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Introduction
Genetic association and linkage studies are designed to inves-
tigate the relationship between genetic variation at a gene locus 
and phenotypes, including those with disease relevance. GWAS in 
humans have identified more than 200 loci associated with type 2 
diabetes (T2D) (1). We previously asked whether variations in the 
expression of candidate genes located at GWAS loci are regulated 
by one or more transcription factors (TFs). We analyzed a rich data 
set consisting of islet mRNA abundance measurements in 500 
mice derived from an F2 intercross between a diabetes-resistant 
and a diabetes-susceptible obese mouse strain (2).

The data set provided numerous instances in which the abun-
dance of mRNA transcripts mapped to locations coinciding with 
the physical location of their corresponding genes (cis-eQTL). 
However, even more numerous were instances in which the abun-
dance of multiple mRNAs comapped to a common locus (trans-
eQTL), suggesting that the locus contains a master regulator of 
the comapping genes. We asked whether the abundance of mRNA 
transcripts encoding genes for T2D identified in human GWAS 

map to a similar “hot spot” in the mouse genome. We discovered 
that approximately 40% of these mRNA abundance phenotypes 
mapped to a broad region on mouse chromosome 2. Using medi-
ation analysis, we identified Nfatc2 as a regulator of expression 
of these genes. Further, we demonstrated that NFATC2 potently 
stimulates β cell proliferation in mouse and human islets (2).

We sought to better understand how such a large propor-
tion of GWAS genes are under the regulation of NFATC2 and to 
identify its direct transcriptional targets that mediate enhanced 
β cell proliferation. One possibility is that the binding sites for 
NFAT proteins are proximal to binding sites for other TFs that 
affect β cell gene expression and proliferation. This would also 
predict that some of these other TFs interact and act in concert 
with NFATC2. We performed ChIP studies to identify genomic 
binding sites of NFATC2 in human islets. We found that NFATC2 
binding sites are proximal to binding sites for several key islet TFs 
(e.g., NKX6-1, FOXA2, and PDX1). By combining our ChIP data 
with RNA-Seq, we were able to infer which regulatory sites are 
stimulatory and which are inhibitory. Our studies establish FOXP 
proteins as essential binding partners for NFATC2 in the context 
of β cell proliferation. We identify Nr4a1 as a target of NFATC2 
that mediates a major part of the ability of NFATC2 to stimu-
late β cell proliferation. Finally, we integrated noncoding RNA 
sequencing (ncRNA-Seq), chromatin accessibility, and NFATC2 
genomic binding to identify NFATC2-dependent enhancer loci in 
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As we reported in mouse islets, identifying transcripts that 
demonstrate differential versus common regulation by NFATC1 
and NFATC2 is one approach to linking their effects on β cell 
proliferation and insulin secretion (2). More than 50% of the 
DE genes (3141 genes) tend to be equally modulated by NFATC1 
and NFATC2 (Figure 1C). This may reflect a homologous protein 
structure between NFAT2 and NFAT1, the protein products of 
Nfatc1 and Nfatc2, respectively, including the highly conserved 
REL homology domain, which confers a nearly identical consen-
sus binding motif (4, 5). Overall, these results demonstrate that 
NFATC1 and NFATC2 mediate similar changes in gene expres-
sion in human islets.

Among the approximately 1700 human genes that are anno-
tated as being associated with regulation of the cell cycle (Gene 
Ontology GO:0007049), 1642 are expressed in human islets, of 
which 723 (~44%) are DE in response to NFATC1 or NFATC2. 
Interestingly, more than half of the DE cell cycle genes are reg-
ulated similarly by NFATC1 and NFATC2, including ASF1B and 
CDKN1A (Supplemental Table 2). Previously, we showed that 

human islets. Our results provide a catalog of direct and indirect 
transcriptional targets of NFATC2 that mediate enhanced β cell 
proliferation in human islets.

Results
NFAT regulates gene expression in human islets. To explore the mech-
anism by which NFAT stimulates β cell proliferation in human 
islets, we profiled the human islet transcriptome following over-
expression of constitutively active (CA) forms of Nfatc1 and Nfatc2 
(3). From 8 distinct human islet donors, a total of approximately 
19,000 transcripts were identified, of which 5589 were differen-
tially expressed (DE) in response to NFATC1 and/or NFATC2 (Fig-
ure 1A and Supplemental Table 1; supplemental material available 
online with this article; https://doi.org/10.1172/JCI144833DS1). 
Among the DE genes, approximately 20% and approximately 12% 
were induced more than 2-fold by NFATC1 and NFATC2, respec-
tively (Figure 1B). Similarly, approximately 9% and approximately 
7% of the DE genes were suppressed more than 50% by NFATC1 
and NFATC2, respectively.

Figure 1. NFATC1 and NFATC2 regulate gene 
expression in human islets. Whole-islet RNA was 
sequenced from 8 separate human donors (donors 
1–8) 48 hours after Ad-mediated expression of 
CA Nfatc1 or Nfatc2; Ad-GFP was used as the 
negative control. (A) Heatmap shows the expres-
sion of transcripts among the individual samples 
that were differentially regulated in response 
to NFATC1 and/or NFATC2 relative to GFP (5589 
transcripts). Transcripts are ordered by the average 
increase in expression in response to NFATC2. 
Red, increased expression; blue, decreased. A 
small number of transcripts showed a greater 
than 10-fold change in expression. For illustration 
purposes, z scale for heatmap is truncated at a 
10-fold change. A complete list of all transcripts 
and their regulation by NFATC1 and NFATC2 is 
provided in Supplemental Table 1. (B) Distribution 
of log10 fold-change in expression for NFATC1- and 
NFATC2-regulated transcripts. Transcripts were 
further classified as those that were regulated 
equally in response to NFATC1 and NFATC2 (C, 
3141 transcripts), regulated by NFATC1 only (D, 
794 transcripts), regulated by NFATC2 only (E, 226 
transcripts), or differentially regulated by NFATC1 
and NFATC2 in magnitude or direction (F, 631 
transcripts).
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mental Figure 1 and Supplemental Table 3). For example, mito-
chondria-associated genes were enriched (z > 9) in the tran-
scripts that NFATC1 and NFATC2 induced, whereas a number 
of pathways associated with the nucleus were enriched (z > 12) in 
transcripts that were suppressed by both TFs. Several pathways 
were also enriched in gene sets that showed selective regula-
tion by NFATC1 or NFATC2. For example, regulation of insulin 
secretion was enriched (z ≈ 4.5) in transcripts that were unique-
ly induced by NFATC2, including IRS1, CDK16, SFRP1, NPFF, 
and NR1D1. Genes induced exclusively by NFATC1 enriched for 
histone ubiquitination (z ≈ 4.8), whereas terms associated with 
mRNA processing were suppressed by NFATC1. Taken together, 
these results suggest that NFATC1 and NFATC2 positively reg-
ulate expression of genes encoding mitochondrial proteins and 
negatively regulate genes encoding nuclear proteins. Less robust 
enrichment was observed for smaller gene sets that showed selec-
tive regulation by NFATC1 versus NFATC2.

overexpression of ASF1B was sufficient to induce human β cell 
proliferation (6). Others have shown that CDKN1A decreases β 
cell proliferation (7, 8). NFATC1 and NFATC2 induce the expres-
sion of ASF1B while suppressing CDKN1A expression, resulting 
in increased β cell proliferation. These results demonstrate that 
NFATC1 and NFATC2 directly or indirectly regulate the expres-
sion of genes that themselves are sufficient to induce human β cell 
proliferation, suggesting that NFAT may be a master regulator of 
β cell proliferation. In contrast to the number of genes that were 
equally regulated by NFATC1 and NFATC2, many fewer were 
solely regulated by one of the NFAT isoforms. For example, 889 
and 315 genes were regulated exclusively by NFATC1 (Figure 1D) 
or NFATC2 (Figure 1E), respectively or differentially regulated by 
NFATC1 and NFATC2 in magnitude or direction (Figure 1F).

Several physiological pathways were significantly enriched 
(z score > 3) within the gene sets that were transcriptionally 
regulated by NFATC1 and/or NFATC2 in human islets (Supple-

Figure 2. NFATC2 preferentially binds DNA proximal to gene loci in human islets. Islets from 6 separate human donors were transduced with Ad-ca-Nfatc2 
or Ad-GFP as the negative control. Forty-eight hours later, ca-Nfatc2–bound chromatin was isolated and sequenced, resulting in the identification of 8635 
genome-wide NFATC2 binding sites. (A) Genomic distribution is illustrated as a percentage of all sites, as well as the position weight matrix for the most 
common DNA sequence present at NFATC2 binding sites. (B) Average read density for all NFATC2 binding sites or an equal number of randomly selected sites ±3 
kb from all known TSSs. (C) Enrichment scores for alignment of NFATC2 sites with previously published ChIP-Seq for CTCF, several TFs (MAFB, NKX6.1, FOXA2, 
PDX1), histone modifications, and measures of chromatin accessibility (ATAC-Seq, DNase, FAIRE-Seq) in human islets. Published data from the labs of Francis 
Collins (10), Klaus Kaestner (11), and Jorge Ferrer (12, 13). Genome browser views for NFATC2 binding at the BAG3 (D) and RCAN1 (F) gene loci. Expression of BAG3 
(E) and RCAN1 (G) in human islets 48 hours after transduction with Ad-GFP (GFP), Ad-ca-Nfatc1 (C1), or Ad-ca-Nfatc2 (C2). Data are represented as mean ± SEM. 
*P < 0.05, Student’s 2-tailed t test for C1 or C2 versus GFP.
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islet donors. We identified a total of approximately 8600 bind-
ing sites, approximately 35% of which were within the promoter 
region (±3 Kbp from the transcription start site [TSS]) of known 
genes (Figure 2A). The NFAT consensus motif (TGGAAA) was 
the most common DNA sequence present at the NFATC2 binding 
sites (Fisher’s exact test, P = 2 × 10–668). Most of these binding sites 
were very close to the TSS of the nearest gene (Figure 2B), suggest-
ing these genes may be direct transcriptional targets of NFATC2.

Previous studies have identified binding sites for key TFs in 
human islets, including NKX6-1, NKX2-2, FOXA2, and PDX1 (9). In 
addition, various histone modifications (e.g., H3K27ac, H3K4me1) 
and chromatin accessibility (e.g., ATAC, FAIRE, DNase) measure-
ments have been published for human islets (9–13). We investigated 
the extent to which NFATC2 binding sites overlap with these other 
TFs and epigenome modifications. All ChIP sets overlapped signifi-
cantly with NFATC2 binding, except for H3K79me2 (Supplemental 
Figure 4). Interestingly, more than 60% of the NFATC2 binding 
sites also bound NKX2-2, FOXA2, and PDX1 (Figure 2C). Further-

We showed that, in addition to inducing β cell proliferation, 
NFATC2 is a key driver of genes in mouse islets whose orthologs 
have been associated with diabetes in human GWAS (2). Among 
approximately 242 genes that have been associated with diabetes 
in humans, the expression of 82 was regulated by NFATC1 and/or 
NFATC2 in human islets (Supplemental Figure 2). The majority of 
these were equally regulated by NFATC1 and NFATC2, including 
HNF4A, CDC123, HHEX, GLIS3, and SLC30A8. GIPR and MACF1 
were exclusively regulated by NFATC1, whereas the expression of 
IRS1 was regulated by NFATC2. These results extend our earlier 
observations in the mouse by showing that in human islets, NFATC2 
is a key regulator of genes associated with diabetes. Further, the asso-
ciation of T2D susceptibility to a locus containing NFATC2 in human 
GWAS (Supplemental Figure 3) may in part reflect NFATC2-depen-
dent regulation of these diabetes-associated effector genes.

NFATC2 preferentially binds sites proximal to genes in human 
islets. To identify direct transcriptional targets of NFATC2, we per-
formed genome-wide ChIP-Seq for NFATC2 in 6 distinct human 

Figure 3. NFATC2 complexes with FOXP to regulate cellular proliferation in mouse islets. (A) Whole islet RNA-Seq (19,006 transcripts) and NFATC2 
genomic binding (8635 sites) were integrated to identify direct NFATC2 transcriptional targets in human islets. 4817 Genes were DE in response to NFATC2 
overexpression; 2211 of these DE transcripts contained an NFATC2 binding site within 50 Kbp of the TSS, suggesting they are directly regulated by NFATC2. 
(B) Relationship between the magnitude of NFATC2-dependent gene regulation and distance from the NFATC2 peak to the TSS is illustrated for the direct 
target genes. (C) Expression levels for approximately 50 known NFAT binding partners in mouse versus human islets; FOXP family is highlighted. Six genes 
were expressed in human, but not mouse islets (ND in mouse islets): 3 members of the POU family (POU4F3, POU4F2, and POU5F1), GATA1, EGR4, and 
MMP1, in increasing expression in human islets. (D) Frequency distribution between NFATC2 binding sites and known FOXP motif (MA0481.2, GTAAACA). 
Inset: crystal structure (PDB: 2AS5) of DNA binding domains for FOXP and NFAT in complex with DNA segment for the murine Il2 promoter ARRE2 site 
gene. (E) NFATC2-induced cellular proliferation in islets from WT(FoxpWT) and Foxp1, Foxp2, and Foxp4 triple-knockout mice (FoxpTKO). Data are represent-
ed as mean ± SEM. *P < 0.05 for NFATC2 versus GFP, Student’s 2-tailed t test. FoxpWT, n = 3; FoxpTKO, n = 4.
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of calcineurin 1). RCAN1 binds to the catalytic domain of calci-
neurin A and decreases its phosphatase activity (16), thereby neg-
atively regulating NFAT transcriptional activity. NFATC2 binds 
to the promoter of a short isoform of RCAN1 at approximately 
35.9 Mbp and the first intron of a long isoform at approximate-
ly 35.95 Mbp on Chr 21 (Figure 2F), leading to an approximately 
3-fold increase in RCAN1 expression in human islets (Figure 2G). 
Previous studies have identified NFATC1 binding sites in the pro-
moter of RCAN1 (17). Our ChIP data suggest that NFATC2 binds 
to cis regulatory elements, resulting in increased RCAN1 expres-
sion, forming a negative feedback loop on endogenous NFATC2 
activity. The significant induction of RCAN1 expression likely 
reflects our use of the CA form of NFATC2, which is not subject 
to calcineurin-dependent regulation (3). A further direct target of 
NFATC2 appears to be VEGFA. VEGFA is a growth factor that is 
important for islet vascularization. NFATC2 binds within the first 
2 introns of VEGFA on Chr 6 at approximately 43.74 Mbp, leading 
to a 40% decrease in expression. These results demonstrate that 
by linking our NFATC2-binding data with NFATC2-dependent 
gene regulation in human islets, we can identify genes directly tar-
geted by NFAT that play key roles in islet function.

Identification of direct transcriptional targets of NFATC2 in 
human islets. To elucidate the direct transcriptional networks 
initiated by NFAT that lead to enhanced β cell proliferation, we 

more, more than 70% of the NFATC2 sites also contained strong sig-
nals for H3K4me1, a feature of active and primed enhancer loci (14). 
These results suggest that NFATC2 may work in concert or compete 
with other key TFs at critical regulatory loci in human islets. Finally, 
approximately 45% of the NFATC2 binding sites cooccurred with 
previously identified β cell assay for transposase-accessible chro-
matin–sequencing (ATAC-Seq) peaks, indicating that NFATC2 
commonly binds to open chromatin sites, but may also pioneer less 
accessible chromatin regions.

NFAT can directly activate or suppress the expression of target 
genes (5). We integrated our NFATC2 binding data with the RNA-
Seq data to identify examples of both induction and repression 
in human islets. For example, NFATC2 binds at 2 sites within the 
first intron of BCL2-associated athanogene 3 (BAG3) at approxi-
mately 121.42 and approximately 121.43 Mbp (Figure 2D). These 
2 NFATC2 binding sites likely function as negative regulators, as 
both NFATC1 and NFATC2 strongly suppress the expression of 
BAG3 in human islets (Figure 2E). Previous work has shown that 
BAG3 protein is abundant in human β cells (15), consistent with 
our measure of BAG3 expression in human islets treated with the 
control adenovirus Ad-GFP (Figure 2E). Silencing Bag3 expression 
in a mouse β cell line leads to enhanced glucose-stimulated insu-
lin secretion (15). In contrast to the negative regulation of BAG3, 
NFATC2 positively regulates the expression of RCAN1 (regulator 

Figure 4. Identification of NR4A1 as a key target 
gene for NFATC2 to induce cellular proliferation 
in human islets. (A) Integration of mouse and 
human islet transcriptomic data with NFATC2 
binding data identifies NFAT direct transcription-
al targets common to mouse and human. 1844 
Genes were regulated by NFATC1 and/or NFATC2 
and have an NFATC2 binding site within 50 Kbp 
of the gene’s TSS. (B) Identification of 254 direct 
transcriptional targets that followed a β cell 
proliferation signature regulated only by NFATC2 
in mouse (top panel) and by NFATC1 and NFATC2 
in human (bottom panel). The gene NR4A1 is 
indicated. (C) Genome browser view of the NFATC2 
binding sites at the NR4A1 locus in 6 separate 
human islet donors. (D) Cellular proliferation in 
islets from WT (Nr4a1WT) and Nr4a1 knockout 
(Nr4a1KO) mice 48 hours following overexpression 
of GFP, ca-Nfatc2, or with no treatment (NT). Data 
are represented as mean ± SEM. *P < 0.05 for 
NFATC2 versus GFP, Student’s 2-tailed t test. n = 4 
for each genotype.
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integrated our NFATC2 human RNA-Seq and ChIP-Seq data sets. 
Among the approximately 19,000 transcripts and approximately 
8600 NFATC2 binding sites, we identified approximately 2200 
DE genes that had one or more NFATC2 binding peaks within 50 
Kbp of the TSS (Figure 3A). A 50 Kbp window was chosen, based 
on the performance of different window sizes in determining tar-
get genes by ChIP-Seq and RNA-Seq (18). Previous studies have 
used this approach to define possible direct transcriptional tar-
gets of TFs (19). Of these DE genes, the expression of 1425 was 

induced, while 786 were suppressed by NFATC2 (Supplemen-
tal Table 4). There is a strong relationship between proximity of 
NFATC2 binding to the TSS and the magnitude of gene regulation; 
binding sites closer to the TSS tended to result in larger fold chang-
es in expression (Figure 3B).

To gain insight into the physiological pathways that may be 
regulated by NFAT, we asked whether the DE genes directly tar-
geted by NFATC2 were enriched for GO or KEGG annotations 
(Supplemental Figure 5 and Supplemental Table 5 and refs. 20, 

Figure 5. Identification of NFATC2-dependent enhancer loci in human islets. ncRNA expression was measured in 5 separate human islet samples. (A) 
Volcano plots (–log10 P value versus log2 fold-change) for expression of 91,712 ncRNAs (left panel) and 231,232 ATAC peaks (right panel) in human islets in 
response to Ad-ca-Nfatc2 versus Ad-GFP. DE ncRNAs or DA ATAC peaks (P < 0.05, DESeq2) that contain an NFATC2 binding peak within 1 Kbp are shown 
as colored circles. Blue, suppressed; red, increased. Numbers are shown for each. Chromatin accessibility was measured in 3 separate human islet samples. 
(B) The log2 fold change in the ATAC peak amplitude versus ncRNA expression for 1105 combined loci containing an NFATC2 binding peak within 1 Kbp. 
Colored circles designate loci where both ATAC peak and ncRNA expression were significantly different in response to ca-Nfatc2 (P < 0.05, DESeq2). Black 
dots indicate loci where ATAC peak did not change but yielded a DE ncRNA. Numbers are shown for each. Distribution of NFATC2-dependent ncRNAs and 
ATAC peaks (C) and colocalized ncRNA-ATAC peaks (D) among annotated genomic compartments. (E) Browser views of NFATC2-dependent enhancer loci 
proximal to NR4A1, ALDH18A1, STIL, and BIRC5 genes. NFATC2 ChIP-Seq in 8 separate human islet donors. ATAC-Seq in 3 separate human islet donors in 
response to Ad-GFP or Ad-ca-Nfatc2. Aggregate ncRNA-Seq in 5 separate human islet donors for transcripts identified on forward (+) or reverse (–) strands 
(see Methods) in response to Ad-GFP or Ad-ca-Nfatc2 treatments.
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21). Genes that play a key role in the unfolded protein response 
(UPR) were significantly enriched (z > 8) among the 786 genes 
that had an NFATC2 peak proximal to their promoter and were 
suppressed upon NFATC2 overexpression, including DDIT3 
(CHOP) and EIF2AK3 (PERK) as well as several heat shock pro-
tein chaperones (e.g., HSPA1A, HSPA6, HSPA1B; see also Figure 
3B). In contrast, direct transcriptional targets that were induced 
by NFATC2 were enriched for regulation of cellular communi-
cation by electrical coupling (z ≈ 6), histone methyl-transferase 
complex (z ≈ 5), and pathways associated with ciliary transport 
(z ≈ 5). Genes that did not have an NFATC2 peak, but were DE in 
response to NFATC1 and NFATC2 in mouse and human islets (i.e., 
were indirect targets), were enriched for pathways distinct from 
those with NFATC2 peaks. For example, indirect targets that were 
suppressed were enriched for ubiquitin and proteosomal degrada-
tion processes, whereas genes that were induced were enriched 
for chemokine-associated pathways.

NFAT has several known binding partners, including FOS, 
JUN, and FOXP3 (22, 23). In rat islets, overexpression of Fos leads 
to increased Nr4a1 expression in parallel with enhanced β cell pro-
liferation (24). Several of the NFAT binding partners are abundantly 
expressed in human and mouse islets (e.g., 3 members of the FOXP 
family) and thus could modulate the effect of NFAT on gene expres-
sion and β cell proliferation in human islets (Figure 3C).

We performed 2 separate analyses to determine whether 
one or more of these binding partners are involved in NFAT-de-
pendent gene regulation in human islets. First we performed a 
ChIP enrichment analysis (ChEA) to determine whether other 
transcription factors bound near, and co-regulated the same DE 
genes as NFATC2 (25). Among the 1425 genes whose expression 
increases in response to NFATC2 binding, FOXP1 binding was 
found to be significantly enriched (P < 10–11) in human embryon-
ic stem cells (Supplemental Figure 6). Second, we asked, among 
all NFATC2 binding sites, whether there are motifs for other 
known TFs that essentially cooccur, i.e., are within 500 bp of 
the NFATC2 binding locus. We found highly significant cooccur-
rence of FOXP1 motifs (P < 10–15), where approximately 50% of 
all NFATC2 sites associated with a FOXP1 motif (MA0481.2 or 
GTAAACA). Further, the distance between NFATC2 binding and 
the FOXP1 motif was strongly skewed to less than 50 base pairs 
(Figure 3D), suggesting that NFAT and FOXP proteins form a 
heterodimer, consistent with a crystal structure of the DNA-bind-
ing domains of NFAT and FOXP bound to DNA (Figure 3D; ref. 
23). To evaluate a direct interaction between NFATC2 and FOXP 
proteins in human β cells, we used the HA-tag on ca-NFATC2 to 
perform immunoprecipitation (IP) in EndoC-βH2 β cells. Cells 
were transduced with either Ad-GFP or Ad-ca-Nfatc2, followed 
by HA-IP and Western blot for FOXP4. To minimize coimmu-
noprecipitation of FOXP4 and ca-Nfatc2 proteins on large DNA 
fragments, cells were treated with DNase1 prior to ca-Nfatc2 IP. 
FOXP4 was enriched (~3.4-fold) in β cells expressing ca-Nfatc2 
versus GFP (Supplemental Figure 7; see complete unedited blots 
in the supplemental material). These results suggest that NFAT 
and FOXP4 form a physical complex in human β cells.

We sought to experimentally validate the requirement of 
FOXP for NFAT to induce β cell proliferation. Three of the four 
FOXP isoforms (FOXP1, FOXP2, and FOXP4) are abundantly 

expressed in mouse and human islets, whereas FOXP3 is normally 
expressed in T cells (Figure 3C and ref. 26). We asked whether our 
CA form of NFATC2 retained the ability to drive β cell prolifera-
tion in islets from WT or a mutant mouse lacking Foxp1, Foxp2, and 
Foxp4; FoxpTKO (27). Whereas NFATC2 yielded an approximately 
10-fold increase in β cell proliferation in WT islets, an approxi-
mately 6-fold increase was observed in islets from FoxpTKO mice 
(Figure 3E). These results suggest that one or more of the FOXP 
proteins are required for NFATC2 to fully stimulate β cell prolifer-
ation in mouse islets.

Identification of NR4A1 as a key NFATC2 target gene. Since 
NFATC2 stimulates β cell proliferation in both human and mouse 
islets, we hypothesized that a common set of target genes in both 
mouse and human is targeted by NFATC2. In striking contrast to 
NFATC2, NFATC1 is capable of inducing β cell proliferation only 
in human islets (2). This species difference enabled us to identify a 
small set of genes that are direct targets of NFATC2 and follow a β 
cell proliferation signature.

First, we identified approximately 17,000 islet transcripts that 
are conserved between mouse and human (Figure 4A). Among 
these transcripts, approximately 3800 were DE (FDR < 0.05) in 
response to NFATC1 and/or NFATC2 in mouse and human islets. 
To focus on genes directly regulated by NFATC2, we further nar-
rowed this to 1844 by requiring that an NFATC2 binding site be 
within 50 Kbp of the TSS. We then exploited our earlier observa-
tion that NFATC2 stimulates β cell proliferation in both mouse and 
human, whereas NFATC1 does so only in human (2). Among the 
1844 DE transcripts directly targeted by NFATC2, only 254 fol-
lowed the same pattern as that seen in the effect of NFATC1 versus 
NFATC2 on β cell proliferation in mouse and human islets (Figure 
4B and Supplemental Table 6). Pathways significantly enriched (z 
> 5) in this relatively small set of genes included DNA replication 
initiation (z > 10), DNA replication (z > 8), nuclear replication fork, 
and translation factor activity (z > 7) and included NR4A1, CDK2, 
CCNE2, CCNA2, POLA2, PCNA, and several of the mini-chro-
mosome maintenance genes (Supplemental Figure 8). Further, 
the promoters of these β cell proliferation signature genes were 
enriched for binding motifs associated with the cell cycle–related 
TF E2F1 (Supplemental Table 7).

NR4A1 (Nur77) has previously been shown to regulate β cell 
proliferation in mouse and human islets (28). The islet expression 
of NR4A1 follows the β cell proliferation signature. It is induced 
by NFATC2 in both mouse and human islets, but only by NFATC1 
in human islets (Figure 4B). Interestingly, among the NR4A fam-
ily of TFs, only NR4A1 showed this pattern of NFAT-dependent 
regulation (Supplemental Figure 9). The expression of Nr4a2 
was exclusively induced by Nfatc2 in mouse islets and not at all 
in human islets (NR4A2), whereas Nr4a3 was induced by both 
NFATC1 and NFATC2 in mouse and human (NR4A3) islets. These 
results suggest that NR4A1 is a key transcriptional target of NFAT 
that underlies the ability of NFATC1 and NFATC2 to induce β cell 
proliferation in mouse and human islets. We identified several 
NFATC2 binding sites upstream of the NR4A1 gene locus (Figure 
4C). This locus has been previously demonstrated to operate as a 
super enhancer for NR4A1 expression (29). One or more of these 
binding sites may function as key regulatory sites that mediate 
NFAT-induced induction of NR4A1 in human islets.
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or Ad-ca-Nfatc2. Thus, by intersecting NFATC2 binding sites with 
NFATC2-dependent regulation of ncRNA, chromatin accessibil-
ity, and protein-coding transcripts (mRNA), we could nominate 
key regulatory loci for GWAS genes and β cell proliferation.

In parallel with mRNA profiling (RNA-Seq), we performed 
ncRNA-Seq on islets from 5 separate human donors, treated 
with Ad-GFP or Ad-ca-Nfatc2. Total RNA was depleted of polya-
denylated transcripts and sequenced. ncRNAs were defined by 
excluding coding-gene transcripts, ncRNA that overlapped coding 
genes in the same strand, and RNA shorter than 100 base pairs. 
Among the approximately 92,000 ncRNAs identified, 12,877 were 
DE (adjusted P < 0.05 and log2 fold change > |0.5|) in response to 
ca-Nfatc2 (Supplemental Figure 16A). Of these, 936 were located 
within 1 Kbp of an NFATC2 binding site, 700 were induced, and 
236 were suppressed (Figure 5A). Thus, approximately 7% of the 
DE ncRNAs were directly regulated by NFATC2. The distribution 
of NFATC2-dependent ncRNAs across genomic compartments 
(i.e., promoter, intron, exon, downstream, distal intergenic, or 
UTR) was similar whether their expression increased or decreased 
in response to NFATC2 overexpression (Figure 5C). A greater pro-
portion of all DE ncRNAs occurred in intergenic regions (Supple-
mental Figure 16C) rather than those with a proximal NFATC2 
binding site, which were biased for promoters (Figure 5C).

A typical enhancer is associated with open or accessible chro-
matin (37). To identify NFATC2-dependent changes in chromatin 
accessibility, we performed ATAC-Seq on islets from 3 separate 
human donors, each treated with either Ad-GFP or Ad-ca-Nfatc2. 
Of the more than 230,000 ATAC peaks we identified, approxi-
mately 26% (59,597 peaks) were differentially accessible (DA) (P < 
0.05) in response to NFATC2, with approximately twice the num-
ber becoming less accessible, i.e., closing, than more accessible, 
i.e., opening (Supplemental Figure 16A). Among these differential 
ATAC peaks, 4346 had an NFATC2 peak within 1 Kbp. An additional 
approximately 3678 peaks did not change yet had an NFATC2 bind-
ing peak within 1 Kbp (Figure 5A). Thus, as with our observations 
for NFATC2-dependent regulation of ncRNAs, NFATC2 directly 
regulates approximately 7% of ATAC peaks that show differential 
accessibility. In contrast to the ncRNAs, the genomic compartments 
for NFATC2-dependent ATAC peaks were different depending 
on whether they closed or opened in response to NFATC2. Peaks 
that closed tended to reside in gene promoters, whereas peaks that 
opened were present within intergenic or intronic regions, indicat-
ing a possible shift between proximal and distal regulation (Figure 
5C). A similar trend was observed for all DA ATAC peaks (Supple-
mental Figure 16C). Interestingly, opening peaks strongly enriched 
for NFAT motifs, while closing peaks enriched for motifs associated 
with FOS and JUN (Supplemental Table 8).

Integration of the ATAC, ncRNA, and ChIP data sets yielded 
approximately 977 NFATC2-dependent enhancer loci in human 
islets (Figure 5B). There was a positive correlation (r ≈ 0.49, P < 10–4) 
between changes in ncRNA expression and chromatin accessibili-
ty evoked by NFATC2. This relationship was even stronger for all 
ncRNA/ATAC pairs regardless of whether they were proximal to 
NFATC2 binding sites (Supplemental Figure 16B). The NFATC2- 
dependent enhancers tended to occur in genomic compartments 
that reflected the combination of NFATC2-dependent ncRNAs and 
ATAC peaks (Figure 5D). The distribution of the genomic compart-

To experimentally validate a requirement of NR4A1 for 
NFATC2-induced β cell proliferation, we asked whether NFATC2 
can induce β cell proliferation in islets from Nr4a1-knockout 
(Nr4a1KO) mice. As with our observations of the FoxpTKO mice (Fig-
ure 3E), islets from Nr4a1KO mice yielded significantly reduced 
β cell proliferation in response to NFATC2 compared with islets 
from WT mice, as judged by the incorporation of [3H]-thymidine 
into newly synthesized DNA (Figure 4D). To extend these obser-
vations, we used the thymidine analog 5-ethynyl-2′-deoxyuridine 
(EdU) to measure cellular proliferation, coupled with immunos-
tains for insulin, glucagon, and somatostatin to discriminate the 
major islet cell types stimulated to proliferate in WT and Nr4a1KO 
mice. Islets from both mice were untreated or transduced with 
Ad-LacZ or Ad-ca-Nfatc2 and labeled with EdU for 48 hours in cul-
ture. Islets were then dispersed and immunostained for EdU and 
either insulin or glucagon and somatostatin to identify β cells or 
α cells and δ cells, respectively; DAPI was used to mark nuclei. In 
WT islets, 79% of cells that were induced to proliferate in response 
to ca-Nfatc2 were β cells, while 15% were α cells or δ cells (Supple-
mental Figure 10A). In Nr4a1KO islets, 77% of replicating cells were 
β cells, while only 3% were α cells or δ cells. These results suggest 
regardless of the presence of NR4A1, β cells are the primary cell 
type induced to proliferate in response to ca-Nfatc2. However, this 
does not provide information about the relative requirement of 
NR4A1 for NFATC2-dependent β cell proliferation.

To determine the effect of Nr4a1 loss on the ability of ca-Nfatc2 
to stimulate β cell proliferation, we computed the percentages of β 
cells and non-β cells induced to proliferate in response to ca-Nfatc2 
in WT and Nr4a1KO islets. We found that 10.9% percent of β cells 
were positive for EdU in WT islets, whereas in Nr4a1KO islets, this 
was reduced to 6.6% (Supplemental Figure 10B). While the loss 
of Nr4a1 blunted NFATC2-induced β cell proliferation, it did not 
affect the small amount of α cell and δ cell proliferation (Supple-
mental Figure 10B). Representative images of proliferating β cells 
are shown in Supplemental Figure 11 (WT mice) and Supplemen-
tal Figure 12 (Nr4a1KO mice) and of proliferating α cells and δ cells 
in Supplemental Figure 13 (WT mice) and Supplemental Figure 14 
(Nr4a1KO mice). High-resolution images of proliferating cells from 
WT and Nr4a1KO islets are provided in Supplemental Figure 15.

Identification of NFATC2-dependent enhancer loci in human 
islets. Our results strongly suggest that NFATC2 directly targets a 
small set of genes that includes NR4A1, leading to enhanced β cell 
proliferation. In addition, NFAT regulates the islet expression of 
approximately 34% of genes that have been associated with dia-
betes in human GWAS. NFATC2 has been shown to regulate tran-
scription by binding to the promoter as well as enhancer loci of tar-
get genes (30). To identify the NFATC2-dependent enhancers, we 
characterized ncRNA originating from open chromatin bound with 
NFATC2. Also characterized as enhancer RNA (eRNA), ncRNAs 
emerging from distal regulatory regions with open chromatin are 
hallmark features of long-distance enhancer regulation of target 
gene expression (31, 32). The abundance of eRNA is proportion-
al to enhancer activity (33–35). In some cases, eRNAs are better 
indicators of an active enhancer activity than H3K27ac (36). To 
characterize which NFATC2-dependent enhancers are critical for 
regulation of GWAS genes and β cell proliferation, we performed 
ATAC-Seq and ncRNA-Seq on human islets treated with Ad-GFP 
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within a TAD that contained one or more of the β cell proliferation 
signature genes, approximately 40% had a proximal FOXP motif 
(Supplemental Table 11). These results suggest that FOXP may be 
a binding partner for a large portion of the NFATC2-dependent 
enhancer loci for effector genes that regulate β cell proliferation.

Previously, we showed that NFATC2 regulates the expres-
sion of many putative effector genes of regulatory loci associ-
ated with T2D in human GWAS (2). However, these studies 
did not discriminate between direct and indirect regulation or 
promoter and enhancer-mediated regulation. Here, we identi-
fied 156 SNPs that are strongly associated with T2D in human 
GWAS (48) and are present within 1 Kbp of an NFATC2-depen-
dent enhancer locus (Supplemental Table 12). These GWAS- 
associated loci are located within 13 TADs that together contain 
22 genes previously linked to T2D. Of these nominated T2D 
effector genes, 7 are regulated by NFATC2.

An example of a GWAS locus where NFATC2 regulates the 
reported T2D GWAS effector gene occurs at the ARAP1/STARD10 
gene locus. NFATC2 binds to and induces the expression of an 
ncRNA, MSTRG.73719, approximately 9.5-fold that is located with-
in an intron of ARAP1 at approximately 72.43 Mbp. Both genes have 
been predicted as the targets of the diabetes risk variants (49, 50). 
Our results support both genes as targets of the regulatory locus, as 
ca-Nfatc2 induces the expression of ARAP1 and STARD10 approxi-
mately 1.5-fold and approximately 1.4-fold, respectively.

Discussion
The laboratories of Crabtree and Kim first established that the 
Calcineurin/NFAT pathway regulates β cell mass (51, 52). This 
finding prompted several laboratories to identify small molecule 
inhibitors of NFAT-regulating kinases as potential diabetes thera-
peutics (53–57). There are 4 canonical NFAT proteins, all of which 
are expressed in β cells (51). Our study focused on NFATC1 and 
NFATC2. We previously identified NFATC2 as an islet regulator of 
genes associated with diabetes risk in human GWAS. We includ-
ed NFATC1 in studies reported here because of extensive litera-
ture describing its function in human β cells (51, 52, 58). Future 
studies are required to explore possible links between NFATC3 
and NFATC4 in effects on β cell proliferation in human islets. Pre-
viously, we showed that overexpression of CA forms of NFATC1 
and NFATC2 drives human β cells to proliferate (2). Surprising-
ly, NFATC1 was only effective in humans, whereas NFATC2 
was effective in both mouse and human islets. While substantial 
differences exist in the pathways that govern β cell proliferation 
between mouse and human, we sought to identify the conserved 
elements of NFAT-dependent regulation of β cell proliferation.

We identified a small set of genes, the β cell proliferation signa-
ture gene set, based on 2 properties: (a) an expression pattern that 
matched the ability of NFATC1 and NFATC2 to induce β cell prolifer-
ation in mouse and human islets and (b) the presence of an NFATC2 
peak within 50 Kbp of the TSS. The species selectivity of NFATC1 
in driving β cell proliferation coupled with the ability of NFATC2 to 
do so in both mouse and human islets proved to be a strong filter, 
as only approximately 500 genes followed this pattern. Of these, 
254 had an NFATC2 peak proximal to the TSS, suggesting they are 
direct transcriptional targets that mediate the effect of NFAT on β 
cell proliferation. This set of 254 genes was enriched for cell cycle, 

ment for all ncRNA/ATAC pairs was similar to what we observed 
for DE ncRNAs (>50% in intergenic regions) and was not different 
depending on whether there was increased or decreased ncRNA 
expression in response to NFATC2 (Supplemental Figure 16D).

To identify candidate effector genes for the NFATC2-depen-
dent enhancer loci, we relied on gene membership within topo-
logically associating domains (TADs). A regulatory locus within 
a TAD is more likely to target genes within that TAD than genes 
outside the TAD (38, 39). Among the approximately 2600 TADs 
identified in human islets (40), 587 contained one or more of the 
NFATC2-dependent enhancers (Supplemental Table 9). To asso-
ciate NFATC2 enhancer loci to putative effector genes, we focused 
on (a) our β cell proliferation signature gene set and (b) genes asso-
ciated with T2D in human GWAS.

Among the 254 direct target genes that manifested our β cell pro-
liferation signature (Figure 4B), 84 were within a TAD that had an 
NFATC2 enhancer locus (Supplemental Table 10). For example, an 
NFATC2-dependent enhancer is located on Chr 12 at approximate-
ly 52.8 Mbp, which is in the same TAD and approximately 383 Kbp 
from the NR4A1 gene locus (Figure 5C). In response to NFATC2, the 
expression of an ncRNA, MSTRG.93445, increased approximately 
3-fold in parallel with an approximately 2-fold increase in NR4A1 
expression. Proximal to ALDH18A1, another β cell proliferation sig-
nature gene, was an NFATC2 enhancer on Chr 10 at approximately 
97 Mbp that resulted in a greater than 40-fold increase in the expres-
sion of two flanking ncRNAs, MSTRG.54591 and MSTRG.54592. 
ALDH18A1 has been associated with β cell survival in diabetes-resis-
tant versus diabetes-sensitive mouse strains (41).

A third example is an NFATC2 enhancer locus located within an 
islet stretch enhancer on Chr 1 at approximately 48 Mbp, which is 
approximately 245 Kbp from Scl/Tal1 interrupting locus (STIL). At 
this locus, NFATC2 induced the expression of 2 ncRNAs flanking the 
enhancer, MSTRG.9208 and MSTRG.9209, approximately 7-fold 
and approximately 6-fold, respectively. This eRNA regulation was 
in parallel with an approximately 2-fold induction of STIL. STIL is 
a key regulator of the mitotic spindle checkpoint and is essential for 
centriole replication (42). Overexpression of STIL promotes prolifer-
ation of dopaminergic neuronal cells (43). Taken together, our data 
suggest that NFATC2 binds to long-distance enhancers to regulate 
the expression of genes that promote β cell proliferation.

Earlier, we defined direct NFATC2 target genes as those that 
change expression in response to NFATC2 overexpression and 
have an NFATC2 binding site within 50 Kbp. However, as illus-
trated in the above examples, enhancers can operate from dis-
tances much farther than 50 Kbp, yet function as transcriptional 
regulators. An example of a gene that does not have a proximal 
NFATC2 binding site but is within a TAD with an NFATC2-depen-
dent enhancer locus is BIRC5. An NFATC2-dependent enhancer 
is located within an islet-specific stretch enhancer (44) that is 
approximately 110 Kb from BIRC5 (Figure 5E). NFATC2 induces 
the expression of an ncRNA, MSTRG.178739 (~4-fold), and BIRC5 
(~3-fold) in human islets. Previous work has shown that BIRC5 is 
sufficient to regulate β cell proliferation (45–47).

Given our observations that FOXP is a key binding part-
ner for NFATC2-induced β cell proliferation, we asked whether 
NFATC2-dependent enhancers show evidence of FOXP bind-
ing. Among 176 NFATC2-dependent enhancer loci that occurred 
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We identified a significant enrichment for mitochondria-re-
lated genes among those induced by NFATC1 and NFATC2 
(Supplemental Figure 1). However, when restricted to only those 
genes directly targeted by NFATC2 (i.e., having an NFATC2 peak 
proximal to the TSS), this mitochondrial enrichment was lost, sug-
gesting that bulk mitochondrial gene changes are likely not direct 
transcriptional targets of NFATC2. In contrast, direct transcrip-
tional targets that are induced by NFATC2 enrich for cilia-related 
genes. Cilia are found on every β cell and are required for proper β 
cell function (64). Furthermore, cilia-related genes are associated 
with T2D (65, 66).

Direct transcriptional targets that were suppressed by NFATC2 
were enriched for GO terms involving the UPR and regulation of 
ER stress. Genes found in these sets include the protein chaper-
ones HSPA1A, HSPA1B, HSPA5, and HSPA6 and the UPR genes 
CHOP and PERK (Supplemental Figure 5). NFAT has previously 
been associated with ER stress. The ER stress-inducing agents 
thapsigargin (TG) and tunicamycin (TM) induced the expression 
of NFAT in MIA PaCa-2 cells, a human pancreas epithelial cell line 
(67). Our results suggest that NFAT may function as a negative reg-
ulator of ER stress and the UPR and that the induction observed in 
MIA PaCa-2 cells in response to TG and TM may reflect a compen-
satory upregulation of NFAT.

Several direct target genes of NFATC2 are negatively regulat-
ed and play a role in the ER stress response and protein folding, 
including DDIT3 (CHOP), EIF2AK3 (PERK), HSPA1A, HSPA6, 
and HSPA1B. UPR and ER stress have been linked to β cell prolif-
eration and as a mechanism with which to gauge insulin demand 
(68). It is possible that NFATC2 may decrease the expression of 
these ER stress-regulating genes to induce a state conducive for β 
cell proliferation.

We have also identified direct transcriptional targets of NFAT 
that are known to play key roles in islet function. For example, 
NFATC1 and NFATC2 suppress BAG3 expression approximately 
14-fold in human islets, which may be mediated by a strong NFATC2 
binding site within the first intron of BAG3 (Figure 2, D and E). BAG3 
has been shown to negatively regulate insulin secretion (15).

Powers and colleagues have evaluated the effects of β cell–
derived VEGFA on islet function in mice (69). VEGFA plays a crit-
ical role during pancreas development by recruiting endothelial 
cells necessary for islet vasculature (70). However, excessive VEG-
FA signaling results in diminished β cell proliferation (71). Our 
data show that NFATC2 suppresses VEGFA expression in human 
islets. It is possible that NFATC2-dependent suppression of VEG-
FA in part underlies enhanced β cell proliferation.

The revascularization of transplanted islets is a crucial step for 
islet graft survival and function (72). Elevated islet expression of 
VEGFA has been shown to improve the revascularization process 
(73). Tacrolimus (or FK506), an immunosuppressant that is com-
monly used to prevent organ rejection, elevates VEGFA expres-
sion in ingrafted islets (74). Tacrolimus is also a potent inhibitor 
of the calcineurin-dependent NFAT pathway (75). Paradoxically, 
however, in parallel with increased islet VEGFA expression, tac-
rolimus blunted islet revascularization, suggesting it may have 
pleiotropic effects in vivo. It is possible that tacrolimus-induced 
VEGFA expression may lead to enhanced islet revascularization if 
the islets are treated prior to transplantation. Indeed, pancreatic 

DNA replication, and related pathways and included CCNA2, 
CCNE2, TFDP1, PCNA, GADD45B, ESPL1, CDK2, MCM2, MCM3, 
MCM6, E2F1, and CDC7, all well-known players in cell cycle control. 
However, a few genes in this β cell proliferation signature gene set 
are virtually uncharacterized, including C10orf88 (2310057M21Rik), 
C5orf52 (4921536K21Rik), ZNF438 (Zfp438), and ZNF556. That 
these uncharacterized genes segregate with the β cell proliferation 
signature gene set suggests that they too play a critical role in β cell 
proliferation. The remaining 246 genes that did not have a proxi-
mal NFATC2 peak were enriched for cell cycle processes (e.g., DNA 
replication, nuclear replication fork), although less strongly than 
the direct transcriptional target gene list. These results suggest that 
NFAT directly initiates cellular proliferation by targeting genes in the 
β cell proliferation signature gene set (e.g., ASF1B, NR4A1), which 
results in downstream transcriptional changes for other genes asso-
ciated with cellular replication (e.g., CDK1, MCM10, POLB).

Our approach led us to NR4A1 as a direct transcriptional target 
of NFATC2 that mediates the effect of NFAT on β cell proliferation. 
NR4A1 is a nuclear receptor with no known endogenous ligands 
(59). We demonstrated that NFATC2-induced β cell proliferation 
was blunted in Nr4a1KO mice by measuring incorporation of tritiat-
ed thymidine in whole islets and incorporation of EdU in dispersed 
islet cells costained with insulin, or glucagon and somatostatin, to 
identify β cells or α cells and δ cells, respectively. The EdU studies 
suggest that NFATC2 primarily induces β cell proliferation in mouse 
islets. Interestingly, Nr4a1KO islets showed reduced β cell prolifera-
tion under basal conditions (Ad-LacZ), consistent with reduced β 
cell mass that has been reported for Nr4a1KO mice (28). Newgard and 
colleagues previously showed that NR4A1 mediates the stimulatory 
effect of NKX6.1 on β cell proliferation in rat and human islets (28). In 
addition to NR4A1, NKX6.1 induced the expression of E2f1, as well 
as Ube2c and Ube2s, which are E3 ubiquitin conjugating enzymes that 
target the cell cycle inhibitor p21 for proteosomal degradation. In 
human islets, NFAT induces the expression of E2F1 without changes 
in NKX6.1, UBE2C, or UBE2S expression, suggesting the 2 TFs medi-
ate parallel pathways that regulate β cell proliferation. Interestingly, 
approximately 40% of NFATC2 binding sites overlap with NKX6.1 
binding sites, suggesting that some genes may be coregulated by 
NFATC2 and NKX6.1. Finally, we identified 2 E3 ligases in our β cell 
proliferation signature gene set: UBE2T and UBE2M. Further work is 
required to determine whether p21 or other key negative regulators 
of the cell cycle are substrates of the E3 ligases.

We asked whether other TFs regulated a set of genes similar to 
those in our β cell proliferation gene set. Not only do E2F1, FOXM1, 
and TFDP1 target a similar gene set, they are included in the β cell 
proliferation gene set, suggesting they may work in concert with 
NFATC2 to stimulate β cell proliferation. We previously reported that 
overexpression of FOXM1 is sufficient to drive human β cell prolifer-
ation (60). Shirakawa et al. showed that FOXM1, PLK1, and CENPA 
function in a pathway of adaptive β cell proliferation (61). Further, 
our analysis shows that the β cell proliferation signature gene set is  
enriched for CENPA transcriptional targets. These results suggest 
that NFAT, in tandem or through FOXM1 and CENPA, is utilizing a 
similar pathway to induce β cell proliferation. Finally, the DNA bind-
ing motif associated with E2F1 is enriched in the promoters of the β 
cell proliferation signature genes. E2F1 has previously been implicat-
ed in β cell proliferation (62, 63).
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imately 20% of the proposed GWAS genes that are DE in response 
to NFATC2, have an NFATC2 binding site within 50 Kbp of the 
gene’s TSS, which may reflect direct transcriptional regulation.

We identified NFATC2-dependent enhancers located within 
TADs that contain genes following our β cell proliferation sig-
nature, enhanced β cell proliferation in mouse and human islets 
in response to NFATC2, but for NFATC1 only in human islets. 
These included NR4A1, STIL, ALDH18A1, and BIRC5 (Figure 5E). 
NR4A1, STIL, and ALDH18A1 all had proximal NFATC2 binding 
sites in addition to an NFATC2-dependent enhancer, suggesting 
they may be subject to both proximal and distal regulation by 
NFATC2. In contrast, BIRC5 may be exclusively regulated by a 
distal enhancer locus, highlighting the importance of identifying 
the enhancer loci via the ncRNA, ATAC, and NFATC2 binding 
profiles for this class of effector genes. Our results suggest that 
as much as 25% of the β cell proliferation signature gene set may 
be regulated exclusively by enhancer loci and 33% by a combi-
nation of distal enhancer and proximal regulatory sites. Thus, 
identifying TF-dependent enhancers through eRNA profiling can 
establish direct regulatory relationships that arbitrary distances 
to TSSs may not capture.

In summary, we have demonstrated that NFATC2 is a key TF 
for genes that regulate β cell proliferation and function. We show 
that FOXP TFs are key binding partners of NFATC2 and mediate 
its effect on proliferation. Downstream of NFATC2, we deter-
mined that Nr4a1 is an NFATC2 target gene that mediates much 
of its ability to stimulate β cell proliferation. In addition, NFATC2 
can act as an enhancer to direct gene expression and affect target 
genes that mediate β cell proliferation and T2D susceptibility.

Limitations. We acknowledge certain limitations in our study 
of NFAT-mediated β cell proliferation in human islets. The NFAT 
proteins used in this study were CA, due to several regulatory ser-
ine residues mutated to alanine residues. These mutants do not 
require activation by the phosphatase calcineurin and are not sub-
ject to inactivation by regulatory kinases. These regulatory steps 
likely play important roles in β cell proliferation mediated by the 
NFAT signaling pathway. In addition to the Ser-to-Ala mutations, 
our Nfatc2 construct has 3 tandem HA tags at the amino-terminus, 
which we used for the ChIP-Seq and IP studies. It is possible these 
HA tags interfere with endogenous protein interactions. The ade-
noviruses employed to overexpress ca-Nfatc1 and ca-Nfatc2 used 
the CMV promoter, yielding approximately 900- and approxi-
mately 200-fold greater expression than endogenous NFATC1 
and NFATC2 expression, respectively. Our previous results 
strongly suggest that ca-Nfatc1 and ca-Nfatc2 stimulate prolif-
eration of human β cells (2). However, rigorous quantification of 
islets from multiple human donors for insulin-positive cells that 
costain for Ki67, BrdU/EdU, or PHH3 under control versus NFAT 
overexpression conditions is required to firmly establish NFAT as 
a potent mitogen of human β cells.

Methods
A detailed description is found in the Supplemental Methods.

Human islet procurement. All human islets were obtained through 
the Integrated Islet Distribution Program (IIDP). Upon receipt, all 
human islets were incubated overnight in RPMI 1640 supplemented 
with 8.0 mM glucose, 1% antibiotic/antimycotic (Gibco, Thermo Fish-

islets codelivered with FK506 loaded beads into the transplant site 
of diabetic mice result in better glycemic outcomes than those in 
mice treated with FK506 systemically (76).

Most T2D GWAS variants do not align with protein-coding 
regions of the genome, but rather reside in noncoding, regula-
tory regions: intronic and intergenic (77). Thus, diabetes risk is 
strongly linked to altered gene regulation rather than alterations 
in gene products. Establishing which genes are regulated by these 
loci is critical to understand their disease risk. We have previous-
ly shown that NFATC2 regulates the expression of several genes 
associated with diabetes in human GWAS (2). Here, we extend 
these observations by showing that 82 of 242 genes associated 
with diabetes are DE with respect to NFATC1 and/or NFATC2 
in human islets (Supplemental Figure 2). Of these, 47 genes have 
an NFATC2 peak within 50 Kbp of the TSS, suggesting they may 
be direct transcriptional targets of NFATC2. Interestingly, the 
NFATC2 locus is strongly associated with T2D diabetes (Supple-
mental Figure 3), which may in part reflect NFATC2-dependent 
regulation of the GWAS genes.

Our goal was to integrate chromatin binding and gene regu-
lation to identify direct transcriptional targets of NFATC2 that 
regulate β cell proliferation in human islets. Several methods have 
been used to define direct targets of TFs, including ChIP-Seq, 
RNA-Seq, 3D chromatin architecture, and positional data (18, 
78–80). A relatively novel approach utilized ncRNAs originating 
from enhancers, eRNA, to nominate direct targets of enhancers in 
a TF perturbed system (32, 81). We have endeavored to identify 
direct targets of NFATC2 in human islets using both the tradition-
al ChIP-based approach and an eRNA-based method. Integra-
tion of ncRNA expression, chromatin accessibility, and NFATC2 
binding allowed us to identify 977 NFATC2-dependent enhancer 
loci. Among these enhancers, chromatin accessibility increased 
in approximately 42%, decreased in approximately 19%, and 
remained unchanged in approximately 39%. Thus, NFATC2 func-
tions as a pioneering factor or utilizes existing open chromatin 
sites at more than 80% of the NFATC2-dependent enhancer loci.

The NFATC2 gene locus contains SNPs that are associated with 
T2D in human GWAS (Supplemental Figure 3). These local SNPs 
may influence NFATC2 expression. In addition, T2D-associated 
SNPs may interfere with NFATC2 binding at distal enhancer loci. 
We identified a small set of the NFATC2-dependent enhancers 
(~2%) that harbor 156 SNPs associated with T2D in human GWAS. 
To nominate possible effector genes at these loci, we relied on 
gene membership within TADs (40) and NFATC2-dependent 
regulation in mRNA expression in human islets. We identified 
13 TADs that contain both a T2D-associated NFATC2 enhancer 
locus and one or more of 22 nominated GWAS effector genes. 
Among these GWAS genes, 7 were regulated by NFATC2, sug-
gesting they may be direct transcriptional targets of the enhancer 
locus. It is possible that their association with T2D may reflect dis-
ruption of this NFATC2-dependent regulation. Interestingly, 15 
putative GWAS effector genes at the other enhancer loci were not 
regulated by NFATC2, suggesting that other genes may be the true 
target for these loci. As only 7 of 242 T2D GWAS effector genes 
with an NFATC2-dependent enhancer in the same TAD were DE, 
it appears that NFATC2-dependent enhancers regulate a very 
small proportion of nominated T2D effectors. In contrast, approx-
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