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Loss of pancreatic �-cell maturity occurs in diabetes and insulinomas. Although both physiological and pathological stresses are
known to promote �-cell dedifferentiation, little is known about the molecules involved in this process. Here we demonstrate
that activinB, a transforming growth factor � (TGF-�)-related ligand, is upregulated during tumorigenesis and drives the loss of
insulin expression and �-cell maturity in a mouse insulinoma model. Our data further identify Pax4 as a previously unknown
activinB target and potent contributor to the observed �-cell dedifferentiation. More importantly, using compound mutant
mice, we found that deleting activinB expression abolishes tumor �-cell dedifferentiation and, surprisingly, increases survival
without significantly affecting tumor growth. Hence, this work reveals an unexpected role for activinB in the loss of �-cell matu-
rity, islet plasticity, and progression of insulinoma through its participation in �-cell dedifferentiation.

Loss of maturity and acquisition of embryonic traits are well-
established paradigms that contribute to tumor heterogeneity

and metastasis (1, 2). Endocrine tumors that develop from pan-
creatic islet cells are highly heterogeneous (3). Although poorly
differentiated endocrine tumors of the pancreas exist, the cause
and contribution of �-cell dedifferentiation in the initiation and
progression of those lesions remain undetermined. Loss of insulin
expression has been observed in transgenic mouse models of in-
sulinoma, supporting the existence of a mechanism that reverts
the differentiated state of mature � cells in �-cell tumors (4, 5).
Recently, Landsman et al. demonstrated that elevated Hedgehog/
Gli signaling in � cells alters their identity and leads to the devel-
opment of undifferentiated endocrine pancreatic tumors (6).
Therefore, the participation of �-cell dedifferentiation in adult
pancreatic pathologies such as islet tumors underscores the need
to identify the autocrine factors controlling these mechanisms.

While the characterization of signals that regulate �-cell devel-
opment and regeneration is the focus of intense work (7), less is
known about mechanisms and molecules that control the differ-
entiation state of mature adult � cells under pathological condi-
tions. The phenomenon of �-cell dedifferentiation, characterized
by a loss of expression of key �-cell genes, such as those encoding
insulin, glucose transporter 2 (Glut2), and transcription factors
associated with the cells’ mature phenotype, was first reported in
mouse and recently confirmed in cultured human islets in the
absence of any pathological context (8–10). Further evidence has
confirmed that the differentiated state of mature adult � cells is
not permanent and is lost in response to signals such as oxidative
stress and changes in transcriptional profile (11–13). The contri-
bution of �-cell dedifferentiation to pathological conditions in
vivo is also supported by recent work suggesting that �-cell dedi-
fferentiation caused by FoxO1 disruption underlies �-cell failure
in type II diabetes (14).

Activins are transforming growth factor � (TGF-�)-related li-
gands that participate in a wide array of biological processes in
development and cancer (15–17). Activins and their receptors
control embryonic patterning of foregut-derived organs (18) and

are closely associated with the development of the endocrine pan-
creas (19). Although activinA and activinB are expressed in pan-
creatic islets, their presence in � cells is still debated (20–22). Nev-
ertheless, transgenic mouse models have confirmed roles for these
ligands in adult islets and in �-cell proliferation (23, 24). Interest-
ingly, activinA decreases the expression of mature �-cell genes,
highlighting a possible contribution of activins to �-cell dediffer-
entiation and islet plasticity (25). In contrast, the effect of activinB
in pancreatic islets is less clear. Given that activinA and activinB
affect the function of islet � cells and are frequently overexpressed
in various tumors (26), we hypothesized that activins could con-
tribute to �-cell tumor plasticity. Using a mouse insulinoma
model based on the targeted disruption of the Men1 gene (5), we
found �-cell tumors to overexpress activinB. Further, our work
reveals that activinB mediates �-cell dedifferentiation, causing tu-
mor � cells to lose their mature characteristic while keeping an
endocrine identity. The role of activinB in �-cell dedifferentiation
was further supported by the absence of dedifferentiated � cells
and increased survival in tumors lacking activinB expression.

MATERIALS AND METHODS
Mouse strains and procedure. �Men1 and Inh�B-KO mice have been
previously described (5, 27). Control (Men1F/F), �Men1, and Inh�B-
�Men1 mice were maintained in a mixed 129sv/C57BL6 background.
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Glucose measurements were done with 6-hour-fasted mice. All animal
experiments were performed in accordance with the guidelines of the
European Union and French laws and were validated by the local Animal
Ethical Committee.

Immunohistological analysis. Pancreases, collected from 6-h-fasted
mice, were fixed in 4% formalin prior to paraffin embedding. Immuno-
histochemical staining (IHC) was revealed with diaminobenzidine (DAB)
(DAB kit; Vector Laboratories, United Kingdom). Immunofluorescence
samples were counterstained with DAPI (4=,6=-diamidino-2-phenylin-
dole) (Vector Laboratories, United Kingdom). Lists of antibodies are pro-
vided in the supplemental material. The �-cell proliferation index was
determined by calculating the percentage of Ki67� Ins� double-immu-
nofluorescent cells normalized to Ki67� Ins� cells. For each genotype, 3
or 4 pancreases were used, and a minimum of 1,000 Ins� cells were ana-
lyzed per animal.

Tumor and �-cell morphometric analyses. Tumor and �-cell sur-
faces were evaluated with Histolab software (Alphelys, France) after a
visual elimination of artifacts from whole-pancreas scanning acquired on
an Eclipse E44 microscope (Nikon, France). Sections were stained with
hematoxylin and eosin (H&E) (tumor mass quantification) or for insulin
(�-cell mass quantification). Quantifications were performed blind to the
genotype on at least 2 randomized sections 30 �m apart. Briefly, for each
section, tumor area surfaces were determined based on scanned H&E
staining normalized against total pancreas surfaces. Nonpancreatic tissues
such as infiltrates, lymph nodes, and sectioning artifacts were manually
excluded after visual inspection of all sections. Areas occupied by all pan-
creatic insulin-positive (insulin�) � cells were subsequently determined
on matching serial sections based on insulin immunohistochemical stain-
ing. For each section, total insulin� �-cell surfaces were subsequently
normalized against total pancreas surfaces as mentioned above.

Cell culture. Min6 and �TC3 cells were cultured as described previ-
ously (25). Cells were subjected to 24 h of serum starvation prior to 72 h of
stimulation with a subphysiological concentration (i.e., 1 nM) of activinB
(Peprotech, USA). When mentioned, 10 nM SB431542 (Sigma, France)
was added to the stimulation medium.

Real-time reverse transcriptase PCR (RT-PCR), Western blotting,
and ELISA analysis. RNAs were extracted using RNeasy kits (Qiagen,
Valencia, CA). Real-time PCR analyses were carried out on a Step-One RT
system (Applied Biosystems, France) using SYBR green (Life Technology,
France) and results for each sample normalized to Tpb. Primer sequences
are provided in the supplemental material. Antibodies for Western blots
are listed in the supplemental material. Quantification of activinB intrais-
let production was done with a commercial enzyme-linked immunosor-
bent assay (ELISA) kit (mouse INHbB kit; USCNK, Houston, TX) accord-
ing to the manufacturer’s instructions.

Statistical analyses. Statistical analyses were performed as described
in the figure legends; unpaired Student t tests were used unless otherwise
indicated. All analyses were done using Prism5 software (GraphPad,
USA); a P value of �0.05 was considered significant. Results are given as
means � standard errors of the means (SEM).

RESULTS
Men1 advanced �-cell tumors show a heterogenic loss of insulin
expression. Expression of insulin is a hallmark of mature differ-
entiated � cells. Having previously reported reduced insulin im-
munoreactivity in insulinomas that develop from Men1F/F; RipCre
mice (�Men1) (5), we hypothesized that insulinomas undergo
cellular dedifferentiation. Using an immunohistochemical ap-
proach to detect insulin, we first confirmed a robust reduction of
insulin expression in advanced �Men1 tumors. Although insulin
expression was barely detectable in several tumor cells (termed
Ins�) within 14-month-old tumors, we found a few � cells scat-
tered within islet structures to maintain a strong insulin immuno-
reactivity (termed Ins�) (Fig. 1A; see Fig. S1 in the supplemental

material). Quantification of the respective surface areas occupied
by Ins� and Ins� tumor cells revealed that 7.45% � 1.508% of the
pancreas was occupied by islet tumors, whereas Ins� tumor � cells
accounted for only for 1.35% � 0.581% of this surface in �Men1
tumors (Fig. 1B). Analysis of serum glucose concentrations re-
vealed that �Men1 animals had became severely hypoglycemic at
the age of 14 months (Fig. 1C), suggesting that the remaining Ins�

�-cell lesions are capable of producing an overload of insulin that
impacts glycemia.

Men1 �-cell tumors progressively lose insulin expression,
while they retain their endocrine character. We next analyzed
the loss of insulin expression at various tumor stages. Dysplastic
lesions that develop at 6 months showed insulin staining compa-
rable to that for controls (Fig. 2A). The earliest insulin reduced
expression was evident in 10-month-old adenomas and was even

FIG 1 Analysis of insulin expression in �Men1 �-cell tumors reveals hetero-
geneity in intratumoral insulin expression. (A) Representative insulin staining
heterogeneity seen in 14-month-old control and �Men1 tumors. Lower panels
represent magnified views of upper panels. The Ins� and Ins� panels depict �
cells expressing low and high insulin levels, respectively, in tumors. (B) Mor-
phometric measurements of tumor versus insulin-immunoreactive (Ins�)
�-cell surfaces observed in 14-month-old �Men1 and control mice. Data rep-
resent the means of surface � SEM. **, P � 0.01 by the Student t test. (C) Mean
glycemia � SEM; **, P � 0.01 by the Student t test.
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more pronounced at 14 months (Fig. 2A). We subsequently used
chromograninA, a marker of neuroendocrine tumors, to address
whether Ins� lesions retain their endocrine character. We found
chromograninA to be expressed in all tumors analyzed and to be
colocalized with insulin in only a subset of tumor � cells (Fig. 2B).
Next, we thought to determine menin expression in � cells that
had lost insulin expression. First, we checked menin expression at
1 month of age and found that menin disruption was almost com-
plete in � cells, whereas all � cells and Ins� chromogranin� cells
were expressing menin at that age (see Fig. S2 and S3 in the sup-
plemental material). More interestingly, at 6 and 14 months of
age, we found menin expression to be lost in all Ins� and Ins�

chromograninA� islet tumors that developed in �Men1 mice (see
Fig. S3 in the supplemental material), supporting the idea that
Ins� chromograninA� tumors may originate from Ins� menin-
disrupted � cells. Given the known �- to �-tumor-cell transdif-
ferentiation that occurs in Men1 glucagonomas (28), we analyzed
whether Ins� lesions expressed glucagon, somatostatin, or pan-
creatic polypeptide and failed to detect those hormones in Ins�

�-cell lesions (Fig. 2C). This observation suggests that the loss of
insulin expression observed in tumor � cells reflects a dediffer-
entiation rather than a transdifferentiation. Finally, we found
dedifferentiated lesions to lack the expression of Sox9 and
Ngn3, supporting the idea that tumor � cells had lost their
maturity rather than acquired a progenitor-like phenotype
(Fig. 2D and E).

ActivinB expression is selectively increased during �-cell tu-
morigenesis. We next speculated that an autocrine factor pro-
duced by tumor cells promotes the loss of insulin expression. We
explored transcriptomic analyses of Men1-KO �-cell and insuli-
noma models (29, 30), looking for candidates known to inhibit
insulin expression. Given the importance of TGF-� signaling in
insulin synthesis and maintenance of �-cell maturity (24, 31), we
paid particular attention to related ligands. In this way, we iden-
tified the Inh�B gene, coding for activinB, to be upregulated in
insulinomas depleted of Men1. Histological analyses performed
with 2 independent activinB antibodies confirmed the selective
induction of activinB expression in �-cell tumors and the near
absence of activinB in control � cells (Fig. 3A; see Fig. S4 in the
supplemental material). Knowing the importance of both ac-
tivinA and activinB in islet �-cell functions (25, 32, 33), we further
checked whether activinA expression was altered, but we did not
find this ligand to be increased in Men1 �-cell tumors (data not
shown). Next, we sought to delineate the onset of activinB over-
expression from aging �Men1 mice. Whereas activinB was absent
in 4-month-old hyperplastic islets, we detected this ligand within
a group of clustered cells randomly located within 6-month-old
dysplastic islets. At 10 and 14 months of age, the number of cells
expressing activinB was robustly increased (Fig. 3A). Islet content
analysis confirmed that activinB was induced in 9-month-old
�Men1 isolated islets compared to age-matched controls (Fig.
3B). Using a coimmunofluorescence approach, we further found

FIG 2 Progressive loss of insulin expression in �Men1 tumor � cells. (A) Immunohistochemical analysis of insulin expression at the indicated ages. (B) Analysis
of chromograninA and insulin coexpression. Representative pictures of double-immunofluorescent staining from 14-month-old �Men1 and control mice are
shown. (C) Immunohistochemical staining of insulin, glucagon, pancreatic (Panc.) polypeptide, and somatostatin in 14-month-old pancreas serial sections. (D
and E) Analysis of Sox9 and Ngn3 expression in 14-month-old Ins� �Men1 tumor lesions. Note that pancreatic ducts and intestinal tissues present on the same
pancreatic sections were used as internal controls expressing Sox9 and Ngn3, respectively.
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lesions with reduced levels of insulin or a lack of insulin to express
high levels of activinB, while activinB was absent in Ins� tumor
cells and control islets (Fig. 3C). Taken together, these observa-
tions support that activinB induced-expression could represent a
triggering signal that reduces insulin expression in �Men1 tumor
� cells.

ActivinB expression induces the downregulation of insulin
expression in � cells in vitro. Given that Smad3 has the capacity
to bind and mediate repression of the insulin gene promoter (34),
we next tested the direct effect of activinB stimulation on tran-
scription of insulin genes in vitro. Using cultured Min6, we found
that activinB significantly inhibited both Ins1 and Ins2 gene ex-
pression (Fig. 4). Use of the Psmad2/3-SB431542 inhibitor dem-
onstrated a significant rescue of the Ins1 and Ins2 gene inhibition
by activinB, confirming that part of this inhibition was taking
place through Smad2/3, as previously reported (34). Interestingly
Ins2 gene inhibition was partly rescued by SB431542, suggesting
that a Smad2/3 noncanonical mechanism was also involved.

ActivinB disruption in �Men1 mice rescues the loss of insu-
lin expression in tumor � cells. We next examined the conse-
quences of an activinB loss for �-cell tumorigenesis. Taking ad-
vantage of the viability of the homozygous Inh�B-KO mouse (27),
we generated Inh�BKO/KO; Men1F/F; RipCre compound mutants
(termed Inh�B-�Men1) to investigate whether the lack of activinB
impacted the progressive loss of insulin expression in tumor �
cells. Although quantification of the tumor cell mass progression
did not revealed differences between �Men1 and Inh�B-�Men1

compound mutant mice, we found that the surface of the com-
pound-mutant lesions plateaued at 6 months supporting the fact
that activinB may impact tumor growth (Fig. 5A). Analysis of
activinB immunoreactivity further confirmed the lack of activinB
in Inh�B-�Men1 tumors (see Fig. S5 in the supplemental mate-
rial). Interestingly, we found that islet tumors of all analyzed 10-
and 14-month-old Inh�B-�Men1 mice stained homogeneously

FIG 3 Induced activinB expression in �-tumor cells leads to a progressive downregulation of insulin expression. (A) Immunohistochemical analysis of activinB
expression in �Men1 and control pancreas. Islets are outlined by dashed lines. (B) Quantification of intraislet activinB content. Size-matched hand-picket islets
from 9-month-old �Men1 (n 	 4) and control (n 	 4) animals were used to extract protein and quantify activinB content by ELISA. Data are represented as
means � SEM of triplicate measurements of 4 independent samples per genotype. *, P � 0.05 by the Student t test. (C) Immunofluorescent colocalization of
activinB and insulin within 10- and 14-month-old tumor lesions and control islets. Right panels are higher magnifications of dashed areas.

FIG 4 ActivinB inhibits insulin expression in vitro. Quantitative RT-PCR
analysis of Ins1 (A) and Ins2 (B) gene expression in Min6 cells following 72 h of
activinB (ActB) treatment is shown. SB, SB431542 inhibitor. Graphs are rep-
resentative examples of 3 independent experiments. Data represent means �
SEM for triplicate samples per experiment. *, P � 0.05; **, P � 0.01; NS, not
significant (by the Student t test).
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for insulin, yet the intensity of the observed staining was slightly
weaker than in control or Inh�B-KO mutant islets (Fig. 5B and C;
see Fig. S1 in the supplemental material). Moreover, we found that
�Men1 animals lacking activinB demonstrated a prolonged sur-
vival after 10 months of age (Fig. 5D), which appears to be consis-
tent with the slight, not significant, reduction of the Ki67 prolif-
eration index of Inh�B-�Men1 lesions at 14 months of age (Fig.
5E). Taken together, these observations support the notion that
the loss of insulin observed in the �Men1 lesions results from an
autocrine effect of activinB and, more importantly, that the lack of
activinB could negatively impact the progression of �Men1 tu-
mors.

ActivinB decreases the expression of mature �-cell genes and
contributes to the dedifferentiation of �-cell tumors. Mainte-
nance of �-cell maturity is orchestrated by a subset of transcrip-
tion factors that are essential for adult � cells (11, 23); therefore,
we analyzed the impact of activinB on mature �-cell gene expres-
sion. Using Min6 and �TC3 cells derived from mouse insulino-
mas, we found the expression of Ins1, Ins2, Slc2a2, Nkx6.1, and
Pdx1 to be significantly reduced in those cells following activinB
treatment (Fig. 6A and B). The inhibition of Mafa and Nkx2.2 by
activinB appeared to be mutually exclusive in �TC3 and Min6
cells, while the expression of Mafb remained unchanged in both
cell lines. The downregulation of MafA, Nkx6.1, Nkx2.2, and Pdx1
following activinB stimulation was also validated at the protein
level (Fig. 6C). Interestingly, the expression of the paired box 4
(Pax4), a transcription factor involved in pancreatic �-cell dif-

ferentiation and more recently shown to promote �-cell dedi-
fferentiation in mature � cells (35), was strongly induced by
activinB treatment in both �TC3 and Min6 cells (Fig. 6A and
B). Use of the SB431542 inhibitor further demonstrated the
specificity of the activinB-mediated induction through
Smad2/3 signaling in �TC3 cells (Fig. 6D and E) as well as in
Min6 cells (data not shown).

ActivinB disruption rescues the loss of tumor �-cell maturity
in �Men1 tumors. We next investigated Ins� lesions, which do
express activinB. We were unable to detect MafA in Ins� tumors,
whereas we found Pdx1 and Nkx6.1 expression to be reduced yet
still present in those lesions compared to control islets (Fig. 7A to
C). Membrane expression of the glucose transporter Glut2 (en-
coded by the Slc2a2 gene) was absent at the surface of the Ins�

tumor � cells, suggesting that those cells had lost their glucose-
sensing capacity (Fig. 7D). A marked increase in Pax4 expression
was also evident in Ins� lesions that overexpressed activinB, as
seen by the strong staining observed in the lesions lacking insulin
expression (Fig. 7E). Lesions that developed in the Inh�B-�Men1
mice were found to be well differentiated and to express MafA,
Nkx6.1, Pdx1, and Pax4 levels comparable to those in age-
matched control islets (Fig. 7). As in normal pancreas, the expres-
sion of Glut2 was obvious at the surface of � cells in Inh�B-�Men1
tumors (Fig. 7D). Together these observations confirm that
�Men1 tumors lacking activinB were protected against �-cell ded-
ifferentiation and loss of maturity.

FIG 5 Inactivation of activinB restores insulin expression in �Men1 insulinomas and increases survival. (A) Measurements of islet cell surface during the course
of tumorigenesis. Endocrine surface were calculated using H&E-stained whole pancreatic sections at the indicated ages. The graph shows the percentage of
endocrine surface normalized to exocrine surfaces. Numbers of analyzed pancreases per genotype and age are indicated (n). Data are represented as mean of
mouse surface � SEM. (B) Immunohistochemical analysis of insulin expression in 14-month-old pancreas from animals of the indicated genotype. (C)
Morphometric measurements of tumor versus insulin-immunoreactive (Ins�) �-cell surfaces observed in 14-month-old Inh�B-�Men1 and control mice. Data
represent the mean of surface � SEM. **, P � 0.01 by the Student t test. (D) Survival curve of �Men1 (n 	 16), Inh�B-�Men1 (n 	 14), and control (n 	 14)
mice. **, P � 0.01; ***, P � 0.001 (by the Mantel-Cox test). (E) Ki67 proliferative index of Ins� lesions and control � cells at 14 months of age. Data represent
the mean of the number of Ki67�/Ins� cells found in mutant and control animals � SEM. NS, not significant the Student t test.
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DISCUSSION

Ample evidence from clinical studies and work with mice shows
that pancreatic cells demonstrate a high degree of cellular plastic-
ity in response to various stresses and pathological conditions.
Here, we report that islet �-cell tumors induced by the loss of the
Men1 suppressor gene are subjected to �-cell dedifferentiation.
More importantly, we demonstrate that activinB, which is barely
detectable in normal � cells, is markedly induced in dysplastic
lesions and causes tumor cells to progressively lose their insulin
expression and their capacity to express mature markers essential
for �-cell function, such as MafA, Pdx1, Nkx6.1, and Glut2.

The identification of activinB as an endogenous modulator of
�-cell plasticity brings a new twist to its previously reported role in
inhibiting insulin secretion (32, 33). This role is consistent with
the emerging functions of the TGF-�/bone morphogenic protein
(BMP) superfamilies in the suppression of adult �-cell matura-
tion (31). Smad-BMP signaling prevents �-cell differentiation in
stem cells, zebrafish, and mice (36), and TGF-�, activinA, and
Smad3 are capable of repressing insulin and a subset of mature
�-cell genes in islet �-cell lines and isolated mouse islets (25, 34).
Using Min6 and �TC3 cells, we found that activinB represses the
expression of several genes associated with �-cell maturity. Inter-
estingly, Szabat et al. reported that activinA stimulation of Min6
cells has the same effects (25). Thus, both activinA and activinB
can promote �-cell dedifferentiation in vitro, through the same
target genes. This observation conflicts somewhat with the acute,
antagonistic roles previously reported for activinA and activinB in
�-cell insulin secretion (32, 33). Nevertheless, both activins have
the capacity to activate Smad3 phosphorylation through the use of
Alk4/Alk7 type I receptors, which may explain their common in
vitro effects on �-cell maturity. Wu et al. recently demonstrated
that activinB is a more potent inducer of Smad3 phosphorylation

than activinA in isolated islets and �-cell lines (33). Given that
Smad3 has the capacity to bind and mediate repression of the
insulin gene promoter (34), our data suggest that activinA may
not induce �-cell dedifferentiation in vivo as seen for activinB.
Indeed, we did not detect an increase in activinA expression in
Men1 �-cell tumors, confirming that the observed �-cell dediffer-
entiation results solely from the autocrine effects of activinB. This
conclusion is supported by the lack of �-cell dedifferentiation in
the Inh�B-�Men1 compound mutant mice. While the inactiva-
tion of activinB convincingly blocks tumor �-cell dedifferentia-
tion, we cannot exclude the possibility that other factors also con-
tribute to this process. Interestingly, some target candidates, such
as MafA, seem to be partly rescued in tumors developed by com-
pound mutant mice (Fig. 7A). Whereas the origin of this observa-
tion remains elusive, it supports the participation of complemen-
tary pathways and molecules that maintain the dedifferentiation
process beyond activinB. Among possible candidates, menin itself
could have an important role, as it was previously shown to con-
tribute to decreased MafA expression in insulinoma cell lines (37).
It will therefore be important to determine to what extent menin
contributes to �-cell dedifferentiation through an activinB-inde-
pendent mechanism.

Besides inducing the loss of �-cell maturity, activinB strongly
upregulates Pax4, both in a �-cell line and in Ins� dedifferentiated
lesions. While Pax4 is essential for the development and differen-
tiation of insulin-producing � cells in the mammalian pancreas
(38), its functions in adult � cells have been proposed to or-
chestrate a network of genes that govern �-cell expansion and
survival under physiological and pathological conditions (39).
Examining the consequences of increased Pax4 expression in
activinB-expressing tumor cells is therefore important. However,
the low proliferative index of dedifferentiated tumors does not

FIG 6 ActivinB decreases the expression of mature �-cell genes while promoting Pax4 expression. (A and B) Quantitative RT-PCR analysis of mature �-cell gene
expression in Min6 (A) or �TC3 (B) cells following 72 h of activinB stimulation. (C) Analysis of MafA, Nkx6.1, Nkx,2.2 and Pdx1 protein expression in Min6 cells
subjected to 72 h of activinB stimulation (�). Tubulin was used as a loading control. (D and E) Analysis of Pax4 gene (D) and protein (E) expression in �TC3
cells subjected to 72 h of activinB (ActB) stimulation in the presence or absence of SB431542 (SB). Graphs are representative examples of 3 independent
experiments. Data are presented as mean � SEM for triplicate samples per experiment. *, P � 0.05; **, P � 0.01; ***, P � 0.001; NS, not significant (by the Student
t test).
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corroborate the previously described role of Pax4 in �-cell-in-
duced proliferation in rat and human islets (40). Interestingly,
long-term conditional overexpression of Pax4 in mature islet �
cells represses the expression of insulin, MafA, and Glut2, consis-
tent with the occurrence of �-cell dedifferentiation (35). This ob-
servation suggests that activinB-mediated induction of Pax4 may
contribute to triggering or maintaining �-cell dedifferentiation in
the pathophysiological context of �-cell tumors, a hypothesis sup-
ported by the lack of Pax4 overexpression and �-cell dedifferenti-
ation in tumors in Inh�B-�Men1 mice lacking activinB expres-
sion.

While we initially demonstrated that activinB inhibits insulin
secretion (32), work by Wu et al. confirmed that transient stimu-
lation of isolated pancreatic islets with exogenous activinB sup-
presses glucose-stimulated induced secretion (GSIS) and ATP
production (33). In the diabetic state, loss of acute GSIS is associ-

ated with a loss of the �-cell mature phenotype (41). Therefore, it
will be important to determine whether a sustained inhibition of
GSIS and ATP production mediated by upregulation of activinB
in � cells could contribute to the observed plasticity of tumor �
cells. Our observations suggest that tumor � cells overexpress ac-
tivinB as a means of protecting against the overproduction of in-
sulin in animals developing insulinomas. Although physiological
protection against insulin overload may occur through limitation
of GSIS in the early stages of tumor progression, the loss of �-cell
functionality through dedifferentiation is likely to be the major
protective mechanism operating in these tumors.

While in the field of pancreatic endocrine tumors much is still
unknown about islet tumors due to their functional complexity
and cellular diversity, our results identify activinB as an intrinsic
�-cell candidate that contributes to the plasticity of islet tumors.
Unlike previous insulinomas mouse models, which develop ag-

FIG 7 Inactivation of activinB rescues the loss of maturity seen in �Men1 insulinomas. Immunofluorescent colocalization of insulin and mature �-cell markers
MafA (A), Nkx6.1 (B), Pdx1 (C), Glut2 (D), and Pax4 (E) in Ins� �Men1 and Inh�B-�Men1 tumors developed at the age of 14 months is shown. Lower panels
are magnified views of each separate marker fluorescent channel.
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gressively proliferative, poorly dedifferentiated carcinomas upon
forced activation of Hedgehog/Gli signaling or expression of the
simian virus 40 (SV40) large T antigen in � cells (6, 42), the ded-
ifferentiated tumors in the �Men1 mouse model have a low pro-
liferative potential (data not shown) and lack expression of the
Sox9 and Ngn3 markers of early pancreatic progenitors, similar to
the case for the pancreatic endocrine tumors found in MEN1 pa-
tients. Such observations highlight the complexity and subtlety of
the mechanism that may control �-cell tumor dedifferentiation
in vivo. Published work from Anlauf et al. and Perren et al. (43, 44)
has shown that most of the early islet lesions seen in MEN1 pa-
tients are glucagon positive, whereas the advanced hormone-se-
creting islet tumors detected in these same patients are mainly
insulinomas or nonsecreting tumors. These observations suggest
that glucagon-positive early lesions may be replaced or overtaken
by insulinomas and mixed islet tumors during tumorigenesis, an
observation consistent with our previous published work (28). To
that extent, we believe that the identification of activinB-induced
expression in �Men1 insulinomas and its role in their dedifferen-
tiation/loss of mature characteristics sheds light on an important
issue regarding the mechanism of origin of the insulinomas and
nonfunctioning tumors seen in MEN1 patients. Therefore, activ-
inB has potential as a biomarker and drug target that could refine
the clinical classification of pancreatic endocrine tumors. More
importantly, our work uncovers a previously unknown physiolog-
ical role of activinB in the maintenance of �-cell maturity. Iden-
tifying the in vivo signals that trigger the expression of activinB in
pancreatic islet cells will be crucial to further understanding the
cellular contexts that promote �-cell dedifferentiation.
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