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Nkx2.2 and NeuroD1 are two critical regulators of pancreatic
B cell development. Nkx2.2 is a homeodomain transcription fac-
tor that is essential for islet cell type specification and mature 3
cell function. NeuroD1 is a basic helix-loop-helix transcription
factor that s critical for islet 8 cell maturation and maintenance.
Although both proteins influence 3 cell development directly
downstream of the endocrine progenitor factor, neurogenin3
(Ngn3), a connection between the two proteins in the regulation
of B cell fate and function has yet to be established. In this study,
we demonstrate that Nkx2.2 transcriptional activity is required
to facilitate the activation of NeuroDI by Ngn3. Furthermore,
Nkx2.2 is necessary to maintain high levels of NeuroD1 expres-
sion in developing mouse and zebrafish islets and in mature 3
cells. Interestingly, Nkx2.2 regulates NeuroD1 through two
independent promoter elements, one that is bound and acti-
vated directly by Nkx2.2 and one that appears to be regulated by
Nkx2.2 through an indirect mechanism. Together, these find-
ings suggest that Nkx2.2 coordinately activates NeuroD1 with
Ngn3 within the endocrine progenitor cell and also plays a role
in the maintenance of NeuroD1 expression to regulate 3 cell
function in the mature islet. Collectively, these findings further
define the conserved regulatory networks involved in islet 3 cell
formation and function.

The pancreas is an intricate organ composed of exocrine tis-
sue that secretes digestive enzymes into pancreatic ducts, and
the endocrine islets of Langerhans that produce the metabolic
hormones insulin, glucagon, somatostatin, pancreatic polypep-
tide, and ghrelin. The different pancreatic cell lineages arise
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during the critical developmental events referred to as the pri-
mary and secondary transitions (Ref. 1; reviewed in Ref. 2). The
primary transition occurs between embryonic day (e) 8.5 and
el1.5% and encompasses the initial patterning and specification
of the pancreatic endoderm, which originates from the foregut.
The secondary transition is the critical stage between e12.5 and
el5.5 when endocrine and exocrine progenitors expand and a
large second wave of differentiation is initiated. The secondary
transition also marks an increase in the expression and/or relo-
calization of a number of transcription factors that are impor-
tant in pancreatic development, including Pdx1, Ptfla, Ngn3,
Nkx2.2, NeuroD1, Pax4, Pax6, and Nkx6.1 (reviewed in Ref. 3).
A large number of studies of these transcription factors have
yielded a timeline of gene expression and determined which cell
lineages are regulated by each transcription factor (2-7). Nota-
bly, temporal and spatial changes in many of the transcription
factor expression profiles can re-program a progenitor or pre-
cursor cell to alter, prevent, or initiate endocrine differentiation
(3, 8—12). The cumulative findings of these studies have illus-
trated that the regulation of islet cell differentiation depends on
complex relationships between the transcriptional regulatory
cascades. These regulatory mechanisms are not simple linear
relationships, but instead require feedback loops, cross-talk,
and context-dependent interactions to allow the appropriate
differentiation program to be fully executed.

One of the key regulators involved in the 3 cell differentiation
process is NeuroD1/B2 (hereafter referred to as NeuroD1).
NeuroD1 is a basic helix-loop-helix transcription factor that is
essential for pancreatic and neuronal embryonic development
and postnatal functions (13—-18). In the developing pancreas,
NeuroD1 is detected as early as €9.5 in the early glucagon-pro-
ducing populations (14). By birth, NeuroD1 is predominantly
localized to the insulin-producing B cell population, although
expression is maintained in a subset of glucagon-producing
cells in embryonic pancreata and in perinatal immature islets

2 The abbreviations used are: e, embryonic day; ChIP, chromatin immunopre-
cipitation; PP, pancreatic polypeptide; Bis-Tris, 2-[bis(2-hydroxyethyl)-
amino]-2-(hydroxymethyl)propane-1,3-diol; Ad, adenovirus; CMV, cyto-
megalovirus; GFP, green fluorescent protein; EMSA, electrophoretic
mobility shift assay.
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(14, 19). Despite the early expression of NeuroD1I in the devel-
oping pancreas, NeuroDI null mice do not exhibit phenotypes
until late gestation. At this time the null mice display reduced
insulin production and significantly decreased 3 cell mass due
to apoptosis (14). Interestingly, on certain genetic backgrounds,
NeuroDI1 null mice can survive postnatally with only mild
hyperglycemia (13). These findings suggest that NeuroD1 plays
a predominant role in the maintenance of functional B cells
after they have formed, although it has been suggested that the
absence of an earlier phenotype may be due to redundancy with
other NeuroD family members (20).

The importance of NeuroD1 in regulating 3 cell function
and, in particular, its critical role in mediating glucose-regu-
lated insulin gene transcription has led to investigations of its
regulation. Huang et al. (21) identified a minimal 2.2-kb
NeuroD1I promoter that recapitulated NeuroD1 expression in the
pancreas during embryonic development and in the adult. This
study also determined that Ngn3, another essential pancreatic
basic helix-loop-helix protein, was able to activate NeuroDI
through multiple E boxes present within the minimal NeuroD1
promoter (21). Ngn3 is necessary for the production of all endo-
crine lineages and is expressed in the islet progenitor. Once islet
cell types are specified, Ngn3 expression is down-regulated (9).
Gasa et al. have postulated that NeuroD1 may take over the
transcriptional regulation of previous Ngn3 downstream tar-
gets (15). The 2.2-kb minimal promoter element is also suffi-
cient for mediating glucose-responsive NeuroDI induction by
Foxol (22). Additional studies have indicated that NeuroD1 is
regulated post-transcriptionally in response to glucose levels
(reviewed in Ref. 23).

Similar to NeuroD1, the homeodomain containing tran-
scription factor Nkx2.2 is involved in both early central nervous
system development and endocrine pancreas specification
(24-26). Nkx2.2 null mice die shortly after birth with severe
hyperglycemia. Nkx2.2 null mice lack all B cells, most « cells,
and a subset of PP cells, which are replaced by the ghrelin-
producing population (10, 26). In vitro and in vivo data suggest
that Nkx2.2 mediates these early islet cell fate decisions by func-
tioning both as a repressor and activator of transcription
depending on the developmental context (27-31). To date,
however, only a small number of transcriptional targets of
Nkx2.2 have been identified, including /ns2 and MafA (27, 30).
Nkx2.2 consensus sites are also present in several regions on
the Nkx2.2 promoter, and it has been speculated that Nkx2.2
could control its own transcription through a feedback loop
(29, 32).

Nkx2.2 and NeuroD1 are both critical players in islet cell
development. Their respective null phenotypes suggest that
Nkx2.2 functions primarily upstream of NeuroD1 to specify
islet cell fate, whereas NeuroD1 plays a more critical role in the
survival and maintenance of  cell function once the mature 3
cells have formed. However, there is evidence suggesting that
the relationship between the two factors is more complex. Epis-
tasis analysis has identified a genetic interaction between
Nkx2.2 and NeuroD1 in regulating the formation of glucagon-
producing cells, which is consistent with the early expression of
both factors in the pancreatic epithelium and in the early « cell
populations (33). In addition, evidence suggests that NeuroD1
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functions upstream of Nkx2.2; adenovirus-mediated expres-
sion of NeuroD1 in pancreatic ductal cell lines was able to
induce the expression of Nkx2.2 (15). Furthermore, ectopic
expression of NeuroD1 was able to induce expression of Nkx2.2
in a human pancreatic 8 cell line (19). However, Nkx2.2 expres-
sion is not significantly affected in neonatal NeuroDI null mice,
whereas NeuroD1 is significantly down-regulated in the Nkx2.2
null pancreata (33).

To clarify the respective roles of Nkx2.2 and NeuroD1 in the
regulation of islet development and f3 cell function, we exam-
ined whether Nkx2.2 functions upstream of NeuroD1 to regu-
late its transcription. We determined that NeuroD1 transcrip-
tional expression is down-regulated in the pancreata of Nkx2.2
null embryos after e12.5. NeuroD1 is also reduced in the mouse
BTC6 cell line in response to RNA interference knockdown of
Nkx2.2 expression. Interestingly, Nkx2.2 regulates NeuroDI
through two distinct promoter regions. Nkx2.2 can bind and
activate NeuroD1 expression through an Nkx2.2 binding site
located 837 bp upstream of the transcriptional start site. Nkx2.2
is also able to activate a 686-bp promoter region that includes
the Ngn3 binding sites, however the direct binding of Nkx2.2 to
this regulated region was not detected. Furthermore, we dem-
onstrate that Nkx2.2 and Ngn3 can cooperate to activate a min-
imal NeuroD1 promoter element and the endogenous NeuroD1
gene. These data suggest that, in addition to the complex func-
tional roles of Nkx2.2 and NeuroD1 in regulating islet develop-
ment and function, Nkx2.2 is also a key component of the reg-
ulatory pathway that modulates NeuroDI expression in the
islet.

EXPERIMENTAL PROCEDURES

Mice—Nkx2.2null/+ and NeuroDI:lacZ/+ heterozygous
mice were previously generated by homologous recombination
(18, 26). Both mouse strains were maintained on a Swiss Black
(Taconic) background. Genotyping of mice and embryos was
performed by PCR analysis as previously described (26, 33).
Mice were housed and treated according to Columbia Univer-
sity and University of Colorado Denver Health Science Center
(UCDHSC) Institute of Animal Care and Use Committee
approval protocols.

Reverse Transcription-PCR and Quantitative Real-time PCR—
Total RNA was harvested from NIH3T3, PANCI, oTC1, and
BTC6 cell lines and el2.5 to e18.5 whole pancreata using the
RNeasy Micro or Mini Kit (Qiagen). For e12.5 to e14.5 embryos,
three to five pancreata were pooled per experiment; for e15.5 to
el6.5 embryos, two to three pancreata were pooled per experi-
ment; and for e17.5 to e18.5, one to two pancreata were pooled
per experiment. Experimental # was =3 for each cell line, and
was equal to 3 for each embryonic age. For each cell line and
embryonic age group 0.5-1 ug of mRNA was converted to
c¢DNA using the Superscript III Kit (Invitrogen). Quantitative
real-time PCR was performed using pre-designed and custom
TagMan primer/probes (Applied Biosystems), and all probes
were 6-carboxyfluorescein (FAM®) fluorescently labeled
with a 3’ minor groove binder nonfluorescent quencher. All
sequences are listed in supplemental Table S1. NeuroD1 mRNA
expression for each sample was normalized to the ubiquitous
metabolic control gene, cyclophilin B, expression. All quantita-
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tive PCR single-plex reactions were performed on an ABI
Prism 7000 Sequence Detection System. Statistical signifi-
cance was determined by using Student’s ¢ test comparing
wild type and Nkx2.2 null expression per age group (* repre-
sents a p value < 0.05).

In Situ Hybridization—RNA in situ hybridization was per-
formed as previously described (10) on e15.5 whole embryo frozen
8-um sections that were fixed overnight with 4% paraformalde-
hyde. The NeuroDI antisense Riboprobe was transcribed with
T7 polymerase from pCS2:MTmNeuroDI (provided by Dr. J.
Lee, Geron) linearized with EcoRI In situ hybridizations were
performed on wild-type and Nkx2.2 null littermate embryos
and followed with rabbit anti-amylase (1:1000, Sigma-Aldrich)
immunohistochemistry to mark the exocrine tissue within the
pancreas. Images were acquired on a Leica CTR 5000 with 20X
magnification.

Immunofluorescence—Immunofluorescence was performed
on el4.5 and e16.5 whole embryo frozen 8-um sections that
were fixed overnight with 4% paraformaldehyde. Antibodies
used consisted of guinea pig anti-B-galactosidase (1:1000, T.
Finger), mouse anti-insulin (1:1000, Sigma), mouse anti-gluca-
gon (1:1000, Sigma), rabbit anti-ghrelin (1:200, Phoenix), rabbit
anti-somatostatin (1:400, Phoenix), rabbit anti-PP (1:200,
Zymed Laboratories Inc.), and rabbit anti-Ngn3 (1:500, Devel-
opmental Studies Hybridoma Bank (DSHB)). Secondary anti-
bodies (Jackson ImmunoResearch) were against individual spe-
cies, all raised in donkey, labeled with either Cy2 or Cy5, and
used at 1:300. 4',6-Diamidino-2-phenylindole (Invitrogen) was
used at 1:1000 and incubated for 30 min. Confocal images were
taken on a Zeiss META LSM 510 confocal microscope.

Zebrafish—Zebrafish and embryos were raised, maintained,
and staged according to standard procedures (34). The AB*
(Streisinger Laboratory, University of Oregon, Eugene, OR) line
was used in natural matings to obtain embryos. Embryos, 48
house postfertilization, were maintained in embryo medium
containing 0.003% phenylthiourea to inhibit pigmentation.
Morpholino oligonucleotides were purchased from Gene Tools
and injected into one- or two-cell stage embryos at concentra-
tions of 15—-20 ng/embryo as previously described (35). nkx2.2a
morpholino sequence is as follows: 5'-GTAGGGTATACTTA-
CATGAGTATTG-3'. Gene Tools standard control morpho-
lino was used for control experiments. The zebrafish nkx2.2a
plasmid was provided by Dr. B. Appel (UCDHSC). Zebrafish
neuroD1 plasmid was provided by Dr. S. Leach (Johns Hop-
kins). Antisense probes were synthesized with T3 RNA poly-
merase after BamHI linearization (nkx2.2a) and NotlI lineariza-
tion (neuroD). Whole mount in situ hybridization was
performed as described previously (36). Yolks were manually
removed after in situ hybridization, and embryos were cleared
in 80% glycerol/20% phosphate-buffered saline for imaging.

Luciferase Reporter Assays—The NeuroD1 —2.2-kb minimal
promoter was fused to the firefly luciferase open reading frame
in the pGL3 Basic vector (Promega, Madison, WTI) as previously
described (21). All deletion constructs were designed with the
following restriction digests, gel purified, blunt-ended, and re-
ligated as follows: for NDA1, the —686/—240 region was
excised with PfIMI and Ndel; for NDA2, the —2190/—686
region was excised with Sacl and PfIMI; for NDA3 a proximal
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128-bp region was excised with Ndel and Mlul maintaining the
most proximal 113 bp upstream of the transcriptional start site,
including the endogenous TATA box; for NDA4, the —2190/
—240 region was excised with Sacl and Ndel; and for NDA5, a
proximal 573-bp region was excised with Pfmll and Mlul main-
taining the most proximal 113 bp upstream of the transcrip-
tional start site, including the endogenous TATA box. NDfull-
nklmut and NDA5-nkImut have the Site 1 consensus core
sequence deleted through PCR mutagenesis (QuikChange
mutagenesis kit, Stratagene). Pancl or BTC6 cells in 12-well
plates were co-transfected (FUGENE 6, Roche Applied Science)
with 500 ng of pGL3B promoter constructs, 250 ng of effector
plasmid (pcDNA3-Nkx2.2, pcDNA3-Nkx2.2BDmut, pcDNA3-
Ngn3, or both Nkx2.2 and Ngn3 simultaneously), and 50 ng of
the internal control pRL-TK-Renilla (Promega) at the time of
seeding. Each transfection condition was tested in triplicate
(experimental # = 4). Transfected cells were harvested and pas-
sively lysed followed by analysis with the Dual-luciferase
Reporter Assay (Promega) and plate luminometer, Monolight
3096 (BD Biosciences). Firefly luciferase readings were normal-
ized to Renilla luciferase values. For data including regulation
by effector genes, normalized luciferase values were further
normalized to the promoter construct alone in order to deter-
mine -fold change differences.

Western Blot—Nuclear protein lysates from mock or trans-
fected Pancl cells were prepared using the Nuclear Extract Kit
(Active Motif). Twenty micrograms of each sample was loaded
in each lane of a 10% Bis-Tris polyacrylamide gel (Invitrogen).
Proteins were transferred to a polyvinylidene difluoride mem-
brane, and the membrane was blocked in 5% milk for 30 min,
incubated with anti-Nkx2.2 (1:100, DSHB) or anti-histone
deacetylase 1 (1:500, Santa Cruz Biotechnology) overnight at
4 °C, washed, incubated with anti-mouse-horseradish peroxi-
dase (1:10,000, Zymed Laboratories Inc.) for 1 h at room tem-
perature, washed again, and developed with Western Lightning
(GE Biosciences).

Adenovirus Design and Transduction—A small interfering
RNA (siRNA) sequence corresponding to the 5'-untranslated
region of the mouse Nkx2.2 gene (GCCACGAATTGAC-
CAAGTGA) was used to prepare the siRNA adenovirus (Ad-
siNkx2.2(283) by previously developed methods (37-39). A
scrambled control siRNA adenovirus (Ad-siRNAcontrol) (40)
and AACMV-GFP virus (41) were used as negative controls in
the knockdown experiments (data not shown). Purified virus
stocks were titered and used to treat BTC6 cells, which express
endogenous Nkx2.2, NeuroD1, and insulin. 630 plaque-forming
units/cell of Ad-siNkx2.2(283), AACMV-GFP, or Ad-siRNA
control was used per transduction. Cells were harvested at 24
and 48 h post-transduction, and total RNA was recovered and
assayed as described above.

PRAV:Nkx2.2 Transduction—Full-length Nkx2.2 cDNA was
cloned into the pRAV retroviral expression vector (42). High
titer infectious retrovirus stocks were generated by transfecting
pRAV and pRAV:Nkx2.2 into BOSC23 cells as described previ-
ously (42). NIH3T3 and PANCI1 cell lines were treated with
each retrovirus and harvested 48 h post-transduction. Total
RNA was recovered and assayed as described above.
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ChIP—Pancreas tissue was collected from 45 e13.5 mouse
embryos. Pooled pancreata was cross-linked for 10 min at room
temperature in 1% formaldehyde followed by glycine quench-
ing for 5 min at room temperature. All 45 pancreata were
pooled and Dounce-homogenized, and cells were lysed in 10
mwm Tris-HCI, pH 8.0, 10 mm NaCl, 3 mm MgCl,, 10% Nonidet
P-40 to release the nuclei. Nuclei were collected and lysed in 1%
SDS, 5 mm EDTA, 50 mm Tris-HCI, pH 8.1. Chromatin frag-
mentation was performed using a BioRuptor (Diagenode) that
sonicated samples on high for 10 min total with 30-s on and
30-s off intervals. A 12.5% fraction of the chromatin was set
aside to verify the fragmentation range of 200 bp to 1 kb. Cross-
linked, fragmented chromatin was diluted with 0.01% SDS,
1.1% Triton X-100, 1.2 mm EDTA, 16.7 mm Tris, pH 8.0, 167
mM NaCl, and pre-cleared with protein A/G-agarose beads
(Santa Cruz Biotechnology) prior to splitting into two samples
for mouse IgG2b-kappa control (4 g, Abcam) and anti-Nkx2.2
(25 ul, DSHB) overnight immunoprecipitations at 4 °C. Washes
and elutions of immunoprecipitates were carried out as previ-
ously described (27, 30). Two rounds of ligation-mediated PCR
were performed with half of each initial immunoprecipitated
sample. Briefly, immunoprecipitated chromatin was blunt-
ended with T4 DNA polymerase (New England Biolabs),
annealed linkers were ligated at 16 °C overnight, first round of
amplification with linker primers (OJW102/0OJW103) was 20
cycles of PCR, and starting with 50 ng of first round DNA per
sample the second round of amplification also included 20
cycles of PCR (Ren et al. (54)). After ligation-mediated PCR
amplification, PCR reactions using PuReTaq Ready-to-go PCR
beads (Amersham Biosciences) were setup for the MafA region
3, and Ins2 —378/—46 promoter regions, as previously
described (27, 30) as well as the NeuroDI promoter (—400/
—23-bp) primers (supplemental Table S1, 28 cycles, annealing
temperature = 65 °C). PCR products were resolved by electro-
phoresis on 1.5% agarose gels. ChIP signal-to-input ratios were
determined based on band intensity for each promoter
analyzed.

EMSA—Nuclear protein lysates from Pancl, «TCl, and
BTC6 cells were prepared using the Nuclear Extract Kit (Active
Motif). Electrophoretic mobility shift assay (EMSA) reactions
involving nuclear extracts contained either 5 or 15 ug of pro-
tein. In vitro translated proteins were transcribed initially from
pcDNA3-Nkx2.2 or pcDNA3-Nkx2.2DBDmut using the TNT
Coupled Reticulocyte Lysate System (Promega), and protein
synthesis was verified by Western blotting for Nkx2.2 (data not
shown). For EMSA reactions using in vitro translated protein, 5
wl from the reticulocyte reaction was used. EMSA experiments
were adapted from previous studies (43, 44). EMSA probes
were radioactively end-labeled using Klenow polymerase (New
England Biolabs) to incorporate [a->*P]dCTP and 25,000 cpm
of each probe included per EMSA reaction. EMSA probe
sequences were designed as listed in supplemental Table S1.
EMSA reactions were incubated at 4 °C for 30 min and included
the following conditions: 10 mm Tris-HCI, pH 7.5, 50 mm NaCl,
0.5 mMm EDTA, 1 mm MgCl,, 4% glycerol, 0.5 mm dithiothreitol.
For Nkx2.2 supershifts, 1 ul of monoclonal ascites antibody
(DSHB) was used per reaction. The Nkx2.2 DBD mutant was
generated using site-directed mutagenesis (QuikChange

NOVEMBER 6, 2009+VOLUME 284+NUMBER 45

Nkx2.2 Regulates NeuroD1

mutagenesis kit, Stratagene) to change a lysine 184 to isoleu-
cine. The mutation was modeled after the corresponding muta-
tion in Nkx2.5 (L183I) that was demonstrated to disrupt bind-
ing of the homeodomain to its cognate DNA (45).

In Vivo DNA Footprinting—DNA methylation of intact
mPAC L20, aTC1, and BTC6 cells using dimethyl sulfate and
ligation-mediated PCR were performed as previously described
(43). Briefly, mPAC L20, «TC1, and BTC6 cells were all grown
to 80% confluency on two 15-cm plates each. One set of cells
was harvested, and genomic DNA was isolated for in vitro
methylation and depurination to prepare G and G+ A reference
ladders of the NeuroD1 promoter region. The second set of
intact cells was treated with 0.1% dimethyl sulfate, in RPMI
media plus 10% fetal bovine serum, for 2 min at 37 °C prior to
genomic DNA isolation, and cleavage with piperidine. For liga-
tion-mediated PCR of the proximal NeuroDI promoter
region, 250 ng of in vivo methylated DNA and control meth-
ylated DNA were used with the NDprox sense strand foot-
printing primer set described in supplemental Table S1
and the following conditions: first-strand synthesis, 1 cycle;
annealing temperature, 63 °C; amplification, 20 cycles;
annealing temperature, 65.9 °C with LMPCR1 primer; label-
ing, 2 cycles, and annealing temperature, 70.2 °C. Amplified
and labeled products were resolved by electrophoresis on 6%
denaturing polyacrylamide gels and detected on x-ray film
(Kodak) as well as by using a Molecular Dynamics Storm 960
Phosphorlmager (Amersham Biosciences).

RESULTS

NeuroD1 Gene Expression Is Decreased in Nkx2.2 Null Mice
Pancreata—Previous studies have suggested that NewuroDI
gene expression is down-regulated in the absence of Nkx2.2
(28, 33). To determine when during pancreatic development
NeuroD1 mRNA levels were decreased in the Nkx2.2 null pan-
creata, we performed semiquantitative real-time PCR on dis-
sected pancreata at daily time points between e€12.5 and birth. A
reduction of NeuroD1 expression was first evident at e13.5, dur-
ing the secondary transition, and remained decreased through-
out embryogenesis (Fig. 14). In the Nkx2.2 null mice, all B8 cells
and most « cells are replaced by the ghrelin cell population.
Because the reduction in NeuroD1 corresponds with the major
wave of islet cell differentiation, we wished to determine
whether the reduction of NeuroDI expression was simply due
to the loss of the « and 3 cell populations that occurs in the
Nkx2.2 null embryos. We performed mRNA in situ hybridiza-
tion analyses to visualize the overall localization of NeuroD1
mRNA at el5.5. Surprisingly, NeuroDI appeared to be ex-
pressed in similar expression domains in the wild-type and
Nkx2.2 mutant pancreata, but with a reduced overall expression
level in the mutant pancreas (Fig. 1, B and C). Analysis of 8-
galactosidase expression from the NeuroDI:LacZ knockin
allele (18) also suggested that there was a decrease in NeuroD1
expression per cell, rather than a loss in the total number of
NeuroD1-expressing cells (Fig. 1, M and Q).

Because the Nkx2.2 null embryos lack B cells and most a
cells, the two cell populations reported to express NeuroD1,
we wished to determine the endocrine cell types that express
NeuroD1 in Nkx2.2 mutant pancreata compared with wild
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FIGURE 2. Nkx2.2 regulation of NeuroD1 expression is conserved in zebrafish. In situ hybridization of
wild-type 48-hours postfertilization zebrafish embryos for Nkx2.2a (A, B, and B’). In situ hybridization of
48-hours postfertilization zebrafish embryonic pancreas for NeuroD1 (C-E) showing a decrease in NeuroD1
expression in Nkx2.2 splice morphant embryos (E) and either wild-type (C) or control morphant embryos (D).

type. In e14.5 wild-type mice, B-galactosidase staining shows
that NeuroD1 is predominantly expressed in glucagon- and
ghrelin-producing cells, but is largely excluded from the
other hormone producing populations, including the imma-
ture B cells (supplemental Fig. S1). By el6.5, 3-galactosidase
staining could be detected in each of the hormone-produc-
ing cell populations, with the exception of somatostatin-pro-
ducing & cells (Fig. 1, D—P), similar to the findings of Itkin-
Ansari et al. (19). Interestingly, many of the insulin,
glucagon, and PP cells at €16.5 did not co-express 3-galacto-
sidase, which may reflect the maturation state of the cell. In
the Nkx2.2 null mice, as expected from the maintained wide-
spread expression, NeuroD1 is predominantly co-expressed
with the ghrelin-producing population, albeit at much lower
levels than observed in wild-type islet cells (Fig. 1, F, I, J, and
N). B-Galactosidase staining could also be detected at low
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levels in the few remaining gluca-
gon- and PP-producing cells (Fig.
1, N and P). Similar to wild type,
B-galactosidase staining could not
be detected in the somatostatin-
producing cells. Therefore, the
reduction of NeuroDI in the
Nkx2.2 mutant pancreas appears
to be a general reduction of B-
galactosidase levels in the remain-
ing islet cell populations that nor-
mally produce NeuroD1.

NeuroD1 Regulation by Nkx2.2 Is
Conserved in Zebrafish—To assess
whether the Nkx2.2-dependent reg-
ulation of NeuroD1I is functionally
relevant, we determined whether
this regulation is conserved across
species. In zebrafish, it has been
determined that a knockdown of the
Nkx2.2 zebrafish homolog Nkx2.2a
by translation- or splice- blocking
morpholinos can recapitulate the
phenotype of the Nkx2.2 null
mouse; the morphant fish display
decreased « and B cells, a corre-
sponding increase in ghrelin-pro-
ducing cells, and no change in the
number of & cells (46). We used the
splice-blocking Nkx2.2a morpholino
to demonstrate that down-regulation
of Nkx2.2a in zebrafish also results in
a decrease of NeuroDI expression
compared with wild type pancreata or
pancreata from embryos injected
with a scrambled morpholino (Fig. 2, C-E). Furthermore, similar
to our observation in the Nkx2.2 null mice, expression of NewuroD1
remains widespread throughout the islet despite the changes in
islet cell fates, and NeuroD1 mRNA expression is reduced in all
cells (Fig. 2E).

NeuroD1 Is Regulated by Nkx2.2 in 3 Cells—In Nkx2.2 null
mice it is not possible to assess NeuroD1I regulation in 3 cells,
which are completely absent at all stages of pancreatic develop-
ment. To determine whether Nkx2.2 also regulates NeuroD1
expression in functional B cells, we utilized a recombinant
adenovirus containing an siRNA specific for Nkx2.2 (Ad-
siNkx2.2(283)) to suppress the expression of Nkx2.2 in BTC6
cells, which endogenously express Nkx2.2 and NeuroD1. Treat-
ment of the BTC6 cells with Ad-siNkx2.2(283) resulted in sup-
pression of Nkx2.2 mRNA levels by ~65% by 48 h post-trans-

: WT

FIGURE 1. NeuroD1 expression is decreased in the Nkx2.2 null pancreas. Shown is quantitative PCR analysis of NeuroDT mRNA levels at successive
developmental time points during pancreas organogenesis. Nkx2.2~/~ levels (black bars) are represented by -fold change in comparison to wild type (A).
Statistical significance determined with a Student t test comparing each individual embryonic age group; *, p value<<0.05. Error bars represent =S.E.RNA in situ
hybridization comparing NeuroD1 mRNA expression in e15.5 wild-type (B) and Nkx2.2~/~ pancreata (C). Inmunofluorescence staining of embryonic pancreata
in €16.5 Nkx2.2*/~;NeuroD1+/"%Z (D-F and J-M) and Nkx2.2~/~;NeuroD1*""%Z (G-I and N-Q). NeuroD1 expression is represented by j3-galactosidase staining
(green, D-Q). Insulin (red, D and G), glucagon (red, E and H; blue, J and N), ghrelin (red, F, I, J, and N), PP (red, L and P), and somatostatin (red, K and O) are shown
(confocal images: magnification, 45 X; insets: magnification, 90X). B-Galactosidase expression in the Nkx2.2 null tissue was captured with a gain setting 3-fold
above control samples to demonstrate expression is maintained, but at decreased levels (compare Q to M).
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FIGURE 3. Nkx2.2 regulates endogenous NeuroD7 and a minimal NeuroD1 promoter. BTC6 cells were transduced with adenovirus containing an
siRNA(283) directed against Nkx2.2. Endogenous Nkx2.2 mRNA expression levels (A) and NeuroD1 mRNA expression levels (B) were measured at 48 and 72 h
post transduction. Values were normalized to cyclophilin B. Asterisks denote statistically significant decreases between the treated and untreated samples as
assessed by Student’s t test: *, p < 0.05. Panc1 cells were transfected with either pGL3B vector alone or pGL3B containing the 2.2-kb NeuroD1 promoter and
Nkx2.2, the Nkx2.2 binding site mutant (Nkx2.2DBDmut), Ngn3, or Nkx2.2 and Ngn3, in combination (C). Sites are represented by circles, and E-box elements by
are represented by rectangles. Values are normalized to Renilla luciferase. Asterisks denote statistically significant changes in luciferase activity upon addition
of a regulatory factor as assessed by a student t test: **, p < 0.01; ##, p < 0.01 for Nkx2.2 compared with Nkx2.2DBDmut. Alterations in endogenous NeuroD1
mRNA levels were determined (D). Nkx2.2 protein (G) and mRNA (E) levels were assessed, as were Ngn3 mRNA levels (F). Asterisks denote statistically significant
changes in expression levels: *, p < 0.05. Formaldehyde cross-linked e13.5 chromatin was incubated with antibodies specific to Nkx2.2. Immunoprecipitated
DNA was analyzed by PCR with primers specific to NeuroD1, insulin, and MafA (H). For controls, PCR was performed with total input DNA (1/10 dilution, Input)
and DNA immunoprecipitated with mouse IgG (ml/gG). Ratios between ChIP and 10% input were compared between promoter primer sets in the ChIP
experiment shown here (/).

duction (Fig. 3A) and resulted in a corresponding significant Nkx2.2 Is Sufficient to Activate the Minimal NeuroDI
decrease in endogenous NeuroD1 transcripts by 50% (Fig. 3B).  Promoter—A minimal 2.2-kb NeuroD1 promoter fragment has
These results further suggest that Nkx2.2 regulates NeuroD1 been shown to provide appropriate tissue expression in vivo
transcription in the islet cell populations where both Nkx2.2  during mouse embryogenesis and in the adult (21). To deter-
and NeuroD1I are expressed. mine whether Nkx2.2 could transcriptionally regulate the min-
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imal NeuroD1 promoter, we transfected the full-length mini-
mal NeuroDI promoter fused to firefly luciferase (pGL3,
Invitrogen) with or without Nkx2.2 into the Pancl cell line.
Pancl cells are human pancreatic ductal carcinoma cells that do
not endogenously express Nkx2.2, NeuroD1, or the pancreatic
endocrine hormones to significant levels (supplemental Fig.
S2). Ngn3, a known regulator of NeuroD1, was included as a
positive control for these studies (21). Interestingly, Nkx2.2
activated the NeuroDI promoter to similar or higher levels than
Ngn3 (Figs. 3C and 4A). In addition, we observed additive acti-
vation of the NeuroD1 promoter when Nkx2.2 was co-trans-
fected with Ngn3 (Figs. 3C and 44). Similarly, endogenous
NeuroD1 mRNA expression was activated when Nkx2.2 was
transfected or virally transduced into Pancl or NIH3T3 cell
lines (Fig. 3D and supplemental Fig. S4). Furthermore, co-ex-
pression of Nkx2.2 and Ngn3 resulted in synergistic activation
of endogenous NeuroD1 transcript (Fig. 3D), suggesting that
Nkx2.2 and Ngn3 function together to initiate the activation of
NeuroD1 expression.

To assess whether the induction of NeuroDI promoter activ-
ity was indirectly due to the altered regulation of Nkx2.2 or
Ngn3 in the transfected cells, rather than the direct activation of
the NeuroD1 promoter elements, we compared Nkx2.2 and
Ngn3 expression levels in each transfected cell line. Nkx2.2 pro-
tein levels are similar when Nkx2.2 is transfected alone or in
combination with Ngn3 (Fig. 3G). However, Nkx2.2 mRNA
transcript levels do appear slightly elevated when Ngn3 is pres-
ent (Fig. 3E), which is consistent with previous studies (31).
Conversely, Ngn3 mRNA transcript levels are not affected by
the expression of Nkx2.2 (Fig. 3F). Therefore, Nkx2.2 and Ngn3
regulation of NeuroDI appears to be due to cooperative activa-
tion. The co-expression of Nkx2.2 and Ngn3 in the islet progen-
itor cell population is consistent with the possibility that
Nkx2.2 and Ngn3 cooperate to regulate NeuroD1 during em-
bryogenesis (3). The Nkx2.2 K184 DNA binding mutation
(Nkx2.2DBDmut), which disrupts the DNA binding activity of
Nkx2.2, abrogates the activation of NeuroD1 (Fig. 3C), suggest-
ing that the DNA binding activity of Nkx2.2 is required for the
regulation of the NeuroD1 promoter.

Nkx2.2 Occupies the Endogenous NeuroD1 Promoter—To
determine whether Nkx2.2 regulates NeuroDI expression
directly, we assessed the association of Nkx2.2 with the
NeuroD1 promoter at the embryonic stage when we initially
detected a loss of NeuroD1 expression in the Nkx2.2 null pan-
creata. We performed ChIP assays on pancreatic tissue isolated
from e13.5 embryos. The Ins2 and MafA promoters, which are
known direct targets of Nkx2.2, were used as positive controls
in these studies (27, 30). As shown in Fig. 3H, Nkx2.2 occupies
the NeuroD1 promoter at e13.5. Amplification of the NeuroD1
promoter DNA was less efficient than either the Ins2 or MafA
promoters, however, calculation of the fraction of bound chro-
matin as a function of input chromatin demonstrated that each
promoter element was precipitated by the Nkx2.2 antibody
with similar efficiencies (Fig. 37). Nkx2.2 was also able to occupy
the NeuroD1 promoter in the BTC6 cell line (data not shown).

Two Distinct Promoter Regions Independently Contribute to
NeuroD1 Activation by Nkx2.2—We used in silico DNA
sequence analysis to identify three potential Nkx2.2 consensus
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binding sites (31) within the conserved regions of the 2.2-kb
NeuroD1 minimal promoter. We identified a single putative
Nkx2.2 consensus site (Site 1) at —837 bp, just upstream of the
three characterized Ngn3-bound E-box elements, that is con-
served in both the mouse and zebrafish promoters (21). We also
identified two sites (Site 2 and Site 3) in a 182-bp region (—406
to —224 bp) between the transcriptional start site and the E-box
elements. To determine which of the putative Nkx2.2 consen-
sus elements were responsible for Nkx2.2-dependent activation
we bisected the NeuroDI promoter into two parts, each con-
taining the requisite number of E-box elements for regulation
by Ngn3 and either the proximal (Site 2 and Site 3) or distal (Site
1) putative Nkx2.2 consensus sites (NDA2 and NDA3, respec-
tively). Each promoter deletion was introduced into Panc1 cells
to assess Nkx2.2- and/or Ngn3-dependent activation. Interest-
ingly, both the proximal 686-bp region (NDA2) and the distal
1949-bp region (NDA3) could be independently activated by
Nkx2.2, with additive activation in the presence of Ngn3 (Fig.
4A). The only DNA shared between NDA2 and NDAS3 is the
Ngn3-regulated —686-bp to —240-bp region containing Ebox2
and Ebox3. These results suggest that Nkx2.2 regulates
NeuroD1 transcription through two distinct promoter ele-
ments. Ngn3 may cooperate with Nkx2.2 activity on both the
distal and proximal NeuroD1 promoter regions, independently.

We next determined whether Nkx2.2 regulation was de-
pendent on the Ngn3-mediated activation. Huang and col-
leagues determined that elimination of two of the three E-box
elements significantly diminishes NeuroDI promoter activa-
tion by Ngn3 (21). Consistent with this finding, when we
deleted Ebox2 and Ebox3 in the context of the full-length 2.2-kb
NeuroD1 promoter (NDA1), we abrogated activation by Ngn3.
Nkx2.2-mediated activation, however, was not affected. Fur-
thermore, when we deleted the E-box sequences from either
the proximal (NDA4) or distal (NDA5) promoter elements,
Nkx2.2-mediated activation was retained at levels comparable
to that of the full-length promoter (Fig. 4B). This would suggest
that each promoter element can confer maximum NeuroD1
promoter activity in Panc1 cells that ectopically express Nkx2.2
(see “Discussion”). Deletion of Site 1 from the distal promoter
element, NDA5-sitelmut, resulted in a reduction of Nkx2.2
activation to levels similar to that seen on the pGL3Basic vector
alone (Fig. 4C), suggesting that Site 1 is responsible for activa-
tion by Nkx2.2 on the distal NeuroD1 promoter in Pancl cells.

To assess the regulation of the individual NeuroD1 promoter
elements in B cells, we determined promoter activities of the
different promoter deletions in BTC6 cells, which express
endogenous Nkx2.2 and NeuroD1. Deletion of each proximal or
distal promoter region, alone or in combination with deletion
of the E-box regions, resulted in a significant reduction of
NeuroDI promoter activity in the BTC6 cells (Fig. 5). This would
suggest that both the proximal and distal promoter regions
contain regulatory elements that contribute to the full activity
of NeuroD1 in vitro. Interestingly, deletion of the Nkx2.2 con-
sensus core 4 bp (AAGT) within Site 1 (NDfull-sitelmut)
reduced full-length activity to levels similar to that of complete
distal region deletion (NDA2, Fig. 5). The Site 1 Nkx2.2 core
sequence deletion within NDA5 (NDA5-sitelmut) also com-
pletely abrogated promoter activity (Fig. 5). These experiments
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FIGURE 4. Nkx2.2 activates two separate regions of the NeuroD1 promoter. Panc1 cells were transfected with the full-length 2.2-kb NeuroD1 promoter
region or NeuroD1 promoter deletion constructs and Nkx2.2, Ngn3, or Nkx2.2 and Ngn3, in combination. The NeuroD1 promoter constructs are denoted as
follows: (A-C) NDfull (2.2 kb (21)), (A) NDA1 (deletion between —686 and —240 bp), NDA2 (deletion between —2187 and —686 bp), NDA3 (deletion between
—240and —113 bp), (B) NDA4 (deletion between —2187 and —240 bp), (B, C) NDA5 (deletion between —686 and — 113 bp), and (C) NDA5-Nk1mut (lacking the
Nkx2.2 consensus site). Potential NKx2.2 binding sites are represented by circles, and E boxes are represented by rectangles. Statistical analysis was performed

by using Student’s t tests comparing addition of transcription factor(s) to promoter-alone values. **, p value < 0.01.

suggest that Site 1 plays a predominant role within the regula-
tion of the NeuroD1 proximal promoter and is important for
full NeuroD1 activity in BTC6 cells.

Nkx2.2 Directly Binds to a Subset of Consensus Elements
within the NeuroD1 Promoter—To verify that Nkx2.2 bound
the predicted Nkx2.2 consensus elements within the
NeuroDI promoter, we used electrophoretic mobility shift
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assays (EMSA) with in vitro translated Nkx2.2 or islet cell
nuclear extracts, combined with anti-Nkx2.2 antibody to detect
the presence of Nkx2.2 within the bound protein complex (Fig.
6 and supplemental Fig. S5). We used the previously published
Nkx2.2 consensus binding element as a positive control in all
assays (31) (Fig. 6A4). Nkx2.2 bound specifically to the Site 1
sequence as shown by incubation with in vitro translated
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FIGURE 5. Two Nkx2.2-regulated NeuroD1 promoter regions are important for maximal activity in B cells. BTC6 cells were transfected with luciferase
promoter constructs NDfull, NDA1-5, and two constructs that harbored Site 1 consensus core sequence deletions: NDfull-Nk1mut and NDA5-NkTmut.
Potential NKx2.2 binding sites are represented by circles, and E boxes are represented by rectangles. Statistical analysis was performed by using Student’s t tests
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Nkx2.2 and by supershift of the complexes formed from BTC6
nuclear extracts with Nkx2.2 antibodies (Fig. 6B, lanes 3-5).
Nkx2.2 from aTC1 nuclear extracts also formed a complex with
Site 1 (data not shown).

Surprisingly, Nkx2.2 failed to bind the Site 2 or Site 3
sequences in EMSA reactions containing either in vitro trans-
lated Nkx2.2 or pancreatic nuclear extracts (supplemental Fig.
S5, A-C). For each DNA binding probe, slower migrating com-
plexes were detected using cell extracts; however, Nkx2.2 did
not appear to be part of the complexes, as evidenced by the lack
of a supershift with Nkx2.2 antibody (supplemental Fig. S54,
lane 4, and supplemental Fig. S5C, lane 4). Furthermore, similar
complexes assembled on these sites using the Pancl extracts,
which lack Nkx2.2 (supplemental Fig. S5A4, lane 5, and supple-
mental Fig. S5C, lane 1).

Transcription factors often need supporting proteins/cofac-
tors bound to neighboring binding sites to aid in the recruit-
ment to specific DNA motifs (47—-49). Although Nkx2.2 binds
to its consensus site in the absence of other proteins, the Site 2
and Site 3 probes may comprise sequences that necessitate the
binding of cofactor proteins to the flanking DNA to facilitate
Nkx2.2 binding. To test this possibility we generated a longer
DNA probe containing additional sequences flanking Site 2 or
Site 3 (NDprox, —240 to +90 bp, supplemental Fig. S3). In each
of the nuclear extracts larger protein complexes were bound to
the NDprox probe than seen with the individual sites; however,
none of the complexes appeared to contain Nkx2.2 (supple-
mental Fig. S6, A and B).
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Although there were no other apparent Nkx2.2 consensus
sites within the proximal promoter region, it was possible that
Nkx2.2 was binding to a cryptic or previously uncharacterized
DNA binding site. We generated two additional EMSA probes
that covered the remainder of the untested DNA sequences
present in the NeuroDI1 proximal promoter (NDA2): NDE1
(—693 to —450 bp) and NDE2 (—476 to —231 bp, encompass-
ing E-box elements (supplemental Fig. S3). In each case, in vitro
translated Nkx2.2 did not bind to sequences within the NDE1
and NDE2 EMSA probes, and Nkx2.2 was not present in the
protein complexes formed on these sites from pancreatic
nuclear extracts (supplemental Fig. S6, C and D; data not
shown). In summary, our data suggest that, although Nkx2.2
regulates both the proximal and distal NeuroD1 promoter ele-
ments, Nkx2.2 only functions directly through the distal Site 1
and does not appear to bind directly to either Site 2 or Site 3,
and is not recruited within the proximal promoter region.

DNA Footprint Analysis of the Proximal Site 2- and Site
3-Containing NeuroD1 Promoter—In an effort to identify tran-
scription factors that may function downstream of Nkx2.2 to
regulate the proximal (NDA2) NeuroDI1 promoter, we per-
formed in vivo footprinting analysis of the 686-bp promoter
region in aTC1, BTC6, and mPAC L20 cell lines. Similar to the
Pancl cell line, the mPAC 120 cells are a pancreatic ductal
epithelial cell line that does not express endogenous Nkx2.2
(15). To identify regions of this minimally regulated NeuroD1
promoter element that are differentially occupied in response
to Nkx2.2, we focused our attention on in vivo footprint
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FIGURE 6. Nkx2.2 directly binds Site 1 DNA in the distal NeuroD1 pro-
moter. The positive Nkx2.2 binding control reaction with known consensus
probe (NkBDctl) was assessed for nuclear extract and in vitro Nkx2.2 binding
(A). Nkx2.2 protein binding to consensus site Site 1 (B) was assessed by EMSA
analysis performed with in vitro translated Nkx2.2 (lane 3) or DNA binding
mutant Nkx2.2 (lane 2). Specificity of any protein-DNA complex formed from
BTC6 nuclear extract (lanes 4 and 5) was assayed by incubation with anti-
Nkx2.2 antibody (/ane 5). The Nkx2.2 antibody incubation resulted in a super-
shift of the Nkx2.2 containing complex (lane 5). TNT, in vitro translated; NE,
nuclear extract.

sequences that differed between the «TC1 and BTC6 cell lines
in comparison to the mPAC L20 cell line. In agreement with our
EMSA results, there is no obvious evidence of binding on either
DNA strand for Site 2 or Site 3 (supplemental Fig. S7, A and B,
and data not shown). Strongly protected areas that are specific
to the aTC1 and BTC6 cells were observed upstream of the Site
2 (fp1) and between the Site 2/Site 3 (fp2) (supplemental Fig. S7,
A and B). Three additional strongly protected regions that were
specific to aTC1 and BTC6 cells were observed upstream from
Site 2 and Site 3 (fp3-5) (supplemental Fig. S7, A and B).

In silico analysis of the protected regions using MatInspector
(Genomatix) definitions for possible transcription factor bind-
ing sites identified several transcription factors as possible reg-
ulators of NeuroDI. A predicted binding site for MyT1, a
known pancreatic transcription factor (50), was identified
within the fp3 region. Putative binding sites for [A1 and HNF4,
two additional well characterized pancreatic regulatory factors
(51-53), are coincident with the fp4 region, as were possible
binding sites for two generally expressed regulatory factors, Sp1
and GABP. The fp5 region also contained a second Sp1 site. The
fp4 region includes a potential binding site for an uncharacter-
ized zinc finger protein Znf202, which was not pursued due to
lack of information about this protein. To determine whether
these factors are able to bind the NeuroD1 promoter, we gen-
erated probes specific to either fp1/2/3 or fp4/5 for EMSA anal-
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ysis. We verified that Sp1 can bind the fp1/2/3 region; however,
it appeared to bind the region in the presence or absence of
Nkx2.2 (mPAC cells versus aTC and BTC cells; supplemental
Fig. S8A4). Sp1 did not bind DNA within the fp4/5 region (sup-
plemental Fig. S8B). The remaining factors HNF4, IA1, MyT1,
and GABP did not bind to either footprinted region (supple-
mental Fig. S8C).

In summary, the in vivo footprint data suggest that different
protein complexes are able to bind the proximal NeuroD1 pro-
moter region that is regulated by Nkx2.2; however, we have
definitively ruled out that Nkx2.2 binds directly to the Site 2 and
Site 3 within this region. Unfortunately, we have been unable to
identify regulatory factors that function downstream of Nkx2.2
to regulate the NeuroD1 proximal promoter. Future proteom-
ics studies of the protected regions will help identify these bind-
ing factors and elucidate the precise mechanism through which
Nkx2.2 functions to regulate the proximal region of the
NeuroD1 promoter.

DISCUSSION

In this study we have demonstrated that Nkx2.2 is necessary
for full activation of NeuroD1 expression in vivo and is neces-
sary and sufficient for activation of NeuroD1 in vitro. The initial
observation that NeuroDI was reduced in the Nkx2.2 null islet
was not surprising; many of the cell types thought to normally
express NeuroDI were absent in the Nkx2.2 null mice. How-
ever, further examination of NeuroD1 expression in the Nkx2.2
null background revealed that there was not an overall loss of
NeuroD1™" cell numbers, but rather a general decrease in
NeuroD1I expression levels per cell, regardless of cell type identity.
These results suggested that Nkx2.2 plays an important role in
the regulation of NeuroD1 expression. Our subsequent analyses
indicated that Nkx2.2 is necessary for full activation of
NeuroDI during mouse and zebrafish pancreas development. Fur-
thermore, the in vitro studies in immortalized cell lines identi-
fied cooperative activation of the endogenous NeuroDI gene
and a minimal NeuroDI promoter fragment by Nkx2.2 and
Ngn3. Interestingly, the cooperative regulation of NeuroD1
expression is more pronounced with the endogenous NeuroD1
promoter. Ngn3 has previously been shown to directly acti-
vate both the Nkx2.2 and NeuroD1 promoters (21, 32). All
three factors are co-expressed in the pancreatic progenitor
population; however, Ngn3 expression is extinguished once
the progenitor cells differentiate into the hormone produc-
ing populations. It is therefore possible that Ngn3 and
Nkx2.2 cooperate to induce NeuroD1 expression in the pro-
genitor population and then Nkx2.2 contributes to the main-
tenance of NeuroD1 expression in the hormone-producing
endocrine cell populations.

Experimental evidence suggests that Nkx2.2 is required
for the maintenance of B cell function; the expression of a
dominant repressor derivative of Nkx2.2 results in adult 8
cell dysfunction and decreased insulin gene expression (29).
Our finding that Nkx2.2 is required for full activation of
NeuroD1 in mature 3 cells suggests that Nkx2.2 may func-
tion through NeuroD1 to regulate insulin expression and 8
cell function. Further support for the Nkx2.2-dependent
activation of NeuroD1 is the absence of NeuroDI from the
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somatostatin-producing population, which also lack endog-
enous Nkx2.2.

Nkx2.2 expression is also maintained in many of the newly
differentiated hormone-producing cell types that do not
express NeuroD1, suggesting that, although Ngn3 and Nkx2.2
are capable of activating NeuroD1, other regulatory factors may
counter their activity to repress NeuroD1 in the newly differen-
tiated and some islet cell populations. Although it was surpris-
ing that NeuroD1 was not expressed in the immature insulin-
producing population, the lack of expression is consistent with
the NeuroD1I null phenotype, which is not manifested in  cells
until late in gestation.

Consistent with the idea that other pancreatic transcrip-
tion factors may participate in the regulation of NeuroD1, we
observed differences in NeuroD1 promoter activities in
Pancl cells versus BT C6 cells. In Pancl cells transfected with
Nkx2.2, the proximal or distal promoter elements can each
individually confer full promoter activity (Fig. 4, NDA4 and
NDAS). Alternatively, in BTC6 cells, each of these promoter
elements is only able to confer partial activity (Fig. 5, NDA4
and NDAS). In addition, the two promoter elements together
show an additive effect in their regulation of NeuroD1I
expression in BTC6 cells and not Pancl cells (Figs. 4 and Fig.
5, NDAI). This may suggest that additional factors are pres-
ent in BTC6 cell, which are not expressed in Pancl cells, that
are important for the appropriate modulation of NeuroD1
promoter activity and influence the ability of Nkx2.2 to acti-
vate NeuroDI transcription through either the distal and
proximal promoter elements.

Interestingly, the regulation of the minimal NeuroD1 pro-
moter by Nkx2.2 in immortalized cell lines appears to result
from direct and indirect transcriptional activation. Using in
vitro and in vivo assays, we were able to demonstrate that
Nkx2.2 binds to and activates a consensus element at —837
bp of the NeuroD1 promoter. Although this may be the pri-
mary regulatory element through which Nkx2.2 can activate
NeuroD1, we also demonstrated that Nkx2.2 can activate
NeuroD1 through a more proximal promoter element (—1 to
—686 bp). Comprehensive analysis of this region failed to
identify sequences that were directly bound by Nkx2.2.
Because Nkx2.2 DNA binding activity appears to be neces-
sary for NeuroD1 activation through the proximal promoter,
our data suggest that Nkx2.2 regulates one or more members
ofa protein complex that functions downstream of Nkx2.2 to
modulate NeuroD1 activity. Indeed, in vivo footprint analy-
ses defined regions of the proximal NeuroDI promoter that
are differentially occupied in the presence of Nkx2.2; how-
ever, the precise regulatory factors that are bound to the
NeuroD1 proximal promoter have yet to be identified. Inter-
estingly, the cooperative regulation of NeuroD1 by Nkx2.2
and Ngn3 appears to occur with directly bound Nkx2.2 as
well as with the factors downstream of Nkx2.2 that appar-
ently bind the —240-bp promoter region. Taken together,
Ngn3, Nkx2.2, Spl, and other yet unknown novel factors
likely form a large transcriptional complex on the NeuroD1
promoter that will tightly regulate any transcriptional out-
put. Future proteomic analysis of these protected regions
will be explored to identify the transcriptional regulatory
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factors that function downstream of Nkx2.2 to regulate
NeuroD1 activity. It is possible that the bound protein com-
plexes will be cell type-dependent and may provide the cell
type-specific modulation of NeuroD1 regulation in different
cellular contexts. Notably, the presence of two Nkx2.2-de-
pendent regulatory elements within the NeuroDI promoter
defines the importance of transcriptional NeuroDI regula-
tion by Nkx2.2.
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