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Abstract

Aims/hypothesis The beta cell transcriptional factor muscu-
loaponeurotic fibrosarcoma oncogene family A (MafA) reg-
ulates genes important for beta cell function. Loss of nuclear
MafA has been implicated in beta cell dysfunction in animal
models of type 2 diabetes. We sought to establish if nuclear
MafA is less abundant in beta cell nuclei in humans with
type 2 diabetes.

Methods Pancreas obtained at surgery from five non-
diabetic individuals and six individuals with type 2 diabetes
was immunostained for insulin, glucagon and MafA.
Results Beta cell nuclear MafA was markedly decreased in
type 2 diabetes (1.6+1.2% vs 46.3+8.3%, p<0.001).
Conclusions/interpretation Beta cell nuclear MafA is mark-
edly decreased in humans with type 2 diabetes, which may
contribute to impaired beta cell dysfunction.
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Introduction

Impaired insulin secretion in type 2 diabetes is, at least in
part, a consequence of glucotoxicity mediated through
chronic hyperglycaemia [1].

One proposed mechanism for impaired insulin secretion
mediated by chronic hyperglycaemia is through the action
of oxidative stress to disrupt nuclear binding of the beta cell
transcriptional factor musculoaponeurotic fibrosarcoma on-
cogene family A (MafA) [2—4]. MafA acts as a transcrip-
tional regulator that promotes the expression of genes
important in glucose-induced insulin secretion, such as in-
sulin, glucokinase and glucose transporter protein-2 [5]. In
rodents MafA production in islets is confined to beta cells,
where it is localised to the nucleus in ~80% of beta cells by
birth, a percentage that is retained in adult life [6].

While loss of beta cell nuclear MafA has been described
in diabetic rodent models [4], we are unaware of similar
studies in humans with type 2 diabetes. Therefore, in the
present study we examined pancreas obtained at surgery
from humans with and without type 2 diabetes to detect
the beta cell levels and subcellular localisation of MafA by
immunohistochemistry. We thus tested the hypothesis that
the proportion of beta cells with detectable nuclear MafA is
decreased in type 2 diabetes.

Methods

Participants Samples of pancreas were collected at the time
of surgery at the University of California Los Angeles
Medical Center (IRB # 99-05-085-14). These individuals
were undergoing pancreatic surgery for the removal of tumour
masses (see Table 1) and the sample of pancreas obtained for
research was distant and distinct from the tumour. Five non-
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Table 1 Characteristics of participants

Group Duration of Age Sex BMI FBG Surgery Reason for surgery
diabetes (years)  (years) (mmol/l)
Non-diabetic
1 N/A 67 M 24 43 Whipple Adenocarcinoma head of pancreas
2 N/A 55 M 28 4.5 Whipple Adenocarcinoma head of pancreas
3 N/A 70 F 25 4.6 Whipple Cholangiocarcinoma, chronic pancreatitis
4 N/A 64 M 30 53 Whipple Adenocarcinoma head of pancreas
5 N/A 67 F 30 5.7 Whipple Adenocarcinoma head of pancreas,
chronic pancreatitis
Mean 65 27 4.9
SEM 3 1 0.3
Type 2 diabetic
1 1 71 M 25 6.3 Whipple Adenocarcinoma head of pancreas,
chronic pancreatitis
2 <4 65 F 31 5.8 Middle pancreatectomy  Benign lymphoepithelial cyst
3 Unknown 64 M 21 14.9 Whipple Adenocarcinoma head of pancreas
4 12 56 F 36 8.9 Distal pancreatectomy/  Adenocarcinoma head of pancreas
splenectomy
5 0* 69 M 32 8.3 Whipple Intraductal papillary neoplasm,
chronic pancreatitis
6 0.25 64 F 23 11.4 Whipple Mass, head of pancreas
Mean 65 28 9.3
SEM 2 2 1.4
*New onset

F, female; M, male; N/A, not appropriate

diabetic participants (fasting blood glucose 4.9+0.3 mmol/l)
and six individuals with documented type 2 diabetes (fasting
blood glucose 9.3+1.4 mmol/l) were included in the study.
The reported blood glucose values are the fasting blood glu-
coses obtained in the week prior to surgery. The two groups
were well matched by age (6543 vs 65+2 years, non-diabetic
vs type 2 diabetes) and body mass index (27+1 vs 28+2 kg/m?,
non-diabetic vs type 2 diabetes).

Pancreas collection Each pancreatic sample obtained dur-
ing surgery was immediately fixed, in the operating room, in
4% (vol./vol.) formaldehyde in PBS for 24 h at 4°C, then
placed into 70% (vol./vol.) alcohol for another 24 h at 4°C
before processing and embedding in paraffin. For the pur-
poses of this study, a sample of pancreas remote from the
tumour was selected.

Human-embryonic-stem-cell-derived endoderm In a previ-
ous report we described the outcome of studies in which
human-embryonic-derived pancreatic endoderm was trans-
planted into epididymal fat pads of athymic rats and re-
trieved 20 weeks later. Islet-like clusters of insulin-
expressing cells were present in some cases [7]. Permission
for these studies was obtained from the UCLA Institutional
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Animal Care and Embryonic Stem Cell Research Oversight
Research Committees. We examined sections of three
extracted fat pads from that previously published study in
which the highest number of newly formed insulin-
expressing cells were present to evaluate the newly formed
beta cells for MafA levels and nuclear localisation.

Immunofluorescence One section of pancreas per case
(4 pm) was immunostained for insulin, glucagon and MafA.
The following primary antibodies were used: guinea pig
anti-insulin 1:100 (Invitrogen, Carlsbad, CA, USA); mouse
anti-glucagon 1:500 (Sigma-Aldrich, St Louis, MO, USA);
and rabbit anti-MafA 1:5,000 (Abcam, Cambridge, MA,
USA). The following secondary antibodies were used: FITC
donkey anti-guinea pig 1:100 (Jackson ImmunoResearch
Laboratories, West Grove, PA, USA); Cy5 donkey anti-
Mouse 1:100 (Jackson ImmunoResearch Laboratories);
horseradish peroxidase-coupled goat anti-rabbit 1:1,000
(Invitrogen). The Tyramide Signal Amplication system
(TSA) (Perkin Elmer, Waltham, MA, USA) was used to
amplify the MafA signal. The immunofluorescence-stained
sections were coverslipped with Vectashield with DAPI to
provide a nuclear stain (Vector Laboratories, Burlingame,
CA, USA).
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It is noted that the immunostaining for MafA in humans
only provided a specific nuclear pattern, as previously
reported in animal studies, in pancreas procured at surgery
and immediately fixed. Pancreas obtained at autopsy or from
brain-dead organ donors from the Network for Pancreatic
Organ Donors with Diabetes (nPOD) programme did not
provide specific immunostaining for MafA by the methods
employed here, implying that the integrity of this protein may
be short-lived after pancreas resection. On the other hand, in a
recent study MafA was detected in 55% of beta cells in
pancreas sections of a brain-dead organ donor as well as in
isolated islets [8].

Analysis Immunofluorescent-stained sections were viewed
using a Leica DM6000 microscope (Leica, Deerfield, 1L,
USA) connected to a Macintosh computer loaded with
Openlab software (Improvision, Lexington, MA, USA).
Images were taken at x20 magnification.

For each imaged islet, the total number of beta cells was
determined as well as the number of those beta cells that had
positive nuclear staining for the MafA antibody. An average
of 28 islets (range 25 to 30 islets) were analysed from each
of the five non-diabetic cases, and an average of 26 islets
(range 23 to 28 islets) were analysed from each of the indi-
viduals with type 2 diabetes. This gave a mean of 676 beta
cells (range 371 to 1,100 beta cells) analysed per individual in
the non-diabetic group and a mean of 731 beta cells (range
266 to 1,668 beta cells) analysed per individual in the group
with type 2 diabetes.

From the three extracted fat pads containing human em-
bryonic stem cells, a mean of 644 insulin-positive cells were
analysed per case (range 14 to 1,137 cells).

Statistical analysis Data were compared using the two-
tailed unpaired Student’s ¢ test and presented as means +
SEM. A value of p<0.05 was taken to be statistically
significant.

Results

MafA nuclear staining was prominent in 46.3+8.3% of
pancreatic beta cell nuclei in non-diabetic individuals
(Fig. 1). As previously reported in rodent studies MafA
production detected by immunostaining was confined to
beta cells within the islet, alpha cells being negative. In
contrast to non-diabetic controls, MafA nuclear staining of
beta cells in the pancreatic islets of individuals with type 2
diabetes was markedly reduced at 1.6+1.2% (»p<0.001 com-
pared with non-diabetic individuals). MafA was detected in
54.2+7.4% of the nuclei of insulin-expressing cells in the
islet-like structures in the fat-pad-implanted human embry-
onic stem cell pancreatic endoderm.
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Fig. 1 (a) A representative pancreatic islet from a non-diabetic partic-
ipant (non-diabetic participant 3) and (b) a representative islet from an
individual with type 2 diabetes (type 2 diabetes participant 1) stained
for insulin (green), glucagon (yellow), MafA (red) and DAPI (blue).
Nuclear localisation of MafA is present in many, but not all, of the beta
cell nuclei in the islet from the non-diabetic individual. In contrast,
nuclear MafA is rarely detected in the beta cells of the participant with
type 2 diabetes, and no MafA-positive nuclei are seen in this example.
(¢) Human embryonic stem cells stained for insulin (green), MafA
(red) and DAPI (blue) show many, but not all, nuclei of beta cells
staining for MafA. (d) The relationship between fasting blood glucose
and the percentage of beta cell nuclei staining for MafA in non-diabetic
individuals (circles) and individuals with type 2 diabetes (squares).
FBG, fasting blood glucose

Discussion

Consistent with a role of glucotoxicity in impaired beta cell
function in type 2 diabetes, we report that nuclear-localised
MafA is markedly decreased in humans with type 2
diabetes.

It is of interest that the percentage of beta cells with
MafA-detectable beta cells is lower in non-diabetic humans
(~45%) than in non-diabetic rodents (~80%). As this might
be an age-dependent effect we also examined the percentage
of beta cells positive for nuclear MafA in human embryonic
beta cells programmed to favour endocrine development
and implanted in immunodeficient rats. The percentages of
beta cells with nuclear-localised MafA were comparable in
insulin-expressing cells derived from human embryonic
stem cells (~54%) and adult humans, suggesting that in
humans there may be a subset of beta cells that do not
maintain nuclear MafA. This is also consistent with a pre-
vious report of ~55% beta cells positive for MafA in the
pancreas of a non-diabetic brain-dead donor and in isolated
human islets [8]. From these studies it is not possible to
determine the functional significance of these apparently
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distinct populations of beta cells with and without nuclear
localisation of MafA in non-diabetic humans. At least by
insulin immunohistochemistry there was no clear difference
between the two populations of cells, and the proportion of
cells with nuclear localisation of MafA tended to be similar
in islets within an individual. It has been previously reported
that there is heterogeneity between beta cells in glucose
responsiveness [9], so it is plausible that cells that do not
have nuclear MafA are relatively glucose unresponsive
when compared with those that do.

The marked decrease in beta cell nuclear MafA detected
in individuals with type 2 diabetes is consistent with animal
models of type 2 diabetes [4]. However, given the small
group of individuals available, it is not feasible to undertake
a subanalysis of factors that may influence beta cell nuclear
MafA detection, such as diabetes therapy, duration of dia-
betes or diabetes control. Moreover, as the percentage of
beta cells with detectable nuclear MafA was markedly de-
creased in all individuals with type 2 diabetes, it is unlikely
that subanalysis would be insightful unless very large numb-
ers of cases were available.

The reason that so few cases were available in this study
relates to a technical issue. We established that immunohis-
tochemical detection of MafA in human pancreas is not
possible unless the pancreas is immediately fixed on resec-
tion at surgery, i.e. taken from a living individual. Pancreas
procured from autopsy, even before any detectable autoly-
sis, did not have any detectable beta cell MafA on immu-
nohistochemistry using the same antibody and protocol.
Moreover, MafA could not be detected immunohistochemi-
cally in pancreas resected at surgery and not fixed immedi-
ately in the operating room but rather processed routinely
for pathology.

In conclusion, MafA was detected in the nuclei of ~45%
of pancreatic beta cells in non-diabetic human adults. This is
a similar proportion of beta cells positive for MafA in
insulin-expressing cells present in human pancreatic endo-
derm directed towards an endodermal lineage. We report a
marked decrease in beta cells with nuclear MafA in pancre-
atic samples from individuals with type 2 diabetes. This
state may contribute to hyperglycaemia-induced impaired
insulin secretion in diabetes.
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