 islets per section in 6 different levels were imaged
at x40 on a Zeiss Confocal LSM 710 microscope. The number of
insulin-positive cells was counted as a function of total islet area.
Percentage of polyhormonal cells was calculated by division of the
number of cells copositive for insulin and either SST, glucagon, or
pancreatic polypeptide by the number of insulin-positive cells and
multiplied by 100. At least 3,000 cells were counted to calculate
insulin cells per islet area, and at least 3,500 for the percentage of
polyhormonal cells. All areas and cell quantification were processed
with Image] 1.46R software (NIH).

Image analysis

All immunofluorescent images were processed using Adobe Pho-
toshop CS5.1 and Image] 1.46R. Only brightness and contrast were
adjusted in accordance with the Journal of Cell Metabolism figure
manipulation guidelines.

Statistics

Statistical analysis was calculated using a 2-tailed Student’s unpaired
t test. Results are expressed as the mean + SEM, and a P value of 0.05
or less was considered significant.

Animal approvals
Mice were housed and treated in accordance with the animal care pro-
tocol (AAAG3206) approved by the IACUC of Columbia University.
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