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Insulin produced by islet b-cells plays a critical role in
glucose homeostasis, with type 1 and type 2 diabetes
both resulting from inactivation and/or loss of this cell
population. Islet-enriched transcription factors regulate
b-cell formation and function, yet little is known about
the molecules recruited to mediate control. An unbiased
in-cell biochemical and mass spectrometry strategy
was used to isolate MafA transcription factor–binding
proteins. Among the many coregulators identified were
all of the subunits of the mixed-lineage leukemia 3 (Mll3)
and 4 (Mll4) complexes, with histone 3 lysine 4 methyl-
transferases strongly associated with gene activation.
MafA was bound to the ∼1.5 MDa Mll3 and Mll4 com-
plexes in size-fractionated b-cell extracts. Likewise,
closely related human MAFB, which is important to
b-cell formation and coproduced with MAFA in adult
human islet b-cells, bound MLL3 and MLL4 complexes.
Knockdown of NCOA6, a core subunit of these methyl-
transferases, reduced expression of a subset of MAFA
and MAFB target genes in mouse and human b-cell
lines. In contrast, a broader effect on MafA/MafB gene
activation was observed in mice lacking NCoA6 in islet
b-cells. We propose that MLL3 and MLL4 are broadly
required for controlling MAFA and MAFB transactivation
during development and postnatally.

Diabetes mellitus is a disease that affects the body’s abil-
ity to maintain euglycemia, with type 1 characterized by
a loss of insulin-producing islet b-cells and type 2 (T2DM)

by peripheral insulin resistance and b-cell dysfunction.
One proposed treatment for type 1 diabetes is to replace
diseased b-cells with those generated from human embry-
onic stem cells (hESCs) or induced pluripotent stem cells
(1). The principal limitation in producing functional
b-cells has been directing the final postnatal maturation
steps (2), which involves expression of proteins required
for glucose sensitivity and insulin secretion (3).

Islet-enriched transcription factors are essential for
embryonic formation and postnatal function of b-cells
(4–6). For example, very early exocrine and endocrine
pancreatic development is driven by Pdx-1 starting at
embryonic day 8.5 (e8.5) in mice, with mice and humans
both lacking a functional copy suffering from pancreatic
agenesis (4,5). In contrast, Ngn3 expressed from e9.5 is
only required in the formation of endocrine cell types (i.e.,
b, a [hormone glucagon producing], d [somatostatin],
´ [ghrelin], and pancreatic polypeptide) (6). MafA is
expressed even later during development and only in
b-cells (i.e., e13.5), contributing in postnatal maturation
steps (7). Interestingly, the induction of glucose-sensitive
insulin secretion in vivo from transplanted hESC-derived
endocrine progenitors correlates with MAFA expression
(8). Moreover, the production of only Pdx-1, Ngn3, and
MafA is sufficient to reprogram mouse exocrine, intesti-
nal, and liver cells into insulin+ b-like cells in vivo (9–11).
Although these examples clearly illustrate the fundamen-
tal importance of islet-enriched activators to b-cells, the
transcriptional mechanisms involved are not well defined.
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Transcription factors primarily regulate gene activa-
tion by recruitment of coregulators, which often influence
expression by directly binding to the basal transcriptional
machinery and/or through epigenetic remodeling of the
chromatin structure. These coregulators can have positive
(coactivator) and negative (corepressor) actions on target
gene transcription (12), thus conferring a second level of
specificity to the transcriptional response. Coregulator re-
cruitment is, in turn, controlled by the spatial and temporal
expression patterns and posttranslational modifications of the
transcription factor and/or coregulator. Unfortunately, little is
known about the coregulators recruited by islet-enriched tran-
scription factors. Although there are hundreds of known
coregulators (http://www.nursa.org/), such knowledge is lim-
ited to candidate studies linking, for example, Pdx-1 to p300
(13), Set7/9 (14), HDAC1/2 (15), PCIF1 (16), and Bridge-1
(17). In contrast, MafA has only been linked to p/CAF (18).

In this study, we used an “in cell” reversible cross-link
immunoprecipitation (Re-CLIP) and mass spectrometry
(MS) approach to isolate coregulators of MafA from
mouse b-cells. Notably, all nine subunits of the Mll3
and Mll4 histone 3 lysine 4 (H3K4) methyltransferase
complexes were identified in the MafA immunoprecipi-
tates, but none of the unique subunits of the other mam-
malian Mll complexes were detected (e.g., Menin, Mll1,
Mll2 of Mll1/2 complexes; Set1A, Set1B, Wdr82 in Set1A/
B complexes). (Mll3 and Mll4 will be referred to as Mll3/4
for simplicity.) These methyltransferases were also found
to bind MAFB, a closely related transcription factor es-
sential to mouse b-cell development and coexpressed with
MAFA in adult human islets (19,20). Notably, mouse islet
b-cell function is compromised in a heterozygous null
mutant of NCoA6, a key subunit of Mll3/4 (21). De-
creased NCOA6 levels reduced expression of a subset of
MAFA- and MAFB-regulated genes in human and rodent
b-cell lines, with evidence provided that this results from
limiting gene transcriptional start site (TSS) H3K4 trime-
thylation. Interestingly, there is essentially complete over-
lap of MafA and Mll3/4 transcriptional control in islets
isolated after embryonic b-cell–specific removal of NCoA6
or MafA in vivo. These results suggest that MLL3/4 coac-
tivator recruitment by MAFA and MAFB is important to
the formation and adult function of islet b-cells.

RESEARCH DESIGN AND METHODS

Cell Culture and Immunoblotting Analysis
Mouse bTC-3 cells were maintained in DMEM containing
25 mmol/L glucose, 10% FBS, and 100 units/mL penicillin/
streptomycin (22). Human EndoC-bH1 (23) cells were
grown in DMEM containing 5.6 mmol/L glucose, 2% BSA,
50 mmol/L 2-mercaptoethanol, 10 mmol/L nicotinamide,
5.5 mg/mL transferrin, 6.7 ng/mL selenite, 100 units/mL
penicillin, and 100 units/mL streptomycin. bTC-3 cells
were infected with an adenovirus overexpressing GFP alone
or a Flag-tagged MafA (provided by Dr. Qiao Zhou, Har-
vard University) at a multiplicity of infection of 200 under

conditions described previously (24). Nuclear extract was
prepared 48 h postinfection as described below. Primary
antibodies for immunoblotting (25) are listed in Supple-
mentary Table 1. Horseradish peroxidase–conjugated anti-
rabbit, anti-mouse, or anti-goat secondary antibody was
used at 1:2000 (Promega). Immunoblots were quantitated
with ImageJ software (National Institutes of Health).

Re-CLIP and Immunoprecipitation Assays
The Re-CLIP protocol was adapted from Smith et al. (26).
Briefly, ;109 bTC-3 cells were cross-linked using
0.1 mmol/L dithiobis (succinimidyl propionate) (DSP) in
PBS for 30 min at 37°C. Cells were then harvested and nu-
clear extract was prepared by high salt (400 mmol/L NaCl)
extraction (25). Magnetic protein G beads (Life Technol-
ogies) were covalently cross-linked with MafA antibody
(20 mg) and were preincubated with an MafA-blocking
peptide (32KKEPPEAERFC42, 100-fold excess antibody) or
with PBS alone. Extract and beads were incubated for 3 h
at 4°C, washed with radioimmunoprecipitation (RIPA)
buffer (10 mmol/L Tris, pH = 8.0, 140 mmol/L NaCl,
0.5% Triton X-100, 1% sodium deoxycholate, 0.1% SDS),
and eluted in RIPA supplemented with 200 mmol/L dithio-
threitol (DTT). The eluted proteins were visualized by
PAGE/silver staining, and protein identification was de-
termined by liquid chromatography–tandem MS (LC/MS/
MS) or Multidimensional Protein Identification Technology
(MudPIT) analysis in the Vanderbilt University Proteomics
Core. Immunoprecipitation experiments were performed
with the antibodies listed in Supplementary Table 1 at
10 mg each, as described above for Re-CLIP, omitting the
DSP step and substituting PBS for RIPA.

Sucrose Gradient Ultracentrifugation and
Electrophoretic Mobility Shift Assays
Sucrose gradients were performed as described earlier
(25). Briefly, bTC-3 nuclear extract (600–1000 mg) was
collected by high salt extraction (25) and separated over
a 5–35% sucrose gradient (4.5 mL total volume). Frac-
tions (300 mL each, excluding the first 500 mL) were
analyzed by immunoblotting, rat insulin II C1 element
gel shift (25), and immunoprecipitation analysis. HeLa
cells were transfected with expression plasmids encoding
human MAFA and/or MAFB (25). Antibodies used for gel
shift are listed in Supplementary Table 1.

Small Interfering RNA Treatment of b-Cell Lines
Knockdown in bTC-3 and EndoC-bH1 cells was achieved
using ON-TARGETplus small interfering (si)RNAs of mouse
MafA (#J-041353–09), mouse NCoA6 (#J-041129–6), human
MAFA (#L-027343–01), human MAFB (#L-009018–00),
and human NCOA6 (#L-019107–00). The targeting siRNA
(0.5 nmol) or a nontargeting control (#D001810; GE
Healthcare Dharmacon) was introduced into bTC-3 cells
(4 3 106) using Buffer V (Lonza #VVCA-1003) with an
Amaxa Nucleofector 2 (Program G-016; Lonza, Walkersville,
MD). EndoC-bH1 cells (2 3 106) were transfected with
siRNAs (50 pmol/L) using the Dharmafect #1 reagent (GE
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Healthcare Dharmacon #T-2001), following the manufac-
turer’s protocol. Nuclear extract, RNA, and chromatin
were collected 72 h after transfection.

Quantitative PCR and Qiagen RT2 Profiler PCR Array
Analysis
RNA was collected from bTC-3 cells using the RNeasy kit
(Qiagen). The Trizol reagent (Life Technologies) and the
DNA-Free RNA Kit (Zymo Research) were used for
EndoC-bH1 cells and mouse islets. The iScript cDNA syn-
thesis kit (Bio-Rad Laboratories, Inc.) was used for cDNA
synthesis. The quantitative (q)PCR reactions were per-
formed with the gene primers listed in Supplementary
Table 2 on a LightCycler 480 II (Roche), and analyzed
by the DDCT method (27). Significance was calculated
by comparing the DCT values in all but Fig. 7A and B,
wherein each mutant was normalized to a control litter-
mate. The Qiagen RT2 Profiler PCR array for human
diabetes genes (Cat. No. 330231 PAHS-023ZA) was
screened with 1 ng cDNA from EndoC-bH1 cells, follow-
ing the manufacturer’s guidelines.

Chromatin Immunoprecipitation
Chromatin was prepared from bTC-3 cells and EndoC-bH1
cells by cross-linking for 10 min with 1% formaldehyde,
followed by lysis in buffer containing 1% NP-40. The centri-
fuged pelleted nuclei were lysed in SDS buffer (50 mmol/L
Tris, 10 mmol/L EDTA, 1% SDS), and chromatin was son-
icated using a Diagenode Bioruptor. DNA (10 mg) was in-
cubated with 5 mg of antibody or species-matched IgG, and
chromatin immunoprecipitation (ChIP) was performed as
described previously (28). Antibodies are listed in Supple-
mentary Table 1, and the qPCR primers used for the anal-
ysis are listed in Supplementary Table 2.

Mouse Lines, Intraperitoneal Glucose Tolerance Test,
and Islet Isolation
Floxed (fl)MafA (19) or NCoA6 (29) mice were crossed with
rat insulin II promoter-driven Cre (RIP-Cre) (30) transgenic
mice to delete MafA (termedMafADb) or NCoA6 (NCoA6Db)
specifically in b-cells. All mice were maintained on a mixed
background (C57BL/6J, I129, Balb/c, 129S6/SvEvTac, FVB/N),
although MafADb mice were mostly C57BL/6J. MafADb,
NCoA6Db, MafAfl/fl and/or NCoA6fl/fl mice were fasted for
6 h in the morning before the intraperitoneal glucose tol-
erance test. There was no change in total body weight in
MafADb or NCoA6Db mice (Supplementary Fig. 2A). Blood
glucose levels were measured before (time 0) and then 15,
30, 60, and 120 min after an intraperitoneal injection of
glucose (2 mg/g body weight) prepared in sterile PBS
(20% w/v). Islets from 8-week-old mice were isolated using
collagenase P (Roche) digestion and hand picking (31). The
Vanderbilt University Institutional Care and Use Commit-
tee approved all of these studies.

Tissue Collection and Immunofluorescence
Pancreata were dissected and fixed in 4% paraformalde-
hyde in PBS for 4 h, followed by paraffin embedding (32).
The entire e15.5 pancreas was serially sectioned (6 mm

per section) and every 10th section analyzed by immuno-
fluorescence. Three sections at least 120 mm apart were
examined at 8 weeks for islet architecture and for Slc30a8
and Slc2a2 expression. The primary antibody list is pro-
vided in Supplementary Table 1. Species-matched second-
ary antibodies were used for immune detection at 1:1000
(Jackson ImmunoResearch Laboratories). Slides were mounted
with Dapi Fluoromount-G (SouthernBiotech #0100-20) and
images acquired on a Zeiss Axio Imager M2 widefield micro-
scope with Apotome.

Glucose-Stimulated Insulin Secretion
EndoC-bH1 cells (2 3 106) were placed in medium con-
taining low glucose (1.1 mmol/L) for 12–14 h. Low or
high glucose (15.5 mmol/L) medium was then added for
1 h. Medium and cell lysates (lysis buffer: 20 mmol/L
Tris, 1% Triton X-100, 10% glycerol, 137 mmol/L NaCl,
2 mmol/L EGTA, 1X protease inhibitor tablet [Roche Diag-
nostics]) were collected and analyzed for insulin content by
the Vanderbilt Hormone Assay Core. Glucose-stimulated in-
sulin secretion was performed with 8-week-old islets in the
Vanderbilt Islet Procurement and Analysis Core. Briefly,
islets were size matched, incubated overnight in 5.6 mmol/L
glucose and then treated with 5.6 mmol/L or 16.7 mmol/L
glucose for 1 h. The insulin content in the medium and
cell lysate was analyzed. Insulin secretion capacity was
calculated as media insulin over cell lysate insulin content.
Glucose-stimulated levels are presented as the 15.5 mmol/L
and 1.1 mmol/L values for EndoC-bH1 cells and 16.7 mmol/L
glucose and 5.6 mmol/L glucose for isolated islets.

Statistics
Mean differences were tested for significance using a
Student two-tailed t test. The minimal level of statistical
significance is listed in the figure legend.

RESULTS

Identification of MafA Proteins Using Re-CLIP
MafA interacting proteins were isolated from mouse bTC-3
cells using a combined Re-CLIP/MS strategy (Fig. 1A) (26).
The Re-CLIP procedure was selected over other isolation
methods (e.g., tandem affinity purification [33]), because
the dimerization, DNA binding, and activation capacity of
MafA is regulated by many phosphorylation events (25).
Amine-reactive DSP was used to covalently cross-link
MafA to neighboring proteins, and MafA antibody was
used to precipitate bound proteins. The signal-to-noise
of the procedure was improved by using the MafA antibody
blocked by MafA peptide in the control immunoprecipi-
tation (as opposed to IgG) and by washing precipitated
proteins with RIPA buffer. Bound proteins were eluted
from MafA by the addition of DTT to cleave the disulfide
bond in the cross-linker. As expected, Pdx-1 (22) and
p/CAF (18), known MafA-interacting proteins, were
bound to MafA after Re-CLIP (Fig. 1B). Moreover, many
proteins were selectively bound to MafA in the immuno-
precipitation conducted in the absence of blocking peptide
(Fig. 1C).
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Numerous MafA bound proteins were detected upon
MS analysis of the Re-CLIP products, with their activities
consistent with a role in mediating MafA activity (Supple-
mentary Table 3). It is notable that no other islet-enriched
transcription factors or the p/CAF coactivator was identi-
fied by MS, presumably reflecting their relatively low abun-
dance (e.g., Pdx-1, p/CAF) or inability to interact. This
indicates that the results in Supplementary Table 3 repre-
sent only a portion of MafA-interacting proteins.

Our analysis focused on determining the significance of
Mll3/4 coactivator binding to MafA because the evolution-
ary conserved COMPASS family of methyltransferases is
strongly associated with gene activation due to their
ability to mono-, di-, and trimethylate H3K4 within the
enhancer and/or promoter region (34). MS identified all
nine proteins of the ;1.5 MDa Mll4 complex (Fig. 1D),
and Mll3 was additionally detected by the more sensitive
MudPIT analysis (Supplementary Table 3). However, none
of the unique COMPASS subunits of mammalian Mll1/2
(i.e., Mll1, Mll2, menin, Hcfc1/2, Psip1/2) or Set1A/B (i.e.,

Set1A, Set1B, Cfp1, Wdr82, Bod1, Bod1l) were detected.
The ability of MafA to bind to Mll3/4 was also independently
demonstrated in bTC-3 cells producing an adenovirus-driven
Flag-tagged MafA (Supplementary Fig. 1).

MafA Comigrates With the High–Molecular Weight
Mll3/4 Complexes Upon Sucrose Density Gradient
Separation
bTC-3 nuclear proteins were separated by size in a 5–35%
sucrose gradient to determine if the mobility of the
;90kDa MafA dimer was affected by interaction with
Mll3/4. MafA was found in two distinct gradient size
fractions. The faster mobility MafA, containing fractions
6–8, were surrounded by islet-enriched transcription fac-
tors of relatively low molecular weight (Fig. 2A) (Pdx-1,
31 kDa, fractions 3–5; Nkx6.1, 38 kDa, fractions 3–5;
Hnf1a, 67 kDa, fractions 6–8; Nkx2.2, 30 kDa, fractions
3–5; Pax6, 50 kDa, fractions 6–8), whereas the high–
molecular weight fraction 14 comigrated with the Rbbp5
(59 kDa), NCoA6 (220 kDa), Wdr5 (36 kDa), and Utx

Figure 1—MafA interacting proteins in b-cells were identified by Re-CLIP/MS. A: Schematic of the Re-CLIP protocol used for isolating
MafA interacting proteins from mouse bTC-3 cells. DSP was the cross-linker used in step 1 and DTT was used to elute MafA cross-linked
proteins in step 5. B: Immunoprecipitations performed with bTC-3 cells using control IgG or MafA antibody in the absence (2) or presence (+)
of DSP treatment. The precipitate was then immunoblotted with MafA, p/CAF, and Pdx-1 antibodies. The input lanes contain ;1% of the
nuclear extract; treatment with (+) DTT breaks the MafA-protein disulfide cross-link and returns MafA to its normal molecular weight. C: A
representative image of proteins precipitated by MafA antibody preincubated with a blocking or scrambled control peptide after SDS-PAGE
and silver staining. D: All of the proteins of the Mll4 complex were detected by Re-CLIP (IP); a representative MS result is shown. Mll3 was also
present in the MudPIT analysis (Supplementary Table 3).
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(154 kDa) subunits of the Mll3/4 complex. In contrast, few
other islet-enriched transcription factors were found in
this high–molecular weight fraction. Antibody supershift
and competitor analysis illustrated that the binding prop-
erties of MafA in fractions 7 and 14 were identical (Fig.
2B). In addition, immunoprecipitation experiments con-
ducted with antibodies to NCoA6 or MafA demonstrated
that MafA interacted with several Mll3/4 components in
fraction 14 (Fig. 2C). These results strongly indicate that
a significant fraction of MafA is associated with the Mll3/4
complex in b-cells.

A Subset of MafA-Regulated Genes Are Activated by
the Mll3/4 Complexes in Mouse bTC-3 Cells
We next analyzed how Mll3/4 affected MafA activity by
depleting MafA or NCoA6 from bTC-3 cells by siRNA-
directed knockdown. The NCoA6 subunit lacks a DNA
binding domain and is involved in recruiting Mll3/4 to
a variety of transcription factors and nuclear receptors

(35–38). Furthermore, Mll3 and Mll4 have redundant roles
in the liver, and NCoA6 is required for activity of both
methyltransferase complexes (36). Notably, mouse NCoA6+/2

mutants have impaired glucose clearance (21), whereas over-
expression of NCoA6 in rat INS-1 b-cells increases cell
function (39). In addition, polymorphisms in NCOA6 are
associated with decreased human b-cell function (39). Our
objective was to determine how closely Mll3/4 is linked to
MafA-mediated transcriptional control.

MafA and NCoA6 protein levels in bTC-3 cells were
both effectively (.80%) and specifically depleted by
siRNA treatment (Fig. 3A). The effect of these conditions
on expression of b-cell genes bound by MafA and down-
regulated in pancreas-specific deletion MafADpanc mice was
determined (40, 41) (Supplementary Table 4). As ex-
pected, the expression of most of these genes was de-
creased upon depletion of MafA (Fig. 3B; Slc2a2, Ins2,
Lifr, Prss53, Atp2a2), but these conditions had no effect
on NCoA6 levels. In contrast, only a small subset of these

Figure 2—Sucrose gradient sedimentation reveals that MafA comigrates with the Mll3/4 complex. A: bTC-3 nuclear proteins were
separated in a 5–35% sucrose gradient, and fractions were screened for MafA, Mll3/4 (i.e., Rbbp5, NCoA6, Wdr5, Utx), p/CAF, Pdx-1,
Nkx6.1, Hnf1a, Nkx2.2, and Pax6 by immunoblotting. A significant portion of MafA was present in fraction 14, which contains Mll3/4
complexes. B: MafA2 in fractions 7 and 14 binds specifically to the rat insulin II C1 enhancer element. MafA in these fractions was
supershifted by anti-MafA antibody, while only unlabeled C1 and not an insulin Pdx-1 binding element (Pdx-1 BS) competed for binding.
C: Immunoprecipitations (IP) performed on fraction 14 with antibody to NCoA6 (left) and MafA (right), which were then probed with MafA,
NCoA6, Rbbp5, or Ash2l antibodies. The input lane contained ;5% of fraction 14.
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MafA-activated genes was affected in the NCoA6 knock-
down (i.e., Slc2a2, Prss53). This outcome was considered
likely because a number of other potential MafA coregu-
lators were identified here and previously (e.g., p/CAF
(18) (Supplementary Table 1), although it is possible
that some fraction of Mll3/4 activity is independent
of NCoA6. In addition, ChIP analysis showed that
Mll3 and MafA were bound within the same control
regions of the Slc2a2 and Prss53 genes (Fig. 3C). More-
over, H3K4 trimethylation and elongating carboxy ter-
minal tail phosphorylated RNA polymerase II levels
were significantly reduced within the TSS region of
Prss53 upon knockdown of MafA or NCoA6, the regulatory

pattern expected for MafA-recruited Mll3/4 activity (Fig.
3D and E).

Human MAFA and MAFB Interact With the MLL3/4
Complexes
Our next objective was to determine if human MAFA and
closely related MAFB bind MLL3/4. MafB is produced in
insulin+ cells only during mouse embryogenesis and plays
an important role in b-cell formation (19). In contrast,
human MAFB is expressed in developing and postnatal
b-cells, being coproduced with MAFA in adult islet b-cells
(20). These basic leucine-zipper proteins bind to DNA
with identical specificity as homo- or heterodimers (32,42),

Figure 3—Knockdown of NCoA6 reduces MafA target gene expression in bTC-3 cells. Control siRNA (Controlsi) or siRNA specific to MafA
(MafAsi) and NCoA6 (NCoA6si-1 and -2) was introduced into bTC-3 cells. A: MafA and NCoA6 were immunoblotted after corresponding
depletion, with NCoA6si-2 most effective at reducing protein levels and used in all subsequent experiments. Rbbp5 levels were unaffected
by siRNA treatment and served as a loading control. Densitometric analysis indicated effective knockdown of MafA (MafAsi = 0.04 6 0.02
standard deviation) and NCoA6 (NCoA6si-2 = 0.16 6 0.12). n = 3; *P < 0.05. B: NCoA6 affects expression levels of a subset of MafA-
regulated genes in bTC-3 cells. mRNA expression was determined by qRT-PCR, normalized to Gapdh expression (n = 3–6). C: ChIP
analysis reveals that MafA and Mll3 are bound to the same region of Slc2a2 and Prss53. Fold enrichment was calculated using the percent
input and normalized to background binding at the Albumin promoter (n = 4). D: H3K4 trimethylation levels were reduced near the TSS of
Prss53 in MafAsi- and NCoA6si-treated bTC-3 cells in ChIP analysis. The percentage input was calculated and normalized to Controlsi
treated (n = 3). E: MafA and NCoA6 knockdown in bTC-3 cells decreased phosphorylated RNA polymerase (Pol) II binding to the TSS region
of Prss53 in ChIP assays (n = 3). All error bars indicate standard deviation. *P < 0.05.
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as also observed in MAFA- and MAFB-transfected HeLa
cell extracts (Fig. 4A). Gel shift analysis indicates that
both MAFA/MAFB and MAFB2 complexes are also formed
in nuclear extracts prepared from the human EndoC-bH1
b-cell line (Fig. 4B), although they were difficult to distin-
guish due to their similar size (MAFA at ;45 vs. MAFB at
;42 kDa). Supershift analysis with MAFA and MAFB
antibodies provided further support for these protein
associations (Fig. 4A: lanes 3–5; Fig. 4B: lane 3). Signifi-
cantly, immunoprecipitation experiments demonstrated
that MAFA and MAFB were both able to associate with
multiple proteins of the MLL3/4 complex in EndoC-bH1
cells (NCOA6, UTX, RBBP5) (Fig. 4C), although whether this
results from binding MAFB2 and/or MAFA/MAFB is un-
clear. In addition, MAFA and MAFB were able to interact
with the islet-enriched PAX6 and ISL1 transcription fac-
tors as well as P/CAF; however, these likely represent
relatively weak or indirect binding due to their absence

from the Re-CLIP/MS analysis performed in mouse bTC-3
cells (Supplementary Table 1).

MAFA, MAFB, and the MLL3/4 Complexes Are
Necessary for Glucose-Responsive Insulin Secretion in
EndoC-bH1 Cells
MAFA, MAFB, and NCOA6 were siRNA depleted from
EndoC-bH1 cells to analyze their significance to human
b-cell gene expression and function. Protein levels were
reduced by ;50–70% under these conditions (Fig. 5A).
The effect on transcriptional control was determined
on genes regulated by mouse MafA and a candidate
set available on a commercial array composed of 84
genes associated with T2DM onset, development, and
progression.

INSULIN, G6PC2, PRSS53, and SLC2A1 were significantly
affected by MAFA or MAFB depletion in EndoC-bH1
cells (Fig. 5B). However, their expression was unchanged

Figure 4—MAFA and MAFB associate with MLL3/4 in human EndoC-bH1 cells. A: MAFA2, MAFB2, and MAFA/B are produced in MAFA
and MAFB transfected HeLa cells. Supershift (S.S.) reveals three distinct complexes, with anti-MAFA and anti-MAFB altering homo- and
heterodimer formation. B: MAFB2 and MAFA/B appear to be the predominant gel shift complexes formed in EndoC-bH1 nuclear extracts.
Note that complex formation is profoundly affected by the addition of anti-MAFB. The rat insulin II C1 and Pdx-1 binding element
competitions illustrate the specificity of complex binding. C: Subunits of MLL3/4 were precipitated from EndoC-bH1 nuclear extracts
with antibodies to MAFA and MAFB. Immunoblotting was performed for MLL3/4 subunits (NCOA6, RBBP5, UTX), islet-enriched transcrip-
tion factors (PAX6, ISL1, HNF1a), and mouse MafA associated P/CAF (18). Representative blot is shown (n = 3).
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by NCOA6 depletion, presumably due to differences in
human MAFA/MAFB:MLL3/4 control in relation to rodents
and/or the b-cell lines used in our analysis. Notably, the
levels of several genes linked to T2DM and important to
glucose-stimulated insulin secretion were reduced upon
NCOA6 depletion (Fig. 5C), specifically, AMP-kinase subunit
PRKAA1 (43), glucose-6-phosphate dehydrogenase (44), and
angiotensin (AGT) (45). In addition, the expression of each
was compromised in MAFB siRNA-treated EndoC-bH1
cells, whereas MAFA depletion only affected AGT. More-
over, MAFA, MAFB, and MLL3 were all corecruited to
the same endogenous 59-flanking control region of the
AGT gene (Fig. 5D). Furthermore, glucose-stimulated in-
sulin secretion in EndoC-bH1 cells was compromised
upon knockdown of MAFA, MAFB, or NCOA6 (Fig.
5E). Collectively, these data support an important role

for MLL3/4 in MAFA and MAFB activity in human
b-cells.

Conditional Knockout of MafA or NCoA6 in Islet
b-Cells In Vivo Decreases MafA Target Gene
Expression and Glucose-Responsive Insulin Secretion
To evaluate the influence of MafA:Mll3/4 on islet b-cells
in mice, we compared the phenotype of b-cell–specific
loss of NCoA6 with that of MafA. Rat insulin II–driven
Cre transgenic mice (30) were bred with MafAfl/fl (19)
and NCoA6fl/fl (46) mice to remove these proteins spe-
cifically from insulin+ cells in MafADb and NCoA6Db mice
during development (Fig. 6A). Approximately 70% of
mutant insulin+ cells lacked the MafA or NCoA6 proteins
by e15.5 (Fig. 6B), a time at which MafB is still expressed
in developing b-cells (47).

Figure 5—MAFA, MAFB, and MLL3/4 are required for glucose-stimulated insulin secretion in EndoC-bH1 cells. A: Protein levels of MAFA,
MAFB, and NCOA6 were reduced upon targeted siRNA treatment. Densitometric analysis indicated effective knockdown of MAFA (0.44 6
0.18), MAFB (0.53 6 0.29), and NCOA6 (0.26 6 0.05; n = 3). *P < 0.05. The effect of knockdown on b-cell mRNA levels was determined
using bona fide MafA-activated genes of mouse b-cells (B) and by candidate gene screening using the Qiagen human diabetes RT2 profiler
array (C). qPCR results were normalized to GAPDH expression. Error bars depict the SD (n = 4). D: MAFA, MAFB, and MLL3 bind within the
same region of AGT. Fold enrichment was calculated from the percentage input normalized to GAPDH (n = 4). E: Glucose-stimulated insulin
secretion was measured 1 h after glucose stimulation in cells treated with siRNA for 72 h. Results are presented as fold stimulation at
15.5 mmol/L vs. 1.1 mmol/L glucose; all measurements were normalized for insulin content (n = 4). Error bars indicate the SD. *P < 0.05.
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Like the pancreas-specific Pdx1-Cre removal of MafA
(MafADpanc) (41), MafADb mice were euglycemic and had
impaired islet architecture, where glucagon+ a-cells were
no longer restricted to the outer mantle of the islet (Fig.
6C). Adult NCoA6Db mice were also euglycemic, but their
islet architecture was unchanged. In addition, only MafADb

mice displayed the impaired whole-body glucose clearance
observed inMafADpanc mice (41) (Supplementary Fig. 2B–E).

Strikingly, most of the genes regulated by MafA in
8-week-old MafADb mouse islets were now also signifi-
cantly compromised in 8-week-old NCoA6Db islets (Fig. 7A).

In addition, glucose-stimulated insulin secretion was im-
paired in islets isolated from both MafADb and NCoA6Db

mice (Fig. 7C), as found upon MAFA, MAFB, or NCOA6
depletion in human EndoC-bH1 cells (Fig. 5D). The basal
insulin secretion level of NCoA6Db islets was unusually high
in relation to wild-type controls and MafADb (Fig. 7C), a
sign of b-cell immaturity (48). The more penetrant Mll3/4
control properties observed in NCoA6Db mice likely repre-
sent the combined actions of Mll3/4 on MafB activity during
development and MafA postnatally.

DISCUSSION

Gene induction involves the recruitment of coregulators
by enhancer-bound transcription factors such as MAFA
and MAFB. These protein-bound effectors ultimately
influence recruitment of the RNA polymerase II transcrip-
tional machinery. We used an unbiased “in cell” chemical
cross-linking, immunoprecipitation, and MS strategy to
identify coregulators of the MafA transcription factor, an
essential regulator of postnatal rodent islet b-cell prolifer-
ation and activity. Many distinct coregulator candidates
were identified in our biochemical screen, and we focused
on the Mll3/4 methyltransferase complex because of the
established role of this coactivator in gene transcription.
Our studies are consistent with a model where MLL3/4
recruitment by MAFA and MAFB is essential to islet
b-cells.

MLL3 and MLL4 are members of the evolutionary-
conserved COMPASS family of methyltransferases that
are strongly associated with gene activation due to their
ability to methylate H3K4 within enhancer and/or pro-
moter regions. Strikingly, all of the proteins in the Mll3/4
complexes were identified in the MafA antibody precip-
itates by MS, and not the other mammalian Mll com-
plexes (e.g., Mll1/2 complex or Set1A/B complex). MLL3/4
binding to MAFA was also confirmed by immunoprecipi-
tation analysis in mouse and human b-cell lines (Figs. 2
and 4). Moreover, a significant fraction of MafA was bound
to the ;1.5 MDa Mll3/4 complex by sucrose gradient cen-
trifugation (Fig. 2). Interestingly, the islet-enriched Nkx2.2
and Nkx6.1 transcription factors were also found in the
same high–molecular weight fraction. Although the identity
of these islet-enriched complexes are unknown, a very high–
molecular weight complex would be predicted from the asso-
ciation in b-cells of Nkx2.2 with the histone deacetylase-1
corepressor, the Groucho-3 transcription factor repressor,
and the DNA (cytosine-5)-methyltransferase 3A corepressor
to prevent expression of the a-cell specification factor Arx
(49). Likewise, Pax6 comigration with MafA:Mll3/4 could re-
flect binding to high–molecular weight proteins like p300
(50). However, Nkx2.2, Nkx6.1, and Pax6 were not detected
by MafA antibody in Re-CLIP experiments, and no other
islet-enriched transcription factors were either (Supple-
mentary Table 3), strongly suggesting that these proteins
are not directly, and certainly not abundantly, associated
with MafA:Mll3/4. At least some interaction is likely with
PAX6 and ISL1 in human b-cells based on the MAFA and

Figure 6—Islet architecture is unchanged in NCoA6Db mice. A:
MafADb and NCoA6Db mice were generated by breeding MafAfl/fl

and NCoA6fl/fl mice with rat insulin II enhancer/promoter (RIP)-
driven Cre transgenic mice. The MafA protein coding sequence is
only present within exon 1 (19), while deletion of exon 8 causes
a frame shift that prevents the production of NCoA6 (46). B: Rep-
resentative images illustrate the effectiveness of MafA and NCoA6
removal from insulin+ cells at e15.5; ;72% of insulin+ cells lack
MafA or NCoA6. The blue arrows indicate insulin+ cells lacking
NCoA6, and the yellow arrow indicates a cell still expressing
NCoA6 (n = 3). C: Islet architecture is only distorted in MafADb

mice at 8 weeks.
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MAFB antibody precipitation results in human EndoC-bH1
cells (Fig. 4C). Collectively, these data strongly implied that
MafA recruitment of Mll3/4 was highly specific and impor-
tant to b-cell activity.

Immunoprecipitation experiments conducted with the
EndoC-bH1 cell line showed that human MAFA and
MAFB are both capable of binding and recruiting the
MLL3/4 complexes. However, reducing the protein levels
of these transcription factors or the core NCOA6 subunit
of the MLL3/4 complexes in human (Fig. 5) and mouse
(Fig. 3) b-cell lines disclosed that the coactivator only
influenced some MAFA/MAFB activated genes. For exam-
ple, only the Slc2a2 and Prss53 genes were bound and
coregulated by MafA and Mll3/4 among a variety of tested
MafA-regulated genes in bTC-3 cells (Fig. 3). Importantly,
and as expected, recruitment of Mll3/4 by MafA regulated
H3K4 trimethylation levels of the Prss53 gene as well as
RNA polymerase II engagement.

In contrast to what was found upon reduction of
NCoA6 levels in b-cell lines, nearly all of the islet MafA
target genes were dependent on NCoA6 in 8-week-old
NCoA6Db islets (Fig. 7A). Because of the early action of
Cre-recombinase in developing MafA+ and MafB+ NCoA6Db

b-cells, this more penetrant phenotype is likely due to the
activity of Mll3/4 on MafB-bound enhancers during de-
velopment. Notably, this supposition is consistent with
analysis of the MafB2/2 (19) and MafADpanc (41) mutants,
which established that many genes first regulated by
MafB developmentally were subsequently influenced by
MafA after birth (41). In NCoA6Db mice, the lack of
Mll3/4 activity on MafA- and MafB-bound enhancers
during development may explain why glucose-stimulated
insulin secretion was differentially affected in NCoA6Db

and MafADb islets (Fig. 7C). The results also indicate
that Mll3/4 is involved in some, but not all, MafA- and
MafB-regulated gene expression. Thus, Mll3/4 was necessary

Figure 7—Glucose-stimulated insulin secretion is impaired in MafADb and NCoA6Db islets. Expression of all the direct targets of mouse MafA
was decreased in 8-week-old MafADb islets (A) but not those identified as human MAFA- and/or MAFB-regulated genes by Qiagen human
diabetes RT2 profiler screening (B) (see Fig. 5C). Moreover, essentially all of these genes were also compromised in NCoA6Db islets. The error
bars indicate the SEM (n = 3–5). Fold expression was normalized to control littermates. C: Isolated islets were incubated overnight in low
glucose (5.6 mmol/L) and then treated with 5.6 mmol/L or stimulating 16.7 mmol/L glucose for 1 h. The data are presented as the percentage
(%) of total insulin content secreted. The error bars represent the SEM. n forMafAfl/fl = 3,MafADb = 4, NCoA6 fl/fl = 3, NCoA6 Db = 3. *P< 0.05.
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for glucose-stimulated insulin secretion in both human and
mouse b-cells but did not have the same influential effect on
islet cell architecture as MafA (Fig. 7A).

Our understanding of the genes regulating glucose-
stimulated insulin secretion in human b-cells is very
limited. The results in EndoC-bH1 cells suggest that reg-
ulation by MAFA/B:MLL3/4 of the AMP-kinase subunit
PRKAA1 (43), glucose-6-phosphate dehydrogenase (44),
and angiotensin (45) expression may be important (Fig.
5C). For example, angiotensin appears to have a direct
role in regulating b-cell activity (51). However, this can-
didate list certainly represents only a fraction of the gene
products involved in b-cell function, and future efforts
will be aimed at identifying more using ChIP-Seq and
RNA-Seq. This analysis should also be conducted with
human islets, because the transformed and proliferative
nature of the EndoC-bH1 cell line could possibly influence
how MAFA and MAFB regulate gene expression. It is also
important to note how similar the phenotype of the MAFA,
MAFB, and NCOA6 regulatory response was in our b-cell
line and mouse studies, and yet different from the other
islet-enriched transcription factors present in high–molecular
weight complexes (Fig. 2). Thus, islet b-cell–specific dele-
tion of Pax6, Nkx2.2, or Nkx6.1 produces a much more
severe effect on cell identity and causes lethality soon after
birth due to hyperglycemia (52–54).

In conclusion, our combined proteomic, cell line, and
mouse strategies have led to the identification and
characterization of MLL3/4 as a novel coactivator of the
MAFA and MAFB transcription factors in islet b-cells.
Future efforts will be aimed at determining how other
isolated candidate coregulators affect MAFA and MAFB
control, such as CoREST (LSD1, RCOR1, RCOR3, HDAC2)
and histone deacetylase 6, both of which are known to
play a major regulatory role in other cell contexts (55,56).
It will also be of interest to determine if coregulator re-
cruitment is influenced by homodimeric (i.e., MAFA2,
MAFB2) or heteromeric (MAFA/MAFB) transcription fac-
tor composition and the physiological or pathophysiolog-
ical state of the b-cell.
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